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Mesoporous materials, especially those made of silica or silicon, are capturing great interest in the
field of nanomedicine. Thanks to their exceptional porous structure and surface area, their homogeneous
and tunable pore size, the ease of surface functionalization, the capability to establish host-guest
interactions with other molecules protecting them from the external environment, and finally their
biocompatibility, mesoporous materials enable a broad series of biologically relevant interventions
and interactions with cells. The deep investigation on mesoporous nanoparticles has contributed
to develop smart and stimuli-responsive nanotools for controlled drug- or gene-delivery and with
imaging capabilities.

This Special Issue of Pharmaceutics is therefore dedicated to the most recent advances in the
use of mesoporous nanostructures in the field of theranostis, specifically for cancer therapy, and in
advanced tissue engineering.

To have a proper overview in the specific field of mesoporous silica materials for drug delivery,
targeting, and theranostics applications, the review from Prof. Maria Vallet-Regi and coworkers
is very relevant [1]. Here, the authors analyze various strategies about the encapsulation and
delivery of macromolecules of biological interests (i.e., enzymes, therapeutic or antibacterial proteins,
growth factors, therapeutic or antibacterial peptides, glycan-based macromolecules, and nucleic
acids for gene modulation and silencing, like miRNA, siRNA, and DNA). The relevant figures of
merit for the correct design of mesoporous silica nanoparticles (MSNSs), such as pore size and shape,
nanoparticle dimensions, surface chemistry, and colloidal stability, are considered. Furthermore,
the location of the biomacromolecules (either at the external surface or in the mesopores) and the bond
types to the silica surface (relying on physical adsorption or chemical grafting with various chemical
and sometimes triggerable bonds) are reviewed.

In the review of Dr. Sugata Barui et al. [2], a special focus is given to both the surface decoration of
MSNis by ligands for active targeting of cancer cells, exploiting overexpressed receptors, and to the use
of stimuli-responsive gatekeepers for the controlled release of drugs to the disease site, avoiding leakage
to healthy tissues. In addition, the multimodal modifications of the MSNs for simultaneous active
targeting and stimuli-responsive behavior are reviewed with the most recent applications in vitro and
in vivo. Applications of MSN’s in cancer diagnosis and finally in theranostics are also proposed.

Experimental results on the most recent advances in nucleic acid delivery and efficient cancer cell
targeting are provided in the work of Prof. Thomas Bein and coworkers [3]. Here, multiple core-shell
functionalized MSNs were used to exploit a positively charged pore surface for miRNA loading and
protection of this fragile cargo in the nanoparticle interior. On the outer surface, a block copolymer
was electrostatically bound with the purpose of pore gatekeeping and endosomal release triggering.
Finally, a targeting peptide GE11 for the epidermal growth factor receptor (EGFR) was used to enhance
the MSN uptake in bladder cancer cells in vitro and provide the miRNA delivery for gene knockdown.

Despite silica-based mesoporous materials, this Special Issue also provides recent and prominent
insights in the use of mesoporous bioactive glasses (MBGs) for tissue engineering applications.

Pharmaceutics 2020, 12, 1108; doi:10.3390/pharmaceutics12111108 www.mdpi.com/journal/pharmaceutics
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Specifically, for bone tissue engineering applications, the work of Profs. Ying Wan and Jiliang
Wu [4] shows that MBGs in the form of nanoparticles can be used as carriers for insulin-like growth
factor-1 and can be efficiently incorporated into an injectable hydrogel matrix. Interestingly, the sol to
gel transition of the hydrogel is engineered such that it can happen at physiological temperature and
pH, resulting in gel with high porosity and interconnected pores, which is thus suitable for sustaining
the delivery of the cargo over weeks and maintaining its biological functions, as proven by in vitro
tests with osteoblasts.

Also representative is the work of Boffito et al. [5], where MBG incorporated into a hydrogel
matrix was successfully designed to simultaneously release both copper ions, with pro-angiogenic and
anti-bacterial effects, and an anti-inflammatory drug. The work aims to propose a multifunctional
platform for tissue healing, in particular bone healing, where, on the one hand, the thermosensitive
hydrogel concentrates and maintains the MBG carriers at the diseased site and, on the other hand,
the in situ and prolonged co-release of ions and drugs is achieved.

Top-down fabricated mesoporous-based nanomaterials are also presented in this Special Issue.
In the work of Prof. Alessandro Grattoni and coworkers [6], a silicon nanofluidic membrane
incorporating gate electrodes is presented. This nanochannel-based device is able to modulate the
transport of charged molecules, here in particular methotrexate, used to treat rheumatoid arthritis,
and quantum dots, which are useful for bio-imaging applications. The electrostatic gated nanochannel
permeability was proven to deliver the cargos at low applied voltages in vitro, modulating the transport
release performances.

In the work of Profs. Natalia Malara, Francesco Gentile, and coworkers [7], mesoporous silicon
structures coated with gold nanoparticles are fabricated, allowing a high level of control over the
surface at the nanoscale. These excellent characteristics enable the device to be used for theranostics
purposes (i.e., first supporting the growth and proliferation of cancer cells over the nanomaterial
surface, then allowing an antitumor drug uptake and subsequent delivery against cancer cells thanks
to the mesopores, and finally providing imaging of the biological system by surface enhanced Raman
spectroscopy (SERS) due to the presence of the gold nanoparticles).

The review of Dr. Tania Limongi, Francesca Susa, and coworkers [8] presents an innovative
perspective highlighting the synthetic approaches, characteristics, and roles of 3D-printed mesoporous
materials as customizable and personalized scaffolds for drug delivery studies and tissue engineering
applications. Such 3D-printed mesoporous materials can provide not only a solid support for cell
growth in a 3D fashion, but also and most importantly can be ad-hoc designed and customized for
personalized therapy to patients, or for realistic in vitro drug delivery studies, or finally for assisting
cell growth for a tissue-specific model.

As a concluding remark, with this Special Issue, we hope we have contributed to highlighting the
role of mesoporous materials in cancer cell theranostics and tissue engineering, providing insights from
their synthesis, surface functionalization, and characterization up to their smart and stimuli-responsive
behavior with customizable properties for advanced and personalized biomedical applications.

Funding: This research received no external funding.
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Abstract: The enormous versatility of mesoporous silica nanoparticles permits the creation of a
large number of nanotherapeutic systems for the treatment of cancer and many other pathologies.
In addition to the controlled release of small drugs, these materials allow a broad number of molecules
of a very different nature and sizes. In this review, we focus on biogenic species with therapeutic
abilities (proteins, peptides, nucleic acids, and glycans), as well as how nanotechnology, in particular
silica-based materials, can help in establishing new and more efficient routes for their administration.
Indeed, since the applicability of those combinations of mesoporous silica with bio(macro)molecules
goes beyond cancer treatment, we address a classification based on the type of therapeutic action.
Likewise, as illustrative content, we highlight the most typical issues and problems found in the
preparation of those hybrid nanotherapeutic materials.

Keywords: mesoporous silica; therapeutic biomolecules; proteins; peptides; nucleic acids; glycans

1. Introduction

Since the very first example reported on nanometric mesoporous silica as a drug delivery
material [1], many examples were subsequently reported including a broad number of chemical
species. One of them includes biomacromolecules, which play a capital role in living beings, as they
are responsible for biorecognition [2], signal transduction [3], and replication routes; hence, they are
responsible for the adequate development of tissues and organs. Such is the importance of these species
that even the immune system and hormone signaling are based on specific affinity interactions between
biomacromolecules (BMs). From a therapeutic point of view, hijacking such ligands and receptors may
be useful to regulate unbalanced systems, as well as develop new-generation therapeutic nanodevices
in oncology [4,5] cancer immunotherapy [6-8], and gene therapy [9-11], among many others.

Unfortunately, most bioactive macromolecules are highly labile in vivo, as a self-regulation
mechanism to avoid massive damages. Therefore, to use them, it is necessary to implement
chemical modifications or to design vehicles capable of ensuring an adequate preservation and,
hence, a long-lasting effect. Among known carriers, viruses have the best performance, although at
the expense of having a great associated risk in handling and containment. Additionally, they are
only suitable for nucleic acids (NAs), being useless for protein and peptide delivery. To overcome
these limitations, nanoparticles emerged as promising vectors for nucleotides, as well as peptides
and proteins. This is a consequence of two complementary aspects. On one hand, their size permits
establishing intimate interactions with cell’s membranes and the receptors therein. On the other
hand, they exhibit the possibility to establish non-conventional interactions between particles, cargoes,
and target cells.

Pharmaceutics 2020, 12, 432; doi:10.3390/pharmaceutics1205043% www.mdpi.com/journal/pharmaceutics
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Amongst all known materials, mesoporous silica nanoparticles (MSNs) arose as promising
drug delivery platforms because of their outstanding biocompatibility, their degradability, and their
great chemical and biological robustness. Moreover, the unique porous structure of MSNs permits
establishing host—guest interactions of high interest for drug delivery purposes, as they allow
creating protective environments for labile molecules. In addition to those, the current silica-based
nanotechnology also permits creating particles with variable diameters [12,13], pore sizes [14],
and structures [15], which permit fine-tuning the final application of the nanosystems, especially
those intended to deliver big cargoes such as those reviewed herein. Moreover, MSNs and related
hybrid particles with SiO; coatings also permit easily tuning the resulting outer layers of nanosystems
to enhance biochemical stability and, hence, to reduce side effects and potential toxicities [16-18].
Particle diameter is one of the most critical parameters for achieving a successful therapy. Typically,
the accepted window of diameters for cancer treatment comprises particles in a range between 50 and
300 nm, in which the enhanced permeation and retention effect operates. However, depending on
the final purpose of the nanosystem, such values may be narrowed. For instance, in cases where a
superior trafficking is desired, smaller particles would behave better, while, in nanosystems intended
as biomolecule reservoirs, the diameter must unavoidably be increased. Regarding nanoparticle-based
drug delivery, we recently reviewed how mesoporous silica-based nanosystems are suitable platforms
to combine two or more chemical species, outranging the pharmacological profile of free species [19,20].
However, despite the possible therapeutic improvement, their efficiency and long-term stability could
be compromised if the BMs are not properly protected or fully exposed to white blood cells and
immune systems. The scarce protection provided by most solid nanoparticles highlights once again the
importance of MSNs [21] as platforms for the development of non-viral vectors and protein carriers,
whose particular porous morphology can provide a protective environment for those labile molecules,
although the typical porosity (2-3 nm) of MSNs may be tuned in order to host the biggest molecules [22]
(Figure 1).

+#4 Peptides
A Nue

Y  acids

Figure 1. Main groups of therapeutic biomolecules that are possible to deliver using mesoporous
nanosilica technology.

As introduced, the use of MSN’s in biomedicine has a huge potential impact; in addition to acting
as carriers, they also permit creating fancy structures with most functional nanomaterials. However,
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despite this versatility, the permeation of these materials into clinical trials is still limited [23,24];
this is not caused by poor biocompatibility, but rather by the impossibility of establishing reliable
comparisons between different systems, as accounted by Florence [25]. In fact, as can be observed from
the growing number of in vivo experiments using MSNs carried out by many groups worldwide, it is
logical to assume that they have adequate performance in living systems; thus, MSNs will hopefully
soon reach clinical practice.

2. Strategies to Deliver Biomacromolecules with Silica Nanoparticles

Loading effectiveness, cellular internalization, targeting, and cargo delivery are critical issues
when developing a nanosystem with maximal therapeutic potential. As we previously mentioned,
MSNss are ideal nanocarriers related to the load and delivery of biomolecules due to their unique
properties, including shape, size, and surface chemistry [26]. Pore, channel, and cavity sizes can
be modified in MSNss to increase the loading of therapeutic molecules [27]. The MSN surface can
be functionalized with polyethyleneimine and poly-L-lysine or modified with targeting peptides or
antibodies to improve cargo loading, cellular uptake, and endosomal scape rates [26]. The chemical
and physical properties of MSNs are critical when designing a nanocarrier with therapeutic efficacy in
biomolecule loading and delivery. In the last few years, surface nanoscale topography gained special
attention due to the possibility of controlling the interactions between molecules and cells, in the
process of molecular loading and cell internalization [28,29].

The chemical functionalization of silica is easily achieved through condensation processes
employing functionalized alkoxysilanes. For the functionalization of surfaces, this silanization must be
carried out before template removal, while the modification of mesopores could be achieved either
via condensation during the template-driven synthesis of MSNs or after surface modification and
template removal. In this latter case, it is important to account that pore constriction may occur if the
process is not properly controlled. For the preparation of hollow MSNs (HMSNs), the most employed
method is the solid template etching of an internal core, typically from solid silica, onto which a
mesoporous layer is created. Pore and surface modification can be achieved in a parallel manner as
done with conventional MSNs, while, for the functionalization of the internal space, this must be
done prior to the formation of the mesoporous layer. Onto this slightly modified MSN, it would be
possible to create additional modifications by linking chemical species through conventional chemical
reactions. With this strategy, it was possible to create a huge number of functional nanosystems with
pore nanogates [30], sensitive bonds [31], recognition elements [5,19], and charged surfaces able to
undergo electrostatic interactions.

One common strategy to combine BMs and NPs is surface functionalization; it can be achieved
either via a chemical bond or via an electrostatic interaction between charged counterparts. On MSNs,
surface grafting is usually accomplished via direct condensation of the remaining Si-OH groups with
functional silane reagents; these are typically modified trialkoxysilanes with aliphatic chains bearing
an additional functional group. For the bonding of peptides and proteins, the most common functional
groups are amino and carboxylate for amide coupling and maleimides for thiol-mediated binding [32].
Additionally, to complement the direct coupling approach, there are also many different bifunctional
linkers available which are able to accomplish this task [33]. With regard to this coupling strategy,
it is also important to remark the importance of controlling the bonding, which, if produced at the
active region of proteins, may lead to inactivation. This is of particular importance when preparing
antibody-targeted nanosystems [34,35] and sensors. On this topic, Landry and coworkers studied
how the chemical linkage affected the specificity of cluster of differentiation 4 (CD4)-bonded proteins
onto MSN against its target, the gp120 glycoprotein [36]. The authors proved that a conventional,
unspecific, direct thiol-maleimide linkage behaved worse than a specific linkage placed far away from
the active site.

The other approach for surface functionalization is electrostatic deposition. In this case, both
nanocarriers and BMs need to establish strong electrostatic interactions through differently charged
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functional groups. This is of particular importance for NAs, whose permanent negative charge permits
strong interactions with positively charged surfaces and polymers such as polyethyleneimine or
chitosan among many others. Insights into this strategy are available in References [20,37]. In the
most advanced models, a rational deposition of alternating cationic and anionic layers—for instance,
polyethyleneimine (PEI)-small interfering RNA (siRNA)-PEI-, also permitted developing multilayered
nanosystems in which targeting elements could be added in the outermost layer. This design permits
placing NAs in middle layers, obtaining additional protection against nucleases. Moreover, this
strategy also enables pH-driven cleavage, which permits disassembling the system in endosomal
environments, as a consequence of the proton sponge effect associated with polycationic substances [38].
The main drawback of the surface loading strategy is the absence of protection for BMs, which could
be deactivated if exposed to blood (opsonization, enzymatic degradation, macrophage-mediated
clearance, etc.) [39] or if not properly handled during processing (non-sterile material, accidental
contamination, or physicochemical decomposition).

From a protective point of view, the use of pore-expanded MSNs [40] is the most convenient
strategy, but only if the cargo is adequately retained until its final destination. To this end, pore sizes
should be tuned to allow cargo hosting and, eventually, pore gates may be required [30]. The typical
strategies to prepare enlarged-pore MSNs consist of either using large surfactants such as Pluronic
or Brij [14] or employing swelling agents able to increase the diameter of the template cetrimonium
micelles during the synthesis [41]. Additionally, the use of non-surfactant species, like tannic acid,
was also reported as a pore-forming agent [42]. Regarding NAs, it is also important to remark that
raw pores of MSNs need to be chemically modified; otherwise, the negative charges of NAs and
silanols would undergo a repulsive interaction that would hinder pore loading. This topic was
previously visited by us and other groups in previous contributions [20,37]. In the case of proteins and
peptides, this effect is not so relevant, as their isoelectric points are always closer to neutrality. In fact,
most peptides behave as small molecules and can be loaded satisfactorily in most raw-pore MSNss.

In summary, the loading strategy must be carefully accounted for depending on the carried
biomacromolecule. In this way, short peptides can be easily loaded within pores or grafted onto
surfaces, while the delivery of bigger and highly charged molecules may suffer from pore rejection if
the mesopores are not properly conditioned [43]. Regarding NAs, their outstanding chemical stability
permits creating either fancy layered structures or pore-loaded systems [44-46]. In addition to typical
porous particles, the use of hollow mesoporous silica nanoparticles (HMSNs) also receives interest
because of their additional enormous internal space. However, to use them as carriers, their mesopores
and surfaces must comply with all requirements outlined for in-pore loading, i.e., sufficient diameter,
favorable electrostatic environment, and adequate order to permit effective diffusion processes.

In addition to cargo-related modifications, these kinds of nanodevices must also have additional
modifications to increase colloidal stability and immune stealth to ensure an adequate trafficking
profile (Figure 2). In the case of pore-loaded nanosystems, this can be easily achieved with a common
polyethylene glycol (PEG)ylation strategy. On coated nanosystems, it may not be necessary if the
particles’ coatings are naturally occurring biomolecules, such as those reviewed herein. In this case,
although the integrity of supported molecules is not fully ensured, surface deposition is proven to be a
synthetic advantage, as it greatly reduces the number of components and synthetic steps.
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Figure 2. Blood compatibility, colloidal stability, and cell recognition are necessary on therapeutic

nanosystems; otherwise, they would not reach their final destination.

3. Delivery of Proteins with Therapeutic Effect

As introduced above, the effect and potency of therapeutic proteins rely on their physiological
effect and behavior. For example, cytochrome ¢ (Cyt c) triggers a caspase-mediated apoptosis, while
immunoglobulins activate the immune system and induce cell destruction. Additionally, certain
enzymes and growth factors may be useful to treat certain genetic diseases based on protein malfunction.
Therefore, as there is no common therapeutic effect [47], the different approaches are discussed including
pro-apoptotic, immunostimulating, enzymes, growth factors, and antibacterial proteins, according
to the classification shown in Table 1 and Figure 3. For the interested reader, previously published
outstanding revisions dealt with insights into protein loading and delivery with MSNs [48-51].

Table 1. Examples of therapeutic proteins delivered by silica-based nanocarriers.

Protein Carrier Type  Protein Location  Loading Strategy ~ Cell Line(s) In Vivo Reference
Anticancer proteins [52,53]
MSNs Mesopores Pore filling HeLa None [54,55]
Cytochrome C MSNs Surface Adsorption None None [56]
MSNs Surface Grafting HeLa None [57]
MSNs Mesopores Pore filling SKOV3 None [58]
Concanavalin A MSNs Surface Grafting MC3T3-E1l, HOS None [59]
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Table 1. Cont.

Protein Carrier Type  Protein Location Loading Strategy =~ Cell Line(s) In Vivo Reference
Immunostimulating proteins and vaccines
IgG HMSNs Particle cavity Cavity loading HelLa None [60]
OVA HMSNs Mesopores Pore filling NIH3T3 Mice [61,62]
OVA DMOHS Mesopores Pore filling None Mice [63]
CpG@OVA MSNs Mesopores Pore filling RAW264.7 Mice [64]
CPeBOVA Nanse mgzgggiz Pore filling None Mice 165]
gyt'c, 185G, RSNs Interparticles In-pocket packing ~ None None [66]
nti-pAkt
IL-2 HMSNs Particle cavity Cavity loading 1929 Mice [67]
ORF2 HMSNs Surface Adsorption PK15 Mice [68]
SWAP MSNs Surface Adsorption None Mice [69]
HSP700 MSNs Surface Adsorption None Mice [70]
EspA MSNs Surface Adsorption None Mice [71]
rPb27 MSNs Surface Adsorption HEK-293 Mice [72]
Enzymes
CA MSNs Mesopores In-pore grafting HeLa None [73]
CA or HPR MSNs Mesopores In-pore grafting None None [74]
3-Galactosidase ~ MSNs Mesopores Adsorption N2a None [75]
SOD MSNs Surface Grafting HelLa None [76]
SOD or GPx MSNs Surface Grafting HeLa None [77]
Proteasomes MSNs Surface Grafting HEK-293, HeLa None [78]
Growth factors
bFGF MSNs Mesopores Microemulsion HUVEC None [79]
BMP-2 MSNs Surface Adsorption bMSCs Mice [80]
MSN@SPION  Mesopores Pore filling bMSCs None [81]
Antibacterial proteins
MSNs Surface Grafting Escherichia coli Mice [82]
Lysozyme MSNs Pores Adsorption E. coli None [83]
HMSNs Surface Adsorption E. coli Mice [84]
HMSNs Particle cavity Cavity loading E. coli None [85]
Concanavalin A MSNs Surface Grafting E. coli None [86]

Abbreviations: bFGF: basic fibroblast growth factor; BMP-2: bone morphogenetic protein 2; bMSCs: murine bone
mesenchymal stem cells; CA: carbonic anhydrase; CpG@OVA: ovalbumin-loaded cytosine-phosphate—guanine
(CpG) oligodeoxynucleotide; DMOHS: dendritic mesoporous organosilica hollow spheres; EspA: an immunogenic
protein from enterohaemorrhagic Escherichia Coli; GM-CSF: murine granulocyte-macrophage colony-stimulating
factor; GPx: glutathione peroxidase; HMSNs: hollow mesoporous silica nanoparticles; HRP: horseradish peroxidase;
IgG: immunoglobulin G; IL-2: interleukin-2; ORF2: open reading frame from porcine circovirus type 2; OVA:
chicken ovalbumin; RSNs: rough (non-porous and core-shell) silica nanoparticles; SOD: superoxide dismutase;
SPIONSs: superparamagnetic iron oxide nanoparticles.
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Figure 3. Roles and examples of typical therapeutic proteins delivered with silica-based nanosystems.
3.1. Anticancer Proteins

Historically, Lin’s group was the first to describe the potential of MSNs to carry and deliver proteins.
To achieve this, they focused on Cyt ¢, a small protein with a pro-apoptotic effect. In their contribution,
they pioneered pore-expanded MSNs to allow protein hosting, highlighting the strategy to follow for
the intracellular delivery of membrane-impermeable proteins [54]. Herein, they demonstrated that
unmodified MSNs with 5.4-nm mesopores were able to host the globular 3.3-nm-width protein to
produce effective intracellular delivery, although with no control. To improve this, Griebenow and
coworkers evolved a system including a chemical bond able to retain Cyt c inside the mesopores.
Their stimulus-responsive system was based on a redox-sensitive disulfide bond that linked Cyt
¢ to thiol-modified mesopores [55], enabling an intracellular, glutathione-mediated release. Shang
et al. also employed Cyt c as a model protein for MSN-based delivery, although, in their system,
surface adsorption was preferred [56]. In this contribution, the authors did not evaluate the carrier
efficiency or the stability of the protein but studied the loading capacity—protein activity—in relation
to nanoparticle size. Their results showed that flatter surfaces—larger diameters—permit adsorbing
more proteins and, hence, provide higher activities. Another example employing Cyt ¢ was reported by
Davis and coworkers, who studied the best-performing linker to connect the protein onto the particles
surface [57]. In their research, they systematically tested several custom-made linkers against the most
critical parameters on optimal delivery for surface-grafted proteins: suitable charging capacity (>40 mV
on &-potential), cationic character at acidic pH, ability to undergo endosomal escape, and capacity to
permanently retain Cyt c immobilized on the surface. They found that MSNs modified with 1 mol.%
primary amine were the only material able to satisfactorily accomplish all these tasks, providing a
fantastic know-how for subsequent investigations into surface grafting. More recently, Choi et al.
explored another possibility to deliver Cyt ¢, employing eroded MSNs with rougher surfaces and
enlarged pores [58]. Herein, these matured MSNs permitted loading the Cyt c instead of obtaining the
surface deposition that occurred onto particles bearing conventional (2-3 nm) pores. As a result of the

’
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increased in-pore loading, the particles showed an enhanced release compared with both the free Cyt ¢
and the nanosystem with higher surface deposition.

Apart from Cyt ¢, there were reported numerous anticancer proteins [52,53], albeit few examples
in combination with MSNs. A relevant example on the topic was reported with concanavalin A,
a lectin with anticancer and antibacterial properties [59,86]. Regarding the anticancer example,
the lectin also proved to be an efficient targeting element against human osteosarcoma (HOS) and
murine prosteoblast (MC3T3-E1) cells. In our system, MSNs were firstly loaded with the typical
chemotherapeutic doxorubicin (DOX) and then coated with a polymeric layer linked to the silica surface
through pH-sensitive linkers. To conclude, the concanavalin A (ConA) was grafted onto the surface
through amide bonds. The resulting system was able to efficiently deliver the drug intracellularly,
but only when the pH dropped enough to cleave the bis-acetal linker. The evaluation of the system
demonstrated an enhanced killing effect when both species (ConA and DOX) were co-delivered.
This suggested a potent adjuvant effect of the protein, which was able to drop the cell viability from
50% with DOX alone to almost 100%.

3.2. Immunostimulating Proteins

Immunostimulation is one of the most popular strategies for improving cancer treatment, as it
promises to recruit the patient’s immune system to fight tumors. However, any indiscriminate activation
may lead to disastrous results. Therefore, there is interest in developing immunostimulant nanosystems
able to induce local immune responses thanks to the enhanced permeability and retention (EPR) effect.
MSN-based immunotherapy also has an additional advantage, as these particles were proven to be
efficient coadjutants [87-89]. Despite these promising features, the delivery of immune-regulating
proteins with silica-based carriers is still in its infancy.

Regarding already reported examples, proteins and MSNs can be combined via either surface
deposition—grafted or not—or loading into enlarged pores, although those are not the only options.
One such exception was the contribution by Lim et al. who delivered immunoglobulin (IgG) to
HelLa cells employing a very special silica particle [60]. These were called unconventional perforated
HMSNSs. Those particles were able to efficiently deliver large membrane-impermeable cargoes,
although without any study on immune response. However, their contribution established the
basis for local immunostimulation, opening the way to new therapeutic strategies. In more recent
examples, several research groups studied immune inductions in mice using nanoparticles. Along
this line, Wang, Ito, Tsuji, and coworkers reported a series of articles which firstly studied the
immunostimulating behavior of HMSNs [87-89] in murine models, and then studied how the surface
modification of such HMSNs with the T cell-dependent antigen, chicken ovalbumin (OVA), stimulated
the overall response [61]. The authors paid special attention to which markers were upregulated
when treating the animals with these devices [62]. They found a four-action pathway: an anticancer
effect through the use of HMSNs themselves, an effector memory on the CD4* and CD8* T-cell
population, an overexpression on T helper 1 (Th1) and Th2 cytokines, and an enhanced secretion of
immunoglobulin antibodies [62]. Employing another silica nanostructure, a multi-shelled dendritic
mesoporous organosilica hollow sphere (DMOHS), Yang et al. also obtained similar stimulation
patterns when they employed OVA-loaded particles [63]. Herein, a parallel upregulation on CD4*,
CD8*, and Th1 immunoproteins was also reported, characterized by the secretion of interleukin-12
(IL-12), interferon-y (IFN-y), and tumor necrosis factor-« (TNF-&). More recently, Cha et al. evolved
this system by adding an additional immunostimulating entity. In their model, large-pore MSNs
(20-30 nm) were sequentially loaded with OVA plus an additional “danger signal”, an agonist for
Toll-like receptor 9 (TLRY) [64]. As aresult, an increased immunostimulation was obtained, which again
suggests the importance of combined therapies for the development of more effective cancer treatments
and vaccines. More recently, these authors implemented their immunostimulant nanosystem by
designing a combination of these MSNs embedded in large chemokine-loaded mesoporous nanorods
suitable for injection [65]. With this system, the authors overcame the limitations of the intravenous

12



Pharmaceutics 2020, 12, 432

dosage of their previous nanosystem, as, with this approach, they could effectively recruit and mature
the dendritic cells in order to achieve a more efficient cancer vaccination. Their final formulation
demonstrated a significant tumor progression reduction together with great survival rates.

In addition to the typical strategies to link proteins onto nanoparticles, Niu et al. reported
another possible approach for protein delivery. They designed different porous systems with variable
cavities by controlling a core-shell assembly between solid silica nanoparticles. In their designs, core
particles had a preset size, while encircling particles had smaller but variable diameters. The resulting
disposition created different interparticle voids able to host different sized proteins [66]. The resulting
nanostructures showed variable roughness (14, 21, and 38 nm, respectively) that permitted satisfactorily
loading a wide variety of proteins, such as Cyt ¢, monoclonal rabbit antibodies (IgG), and even antibody
fragments (horseradish peroxidase (HRP)-linked anti-rabbit IgG antibody), preserving in all cases their
activities, as demonstrated by surface plasmon resonance. From a therapeutic point of view, the most
interesting model was the 38-nm hydrophobically modified rough (non-porous and core-shell) silica
nanoparticles (RSNs), which were able to deliver the anti-pAkt antibody into MCE-7 breast cancer
cells. In this case, the therapeutic effect occurred because the antibody created a significant reduction
of cell proliferation, together with a downregulated expression of the anti-apoptotic B-cell lymphoma 2
(Bcl-2) protein.

In addition to immunogenic proteins, another interesting therapeutic possibility enabled by
nanotechnology is non-viral-based vaccination [90,91]. Therefore, this could be achieved if antigens
are delivered to immune cells, thereby avoiding a general immune response. One of the first examples
of vaccination employing silica nanoparticles was reported by Guo et al., who employed HMSNs
to deliver the open reading frame of the porcine circovirus type 2 (ORF2) protein using a murine
model [68]. In this case, the nanovaccine was prepared via direct adsorption of the protein onto raw
nanoparticles. In mice, the MSN-based delivery of ORF2 induced overexpression of the typical markers:
IEN-y, Th1, CD4, and CD8, suggesting an immune activation. This strategy was also successfully
employed to create other specific MSN-based non-viral vaccines for mice: (1) against Schistosoma
mansoni employing homogenates from the parasite [69]; (2) against porcine enzootic pneumonia by
using a recombinant heat-shock protein 70 (HSP70) antigen fragment (HSP70312_600) from Mycoplasma
hyopneumoniae [70]; (3) against enterohaemorrhagic Escherichia coli by using a recombinant fragment of
filamentous immunogenic protein from enterohaemorrhagic E. coli (EspA) protein [71]; (4) against
the pathogenic fungus Paracoccidioides brasiliensis employing the antigenic protein rPb27 [72]. In light
of these results, it is noteworthy to highlight that these nanoparticle-based vaccinations permit
immunizing against different types of pathogens, such as parasites, fungi, or bacteria, with a better
profile than the free antigen or other known pharmacological formulations in which the delivery
toward macrophages is not so efficient.

3.3. Enzymes

The deregulation of normal enzymaticlevels has a fundamental role in many diseases. For example,
toxic or metabolic syndromes are a direct consequence of this protein malfunction. In cancer,
the deregulation of homeostasis is also a consequence of an abnormal expression of proteins and
enzymes. However, the use of enzymes in therapy clearly goes beyond cancer treatment based on the
delivery of cell-damaging proteins. Unfortunately, like all proteins, enzymes usually do not nicely
tolerate systemic administration unless properly modified [92]. Such is the case of the p53 anticancer
protein capsule designed by Zhao et al. [93] or the collagenase capsule reported by Villegas et al. [94],
which performed best only when they had a degradable protective shell. With regard to the enzymes
delivered by MSNs, it is important to remark that most examples are located at the surface; otherwise,
the diffusion of both substrates and products may be difficult. One of the most studied examples
is carbonic anhydrase (CA), which, despite not having a significant therapeutic effect, was widely
employed as a model for in-pore loading approaches [73,74]. The advantage of CA as a model is
a direct consequence of the facile determination of its remaining activity, as both substrate (CO,)
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and final product (HCO;™) are small enough to diffuse through the pores with freedom and can be
easily determined.

Regarding therapeutic models, the mitigation of toxic syndromes caused by genetic disorders is
one of the most promising research fields. One interesting example was reported by Xu et al. [75], who
employed MSNss to deliver 3-galactosidase (3-Gal) to treat Morquio B syndrome. This disease appears
when the enzyme is not able to properly cleave the glycoside bond on oligosaccharides, thus producing
the accumulation of substrates. In this case, contrary to other models in which the enzyme was located
on the surface, the authors decided to load it into the mesopores to obtain additional protection and
long-term stability. In this case, the significant size (119 kDa) of 3-Gal made it mandatory to prepare
ultra-large-pore MSNs. For this, the authors created core—cone structured MSNs with dahlia-like
mesopores that were able to host, preserve, and deliver catalytically active 3-Gal to N2a cells. In this
case, the large size of mesopores, together with the small sizes of both enzymatic substrates and
products, permitted supporting the enzyme within the pores; however, in other cases, in which the
substrates have diffusion barriers because of the size or nature, this approach may not be so convenient.

With regard to supported proteins, Mou and coworkers reported the use of two antioxidant
enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GPx), to intracellularly deplete
reactive oxygen species (ROS). In this case, the different nature of possible substrates demanded
an adequate exposure of proteins on the nanosystem; otherwise, they would not be able to
prevent oxidative stress. In their first example, the authors developed a mesoporous silica-based
multifunctional nanocarrier for SOD [76]. This device employed an Ni*?-chelated nitrilotriacetic acid
(Ni-NTA)-modified silane, which was able to connect through a histidine moiety to a TAT-containing
peptide sequence bound to the enzyme. At this point, the authors denatured the enzyme with urea in
order to have only intracellular refolding and to avoid extracellular ROS depletion. The resulting system
was able to internalize into HeLa cells and, therein, refold the enzyme into its active form and reduce
the oxidative stress induced by paraquat, a well-known superoxide anion generator. More recently,
the authors implemented the antioxidant performance of this model by employing two differently
loaded nanodevices: one with SOD and the other with GPx [77]. With this combination, the authors
found a complementary synergic effect in which the co-delivery of both antioxidant proteins improved
the effect of single treatments.

Another interesting example, reported by Han et al., focused on the delivery of human proteasomes
to delay tau aggregation associated with Alzheimer’s disease [78]. In this model, the authors employed
the same building strategy reported by Mou’s group: Ni-NTA able to bind histidine moieties from
active human 26S proteasomes isolated from a HEK293-derived cell line. Again, the system proved
to deliver proteasomes without a significant proteotoxic effect associated with its enzymatic activity.
At this point, the authors claimed that their system was not intended to permeate the blood-brain
barrier, although it could be implemented onto permeable systems, opening the way to novel strategies
to prevent and treat Alzheimer’s.

3.4. Growth Factors

Growth factors are biomacromolecules responsible for inducing cellular growth, proliferation, and
differentiation; they also play important roles in wound healing, bone formation, and vascularization.
The most known growth factor is somatotropin, the human growth factor, which is widely employed
to promote impaired growth in healthy individuals. The main drawback of this therapy is the need to
accomplish a continuous—intramuscular or subcutaneous—dosage in order to achieve a sustained
effect. Because of this, it is a treatment with very low adherence and, therefore, it needs improvement.
Among the new strategies developed, the most promising are those that permit reaching long-lasting
formulations with noninvasive administration routes [95,96]. With regard to the remaining growth
factors, mostly cytokines and steroid hormones, it is typical to have compounds with very little
aqueous solubility. As a result, they also require form delivery agents to perform their action properly.
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This need could be a niche for non-biogenic carriers, especially those of high loading capacity such as
silica-based platforms.

Regarding the examples available in the literature, ten years ago, Zhang et al. already reported the
potential of MSNs as carriers for growth factors [79]. In this contribution, a water-in-oil microemulsion
strategy was employed to create ad hoc MSNss for the 18-kDa basic fibroblast growth factor (bFGF)
protein. The resulting system was able to release the protein for over 20 days, and it could be
satisfactorily taken up by HUVEC cells. Moreover, the cytotoxicity assay showed low toxicity even
when administered at high concentrations (50 ug/mL). Despite this promising result, the remaining
examples with therapeutic growth factors are limited to two contributions by Gan et al., who employed
two complementary approaches for the delivery of the bone morphogenetic protein 2 (BMP-2).
In their first contribution, they prepared chitosan-coated MSNs to deposit proteins onto the particles’
surfaces [80], while, in their second work, SBA-15 microparticles with iron oxide nanocaps were
employed to load the protein within the 6.2-nm mesopores [81]. In the first example, the authors
included dexamethasone, a corticoid, into the mesopores to increment bone growth due to co-delivery
of two osteogenic species. Unfortunately, although a significant osteogenesis was achieved, it was
completely uncontrolled, and significant ectopic bone formation occurred. To prevent this, the authors
changed the model to deliver only the growth factor. To do so, they employed large-pore silica
microparticles to carry the BMP-2 and Fe3O4 nanocaps to prevent a premature release. The resulting
pH-driven carrier was able to deliver the protein while exhibiting excellent biocompatibility, but only
in vitro, where the huge size of the chosen silica particles did not affect the guest survival.

3.5. Antibacterial Proteins

In addition to the previous examples, it is also possible to transport proteins bearing antimicrobial
effects.  On the delivery of antibacterial proteins with MSNs, most contributions were made
with lysozyme, a 14.4-kDa enzyme known to damage bacterial cells by hydrolyzing the major
component of Gram-positive bacterial walls, i.e., the 3-1,4 bonds between N-acetylmuramic acid
and N-acetyl-p-glucosamine. The first example, reported by Lin et al., employed negatively charged
MCM-41 MSNs to bind lysozyme units through electrostatic interactions to provide a stable corona [82].
This model permitted having an antibacterial effect even on Gram-negative bacteria such as E. coli. Such
an effect was a consequence of the high concentration of lysozyme released in bacterial surroundings.
Although forthcoming models improved the antibacterial performance of this device, in this work, the
authors set two important advances: the possibility of treating bacterial infections with nanotechnology,
and the finding that even Gram-negative bacteria could be highly damaged by these glycoside
hydrolase enzymes.

In light of these previous results, Yu’s group attempted to improve the antibacterial capacity by
using higher-loading carriers. In one contribution, they differently evaluated dendritic pore MSNs,
finding that a bigger pore led to a faster release and, thus, higher antibacterial effects [83]. In the
second contribution, they developed silica nanopollens, which are engineered non-porous hollow
nanoparticles coated with nanosized silica spikes to provide a rough surface [84]. Similarly, to the
former model, they evaluated different roughnesses, finding that a rougher surface led to a better
loading and the associated antibacterial effect. A comparison between models seemed to indicate
that, in the case of large-pore MSNs, the antibacterial effect of lysozyme was a consequence of a
faster release, while, in the case of nanopollens, it was a combination of a more sustained release
together with an unknown nanoparticle-induced effect. Unfortunately, these models were only tested
on planktonic bacteria. To address a more complex situation in which the bacteria form a biofilm,
Ye and coworkers studied hollow MSNs as high-capacity nanocarriers (up to 350 mg per gram in
the case of their enlarged pore HMSNs) [85]. In this work, the authors reported a threshold for free
lysozyme activity (400 pug/mL), over which there was no therapeutic improvement. However, the use
of MSN-based delivery raised that maximal effect, as they showed a more sustained release pattern
able to induce a long-lasting effect.

15



Pharmaceutics 2020, 12, 432

Apart from lysozyme, antibacterial effects with other proteins were also reported such as ConA
(in this case, in combination with levofloxacin) [86]. In this example, carboxylate-modified MCM-41
MSNs were functionalized with ConA upon drug loading. Herein, the combined action of both species
permitted achieving complete biofilm destruction even at minimal concentrations (10 ug MSNs per
mL), improving the precedent models due to combination therapy. In addition to these reported
models, there are many more proteins that lead to successful combinations [97]. Such is the case of
lactoferrin, known for having antibacterial properties [98], which was extensively employed in the
preparation of glioblastoma-targeted nanodevices [99,100].

4. Delivery of Peptides with Therapeutic Effect

Many of known bioactive peptides are simplified amino-acid sequences that replicate the active sites
of proteins and enzymes. The success of these peptides is a consequence of two complementary aspects:
(1) the ability to retain features from their parent proteins, and (2) an outstanding chemical profile
that arises from their facile synthesis, significantly low cost, and chemical robustness. Those aspects
permitted discovering a large number of peptides of different nature and specificity. For example,
regarding targeting, those sequences are selected for their affinity toward eukaryotic [101,102] or
prokaryotic [103,104] cell receptors. However, applications of peptides go beyond targeting [105],
as they are able to accomplish different tasks in regulating metabolic cycles and signaling. In this
section, we focus on the potential of MSN-carried peptides for the development of new therapeutic
devices. As shown in Table 2 and Figure 4, their applications range from cancer treatment [106-108] to
antibacterial effects [107,109], cell regulation processes [110], and immunostimulation.
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Figure 4. Strategies for delivery of therapeutic peptides employing silica-based carriers.
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4.1. Anticancer Peptides

Typically, anticancer effects of peptides occur through two possible mechanisms. One of these arises
when the peptide is able to disrupt the normal function of the membrane, while the other occurs when it
triggers pro-apoptotic pathways. The membrane-disrupting mechanism operates when the peptides are
enriched with cationic amino acids: lysine (Lys, K; amine), arginine (Arg, R; guanidine), and histidine
(Hys, H; imidazole). Although this mechanism is not fully clear, these peptides demonstrated a
certain membrane-lytic effect similar to other cationic species [134]. The first evidence on the topic
was observed with TAT-targeted nanosystems [135], as well with other cell-membrane-penetrating
peptides [136].

Regarding the use of cationic peptides as therapeutic agents, it is highly desirable to hide their
cationic character to prevent premature damages such as hemolysis and embolisms during trafficking.
Apart from pore loading, which preserves cargoes from undesired interactions, another interesting
possibility arises from the use of additional negative components to balance the resulting surface
charge. One elegant strategy, reported by Zhang and coworkers, employed citraconic anhydride to
transform an octa-lysine into a negatively charged peptide able to balance the cationic Kg(RGD),
functionalized MSNs [111]. The resulting outermost layer was able to accomplish three tasks: target
integrin receptors through the RDG moiety, show a highly biocompatible neutral charge, and carry a
detachable but toxic Kg sequence. Unfortunately, the reported studies mainly focused on assessing
the effect of carried DOX than on studying the effect of the peptide release, overlooking any potential
anticancer effect. In a later contribution by these authors, their system was evolved by including
a triphenyl phosphonium group into the KLA peptide sequence (KLAKLAKKLAKLAK) in order
to target the mitochondrion. Mitochondria appeared as a key target in cancer treatment because of
their roles in regulating cell apoptosis and metabolism [137]. The delivery of antitumoral therapeutic
molecules to mitochondria may improve their therapeutic efficacy while avoiding resistance pathways.
Furthermore, stimulation of apoptosis mediated by mitochondria could also improve the efficacy of
cancer therapy. The resulting organelle-targeted compound was bound to MSNs through disulfide
bonds, known to be broken intracellularly by glutathione. Finally, to prevent undesired damages,
the authors created a PEGylated anionic polymer shell aimed at increasing biocompatibility and
reducing the leakage of topotecan [112]. In this system, the non-loaded model was able to exert a
significant pro-apoptotic even at low concentrations, proving the potential of peptides in anticancer
therapies; however, as expected, the highest antiproliferative effect occurred when topotecan was
loaded within the mesopores.

Encouraged by these results, this group also addressed the synthesis of a multiple pro-apoptotic
nanosystem: delivery of DOX, in combination with the delivery of two therapeutic peptides with
glutathione-mediated cleavage [113]. In this model, the employed peptides contained different
membrane-disrupting sequences, together with two different targeting elements: one of them
specific to mitochondrion (C-GKGG-DKLAKLAKKLAKLAK) and the other specific to membranes
(C-GRKKRRQRRRPPQ-RGDS). Additionally, to increase the potential cellular damage, the mesopores
were loaded with DOX while the peptides were bonded to particles through disulfide bonds, in order
to induce oxidative stress upon glutathione depletion. As result, the complete system showed high
efficiency against HeLa and COS7 cells, although this effect decreased significantly in the absence of
the drug, which highlights the limited effect of membrane-lytic peptides. More recently, this group also
employed the glutathione-mediated disulfide cleavage to prepare a drug delivery system for DOX and
a membrane-targeted therapeutic peptide rich in tryptophan (RGDWWW),KC) [114]. In this case,
this peptide was designed to have a DNA-intercalant effect due to the high concentration of indoles.
This postulate seems to be justified based on the toxicity obtained for such a nanosystem; however,
as expected, the best effect was obtained when DOX was co-delivered. More recently, Feng’s group
also employed this coating approach to co-deliver DOX and the anticancer peptide KLA. In this
model, the final capping was done with a bovine serum albumin (BSA) corona [115], which permitted
achieving a double effect: creating a diffusion barrier for both therapeutic agents, and enabling a
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protease/glutathione-mediated intracellular release. An interesting aspect of the system is that BSA
was employed in its wild-type form, which might trigger an additional cellular response when in
combination with the remaining multi-apoptotic effects.

Regarding the delivery of peptides that trigger pro-apoptotic routes, the reported examples
focused on threading such peptides into the mesopores. For example, Martinez-Méfiez’s group
reported the use of e-polylysine as a coating layer to prevent the leakage of the pro-apoptotic COh
(YVETLDDIFEQWAHSEDLK) peptide [116]. In this model, the polylysine coating had multiple roles,
as it favored cellular uptake due to its cationic character, while maintaining the Coh peptide within the
mesopores until proteases cleaved this protective layer. The in vitro testing of this model proved that
the encapsulated peptide showed a better therapeutic profile that its free form. However, this effect
reached a maximum plateau over which higher dosages did not augment apoptosis. This points out
once again the limited anticancer effect of peptides, which demand additional chemotherapeutic agents
to obtain satisfactory results. In another similar example employing pore modifications, Cao et al.
reported the delivery of a different proapoptotic peptide. In this model, they employed large-pore
MSNs to deliver a bifunctional RGD-containing Hylin al peptide (IFGAILPLALGALKNLIK) able
to target and kill cancerous cells [117]. To accommodate the peptide, the authors functionalized the
internal facets of mesopores to favor threading and enable a pH-dependent release. In vitro studies
of this system showed that encapsulation drastically reduced the hemolytic rate shown by the free
peptide without affecting the potent cytotoxic effect against HeLa and Hep?2 cells in vitro. Published
in vivo studies with this system showed a clear tumor growth arrest in murine models, although,
unfortunately, complete tumor remission could not be achieved.

As previously outlined, the anticancer effect of peptides and proteins is relatively low; thus, their
use is generally limited to therapeutic adjuvants of more active species. However, the overall therapeutic
effect may be increased if higher doses can be delivered; in this case, high-loading carriers gain interest.
Among silica-based carriers, HMSNSs are the most suitable candidates, since they theoretically allow
loading in larger quantities than their porous analogues. The diverging aspects of MSNs vs. HMSNs in
peptide delivery were studied by Rahmani et al., who focused on pepstatin A, a cathepsin D inhibitor
peptide [118]. Surprisingly, the authors found two unexpected behaviors: HMSNs loaded less peptide
than typical large-pore MSNs, but their effect was higher. Therein, the authors justified such behavior
based on the release patterns observed from HMSNs, which provided a more sustained release (longer
therapeutic effect), in comparison to regular pore-expended MSNs, which showed a burst-like release.

Another promising anticancer peptide is NuBCP9 (FSRSLHSLL), which is able to bind the Bcl-2
protein, highly overexpressed in cancer cells, turning a cell protector into an apoptosis inductor [138].
Along this line, Wu et al. reported folate-targeted, large-pore MSNs able to deliver this NuBCP9
peptide into HeLa tumors in zebrafish [119]. The resulting ca. 35-nm-width MSNs with pores in the
range of 20 nm showed effective internalization into folate-positive HeLa cells, reaching up to 70%
reduction of viability when loaded with the peptide. On the other hand, these nanoparticles showed
fantastic biocompatibility, as they permitted obtaining fish survival above 80% in concentrations up to
200 pg/mL. In addition to this targeted example, this peptide was also employed in combination with a
typical chemotherapeutic. In this contribution, the authors employed ca. 30-nm MSNs with large pores
to load the peptide and an outer coating of a fifth-generation polyamidoamine (PAMAM) dendrimer
able to load DOX within the structure [120]. As a result, the nanosystem was able to co-deliver
both pro-apoptotic species to several cancer cell lines, achieving almost complete cell destruction in
concentrations up to 1 pg/mL. To validate the potential of such a combination, the authors tested the
efficiency of their nanosystem against resistant cell lines, obtaining outstanding results except for the
case of the DOX-resistant MCE-7 line. Nevertheless, these results must be carefully accounted for,
as the outermost PAMAM cationic coating may produce a decrease in overall biocompatibility.
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4.2. Immunostimulating Peptides

Although most examples of immunostimulation were reported with fully functional proteins,
the use of peptides is also possible. Along this line, Xie et al. reported the use of hollow mesoporous
silica-based nanocarriers to deliver two melanoma-derived antigen peptides: the hydrophobic
H2-KP peptide TRP2;g0_133 (SVYDFFVWL) and the hydrophilic H2-Db peptide HGP100,5 33
(KVPRNQWL) [121]. In order to achieve the desired double loading, the authors modified their
HMSNSs with amino groups at the internal space and the mesopores with carboxylates in order to create
two different preferential locations for peptides within the HMSNs. Then, to provide adequate retention
and colloidal stability, the system was further coated with a lipid bilayer. Furthermore, on this lipid
layer, another therapeutic species was included to increase the overall effect: monophosphoryl lipid A
(MPLA), a Toll-like receptor 4 (TLR4) agonist. The resulting hollow protocells showed time-dependent
uptake by murine bone marrow-derived dendritic cells and, according to data shown, induced cell
maturation as seen by the overexpression of CD86, TNF-«, IFN-y, IL-12, and IL-4 proteins. When the
system was tested against melanoma lung metastasis in murine models, the vaccinated animals showed
less tumor growth and creation of metastatic lymph nodes, demonstrating that the system was able to
induce an effective anticancer response in mice.

4.3. Antibacterial Peptides

Although antimicrobial peptides are one of the most promising research lines to fight
multi-resistant bacteria, their incorporation into nanocarriers was poorly studied [139]. Among the
few systems reported, the contributions made by Braun et al. can be highlighted, who studied
the best loading strategy and silica composition for the cationic antibacterial peptide LL37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES). In their first contribution, these authors focused
on the membrane interactions between E. coli and several silica-based (non-porous, calcined mesoporous,
and amino-capped mesoporous) nanoparticles loaded with the LL37 peptide [122]. As expected, the
best loading profiles were obtained for the porous calcined—most negatively charged—nanoparticles.
In addition, as expected, MSNs provided an adequate protective environment for the peptide and,
hence, reduced the associated hemo- and proteolysis. At this point, it is also interesting to remark that
these authors also studied how the porous structure affected the delivery, in this case, by comparing
regular sized-MSNs with large-pore HMSNs [140]. They found that ca. 2.5-nm-pore MSNs produced a
burst release, while the HMSNs showed a more sustained release, in concordance with data obtained
by Rahmani et al. [118], suggesting that HMSN's behave better for peptide delivery.

Apart from the activation of immune cells and vaccination, the treatment of infected cells is
another big issue that could be solved by applying nanotechnology. One inspiring example was
recently reported by Tenland et al., who employed MSNs to deliver an anti-tuberculosis peptide to
infected macrophages [123]. In their work, the NZX (GFGCNGPWSEDDIQCHNHCKSIKGYKGG
YCARGGFVCKCY) peptide with a proven anti-tuberculosis effect was employed [141]. In this case,
the system was assembled by threading the peptide into the mesopores, employing previously
optimized nanoparticles [140]. The system demonstrated effective internalization into macrophages
and produced peptide release once internalized. As a result, the infecting mycobacterium could the
killed without significantly affecting host macrophages; moreover, the MSN-carried peptide showed a
longer therapeutic effect than its free form. This effect, seen in other reviewed examples, was justified
by the accumulation of nanocarriers within intracellular vacuoles, which created therapeutic reservoirs
by maintaining peptide integrity.

Apart from the delivery of antibacterial peptides, combination therapies were also recently
reported. Along this line, Zink and coworkers reported the simultaneous delivery of the melittin (MEL,
GIGAVLKVLTTGLPALISWIKRKRQQ) peptide and the antibiotic ofloxacin (OFL) with a mesoporous
silica-based assembled nanosystem [124]. In this system, the authors employed a very elegant strategy to
co-deliver the medium-size peptide together with the small antibiotic. To do so, they prepared large-pore
MSNs which were loaded with MEL and capped with a 3-cyclodextrin-modified polyethyleneimine and
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ofloxacin-loaded, adamantane-modified SPION@MSNSs capped by cucurbit[6]uril units. The resulting
nanoparticles were able to self-assemble and create nanogates able to maintain both drugs within
the closed pores. The system was proven to disassemble under magnetothermal induction, thereby
releasing both species, which demonstrated efficient destruction of planktonic bacteria and biofilms.
Indeed, this system demonstrated its efficiency even when embedded into implants, which were able
to prevent bacterial infection in mice.

4.4. Growth Factors

As in many other cases, peptides could also have anabolic properties. These features make
them interesting candidates for their use as cargoes in new-generation therapeutic devices aimed
at tissue growth induction or hormone therapy. The first example in this field, reported by Lin’s
group, employed MSNs to intracellularly deliver cyclic adenosine monophosphate (cAMP). To obtain
chemical responsiveness, the authors modified the MSNs with a boronic acid -B(OH), moiety able
to coordinate glucuronic acid moieties. The mesopores were then loaded with cAMP and closed
through glucuronate-modified insulin nanocaps [125]. The resulting system was sensitive to glucose,
as it could be disassembled by chemical displacement. As a result, this system permitted regulating
hyperglycemic levels through a dual release mechanism: Insulin to trigger glucose assimilation by
liver, and cAMP delivery to induce glycolysis. Unfortunately, this proof of concept was not further
evaluated in vivo.

More recently, Sun et al. revisited insulin delivery with MSNs. To do so, they developed
a glucose-sensitive nanodevice employing rod-like MSNs and a polymer shell able to change its
conformation upon the presence of glucose [126]. In their investigations, the authors optimized the
composition of this polymeric shell by using three different monomers: N-isopropylaminomethacrylate
(NIPAM) to provide the needed morphological shift, 3-acrylamidophenylboronic acid as a
glucose-sensitive fragment, and dextran maleate as an optional hydrophilic component. The resulting
system could be loaded with insulin at low temperatures (4 °C), in which the polymer adopted an
expanded conformation and closed upon heating (37 °C). Both reported compositions showed effective
insulin release when glucose was present; however, when pH was below 7, the polymer was not able to
shift morphology, avoiding insulin release. Although only in vitro tests were reported, the possibilities
of this model are considerable, as the incorporation of dextran may favor colloidal stability and enhance
biocompatibility, as suggested by the high cell viability values obtained. Insulin delivery was also
investigated by Zakeri-Siavashani et al., who employed SBA-15 mesoporous microparticles [127];
however, therein, the authors profited from the bigger pore size provided by these particles to achieve
higher loading and more sustained release. Although their system showed a nice insulin release
profile, the typical bigger sizes of SBA-15 particles (generally above 300 nm) limit their application in
intravenous formulations, although they may be used to create biocompatible reservoirs.

The facile aggregation of SBA-15 particles caused by their size, which makes their trafficking
through alveoli and capillaries extremely difficult, makes these materials ideal candidates for
non-systemic therapies, for example, bone replacement and tissue regeneration. In our first contribution
to the topic, we found that the osteostatin peptide, derived from parathyroid hormone-related protein
(PTHrPj07-111), could be efficiently delivered using this kind of material [128]. A clear regenerative
effect was observed, which permitted recovering bone mass in peri-implant bone regeneration in
cavitary defects [129], as well as in osteoporotic subjects [130]. More recently, our investigations focused
on the combination of this peptide with osteogenic elements embedded in bioactive glasses [142,143],
finding an enhanced bone formation consequence of the exerted combination therapy.

In addition to these examples, other research groups also focused on the combination of
osteoinductive peptides with bone-forming agents. Such is the case of the model reported by
Mendes et al., which combined an osteogenic growth peptide (OGP, ALKRQGRTLYGFGG) with
hydroxyapatite in an SBA-15-based formulation [131]. Therein, the authors found a substantial
behavior difference when hydroxyapatite was present, while deeper studies on the possibilities of
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such a combination were not addressed. Another interesting combination for remineralizing bone was
reported by He and coworkers, who employed MCM-41 to prepare a nanosystem able to deliver a
BMP-2-derived peptide (KIPKASSVPTELSAISTLYL) together with dexamethasone, a potent synthetic
glucocorticoid [132]. Although, in this case, the peptide was not intended to be released, experimental
results showed that its presence exerted a clear osteogenic induction. Moreover, the system was able to
promote osteogenic differentiation on mesenchymal stem cells in vitro, as indicated by the upregulation
of alkaline phosphatase (ALP) and other bone-forming proteins. Additionally, an increased calcium
deposition was observed, demonstrating that mesoporous silica nanoparticles are adequate materials
for bone engineering.

5. Delivery of Nucleic Acids: Gene Modulation and Silencing

Gene modulation and silencing are promising strategies to efficiently treat cancer, as well as
cardiovascular or inflammatory-related diseases [20]. NAs are rapidly degraded by endonucleases
and barely internalized by cells. Therefore, the biggest challenge today is to develop an effective gene
delivery vector to transport and introduce NAs into the gene therapy target cells. These carriers must
be easy to manipulate and show non-toxic properties in vitro and in vivo.

There are two main carriers for gene delivery therapy: viral and non-viral vector platforms [144].
For non-pathogenic viruses (retro and adenovirus), the most used platforms are viral vectors, but they
present some limitations such as high cost and manipulation, immune response, or inadequate
accessibility of genetic cargo internalized by cells [144]. Currently, research groups are focusing their
efforts on the improvement of cheaper and easier preparation of non-viral platforms as cation polymers,
liposomes, or inorganic porous nanoparticles such as MSNs [145]. In this respect, PEI is a widely used
polycation in gene delivery systems due to its amino protonation improving gene delivery [20,144,145].
Liposomes are also commonly applied to enhance the cell internalization of NAs. Both polycations and
liposomes present some limitations for therapeutic applications related to their molecular weight or
disadvantageous gene escape and physicochemical instability, respectively [20,144,145]. Nevertheless,
MSNs showed optimal properties for intracellular delivery of NAs due to their easy manipulation,
high loading capacity into the mesopores, surface functionalization, and non-toxicity characteristics [20].
In addition, MSNs can be combined with polycations and other therapeutic drugs for personalized
treatment related to cancer and other diseases.

In this regard, plasmid DNAs (pDNAs) are the most widely used gene therapy material to treat
different diseases [20,144,145], although there is increasing interest in small interfering RNAs (siRNAs)
and microRNAs (miRNAs) for therapeutic application. In this section, we focus on NA-loaded (DNA,
siRNA, and miRNA) MSN-based drug delivery systems, as shown in Table 3 and Figure 5.
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DUAL Cationic (Polymeric) Coating
Figure 5. Types of nucleic acids and the possible loading strategies into MSNs for tuning gene expression
on cells.
5.1. DNA

As we previously mentioned, MSNs can be functionalized with PEIs for better DNA molecule
adsorption and, thus, for a more effective intracellular delivery, protecting NAs from endonuclease
degradation due to their positive charge. These positive charges interact with negatively charged cell
membranes, inducing higher cell internalization rates and cell death. For example, Zarei et al. [146]
developed a functionalized nanosystem based on phosphonate MSNs-PEI loaded with a lysosomotropic
factor, chloroquine (CQ), complexed with plasmid DNA. The resulting cell internalization and viability
of this pPDNA-MSN-PEI was analyzed with the fluorescent protein plasmid (pGFP (green fluorescent
protein)), showing a significant increase in transfection of pGFP into the mouse neuroblastoma cell
line Neuro-2A. In this respect, Xia et al. [147] proposed the use of a cationic MSN-PEI nanocarrier
with a potential therapeutic application. The resulting cationic surface of MSNs facilitated the DNA
attachment in order to balance the cationic 10-kDa PEI and, hence, achieve nontoxic effects and higher
cellular uptake rates. This nanosystem was loaded with a plasmid DNA (pEGFP) and siRNA construct
that was capable of knocking down GFP expression in hepatocellular carcinoma mouse (HEPA-1)
cells, with a fluorescent GFP expression of 70% in these cells. In addition, the authors loaded the
cationic MSN-PEI nanocarrier with paclitaxel, a hydrophobic anti-tumoral drug used in pancreatic
tumor treatment, increasing the cell internalization and delivery of this drug in HEPA-1 cells. On the
other hand, Song et al. [29] demonstrated that controlling the nanotopography of MSNs as pDNA
vectors had an influence on the transfection efficacy. For example, ambutan-like MSNs-PEI with spiky
surfaces showed pDNA-binding capability and a transfection efficacy of 88% in HEK-293T cells, which
was a higher rate compared with other MSNss systems. In addition, the authors demonstrated that
these types of surface spikes of MSNs induced a continuous open space with two objectives: binding
DNA chains through multivalent interactions and protecting the gene cargo covered in the spiky layer
against enzymatic degradation, without negative effects on transfection rates. These results indicated
that this nanosystem is an interesting approach as a non-viral vector for effective gene delivery.
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In a study by Wang et al. [148], an MSN based nanoplatform functionalized with a DNA gate
was evaluated in vitro. In this report, the authors developed a fluorometric method for adenosine
triphosphate (ATP) recognition using rolling circle amplification (RCA) consisting of proximity
ligation-mediated amplification. In addition, the nanosystem was functionalized with graphene
oxide modified with folic acid (FA) as a DNA vehicle and loaded with DOX, to evaluate the control
release efficacy in HeLa tumoral cells. Following the RCA process, long DNA chains that contained
a complementary strand to the DNA at the gate permitted dehybridizing such a nanogate and
producing DOX release into tumoral cells. This nanoplatform was effectively internalized by the FA
receptor, upregulated in those tumoral cells, while the DOX release induced increased cell toxicity
compared with control systems, improving the targeted cancer therapeutics on these HeLa cells.
In another study by Wang et al. [149], a DNA-capped MSN nanocarrier loaded with DOX for tumor
marker-triggered on-demand drug release was developed and evaluated in vitro. As a first step,
a DNA biomolecular gate adsorbed on the MSN-NH,; was developed at neutral pH via electrostatic
adsorption. In the absence of a stimulus, the pores were locked, and it was not possible to release
the drug. However, when the nanosystem recognized the internal stimulus (survivin messenger
RNA (mRNA) or miR-21, overexpressed biomarkers in cancer), the DNA caps were removed from
the MSNSs, allowing DOX release. This stimulus-responsive behavior was confirmed by different
microscopy techniques in cell-acute myeloblastic leukemia (HL-60) cells. This nanocarrier was
effectively internalized by these cells, releasing DOX cargo into the cytoplasm and inducing significant
cell death. Therefore, this nanoplatform is a very useful novel system for both imaging diagnosis
and therapeutic controlled drug delivery applications. In this regard, Li et al. [150] designed and
evaluated another anti-tumoral and gene drug co-delivery nanosystem with on-demand release
properties in vitro and in vivo. For this purpose, the authors developed dendritic MSNs modified with
imidazole groups employing a Schiff-base imine linkage, which permitted loading DOX within the
pores and electrostatically depositing the survivin short hairpin RNA (shRNA)-expressing plasmid
(iSur-pDNA). The imidazole functionalization triggered efficient endosomal escape, improving the
accumulation of iSur-pDNA and gene knockdown efficacy. Such nanosystems were successfully
internalized by QGY-7703 hepatoma cells and decreased tumoral cell viability in vitro, due to the
pH-sensitive co-delivery of DOX and iSur-pDNA. In addition, this nanoplatform induced tumor
growth reduction in H-22 tumor-bearing mice, indicating that it could be a promising nanocarrier for
co-delivery cancer treatment.

On the other hand, aptamers are short single-stranded oligonucleotides with high affinity and
specificity to several molecule targets, and they exhibit potential properties as therapeutic and
diagnostic factors in different diseases [176]. In this regard, Sun et al. [151] developed an MSN-based
nanocarrier with different DNA molecules on the surface for self-assembly. For the controlled delivery of
anti-tumoral drug cargo (DOX), the authors used an aptamer oligonucleotide as a gatekeeper and other
oligonucleotides on the MSN surface to allow DNA-guided immobilization bearing single-stranded
capture oligonucleotides. This nanovalve induced an increase in cell adhesion rates in MCF-7
adenocarcinoma cells, with an efficient triggered release of DOX drug in these cells. The DNA-directed
self-assembly aptamer-based nanosystem is efficient in surface-bound monolayers and can be used as a
delivery system for different applications and treatments, allowing site-specific delivery of anti-tumoral
drugs. In the same way, Li et al. [152] developed a dual multi-locked DNA valve HMSN-based
nanosystem to intracellular cancer-related mRNAs for controlled DOX drug release. The upregulated
endogenous targeted mRNAs (K1 and GalNAc-T mRNAs) were able to dehybridize the multi-locked
DNA valves and open the pores to release DOX. As a result, a synergic effect was obtained, caused by
the intratumoral delivery of the drug together with the depletion of TK1 mRNA, implicated in cell
division as a tumor growth factor, and GalNAc-T, upregulated in several tumoral cells. The nanocarrier
was evaluated in vitro in different cancer cells, inducing higher rates of cytotoxicity compared to
non-tumoral cells. In an in vivo study, Pascual et al. [153] designed another novel non-viral drug
delivery and diagnostic nanocarrier based on a capped MSN-NH; hybrid platform, which was
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loaded with DOX and gated with Mucin 1 (MUC1) aptamer (S-apMUC1). MUC1 is a protein present
in the cell surface and upregulated in breast cancer cells. The S-apMUC1-MSNs nanosystem was
efficiently and specifically internalized only by tumoral MDA-MB-231 cells related to MUC1 receptor
overexpression of these cells. After S-apMUC1-MSNss internalization by tumoral cells, the DOX cargo
was released into the cytoplasm of tumoral cells, inducing a decrease in cell viability. This nanoplatform
exhibited reduced cargo release when DNAse I was not present. In vivo, S-apMUC1-MSNs were
radionuclide-labeled with ?Tc for a radio-imaging study in MDA-MB-231 tumor-bearing Balb/c mice.
S1-apMUCI-Tc displayed significant tumor signaling and accumulation in these mice. These results
suggest that MSN nanosystems capped with aptamers showing radiopharmaceutical properties are
promising hybrid nanomaterials in the clinical context.

Of particular interest is a study by Srivastava et al. [154], where the authors proposed a novel
telomerase-responsive delivery of DOX loaded in an MSN nanosystem against telomerase-positive
tumoral cells. DOX loading was performed using a telomeric repeat complementary sequence and
a telomerase substrate primer sequence, allowing controlled release in MCF-7 cancer cells. This
functionalized nanocarrier was efficiently internalized, and it significantly reduced the tumoral
cell viability, with an inhibition of function when a specific telomerase inhibitor was present. This
oligo-wrapped nanoprobe specific for telomerase was used in a telomerase-positive Dalton’s lymphoma
mice model. The nanosystem induced a significant inhibition of tumors, enhanced survival, and
re-established histopathological parameters, including neo-angiogenesis.

Furthermore, DNA vaccination was proven to provide an immune response to viruses or infectious
diseases [177]. In this regard, Wang et al. [155] developed a layered double hydroxide (LDH) MSN
nanocarrier as a vaccine delivery platform and immune stimulant, using a GFP expression plasmid as
model DNA. The pDNA-MSN-LDH nanosystem showed high internalization rates in monocyte-derived
dendritic cells (MDDCs) and stimulated macrophage activation via nuclear factor kappa B (NF-«B)
signaling pathway, increasing IFN-y, IL-6, CD86, and major histocompatibility complex class I (MHC-I).
In vivo, the nanocarrier immunized BALB/c mice, indicating that the DNA vaccine-MSN-LDH system
increased the serum antibody response and promoted T-cell proliferation, skewing T helper to Th1
polarization. Taken together, these results indicated that MSN-LDH nanosystems could operate as a
potential non-viral gene delivery platform.

5.2. siRNAs

Small interfering RNA (siRNA) are highly potent, short, double-stranded RNA molecules
(20-25bp) used in gene-based therapy of different diseases that can be delivered in a sustained
manner [178]. Moreover, siRNAs are anti-cancer targets because they can modify the expression of
pro-apoptotic oncogenes and cell-cycle key regulators. However, siRNAs have a very short half-life
and poor cell internalization capability [178]. In this regard, MSNs attracted pronounced consideration
for the intracellular delivery of NAs due to their high loading capacity into the mesopores and surfaces.
Polycations such as PEI combined onto the surface of MSNs permit a more stable encapsulation, loading,
controlled release, and intracellular internalization of potential siRNA cargoes [178]. In addition,
positively charged amine-rich nanosystems are required for a better result in siRNA/MSN cellular
uptake rates [178]. Future in vivo efforts are necessary to validate the tissue-specific siRNA therapeutic
efficacy using imaging techniques to analyze MSN biodistribution at the whole-body level. On the
other hand, it is mandatory to find nanosystems able to efficiently deliver those therapeutic siRNAs
in vivo with enough efficiency, as well as with protective features against nucleases, able to enhance
their gene-silencing capabilities at the target tissues.

In this respect, Shen et al. [156] developed a universal siRNA multi-component system carrier
based on MSNs functionalized with cyclodextrin-grafted polyethyleneimine (CP). CP offers a
positive charge to improve the siRNA loading on MSNs through electrostatic interaction, allowing
endosomal escape. To analyze the effectiveness of the proposed delivery system, an siRNA of the M2
isoform of the glycolytic enzyme pyruvate kinase (PKM2) was used, due to it being overexpressed
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in several cancer types. Firstly, siRNA-loaded CP-MSNs were positively evaluated in vitro in
MDA-MB-231 human breast cancer cells with higher rates of cellular internalization and gene
silencing capability. The nanosystem showed specific tumor accumulation and gene silencing in an
orthotopic mouse model of MDA-MB-231 cells, inhibiting tumor cell growth, invasion, and migration.
Prabhakar et al. [157] designed a new nanosystem based on MSNs with expanded mesopores and
pore—surface-hyperbranched PEI tethered with redox-cleavable organic linkers that could carry
high concentrations of siRNAs. This stimulus-responsive nanosystem was highly internalized by
MDA-MB-231 cells, releasing the cell-killing siRNA as cargo into the cytoplasm, followed by endosomal
escape triggered by the intracellular redox situation, with high efficiency in long-term gene knockdown
for several days. In addition, long-term stability of therapeutic nanosystems is mandatory to provide
personalized medicine. In this respect, lyophilization or freeze-drying are useful and common methods
to ensure this aim. Ngamcherdtrakul et al. [158] successfully reported a lyophilized nanosystem
consisting of MSNs modified with cationic polymers (PEI), PEG, and antibody (trastuzumab), which
was loaded with a human epidermal growth factor receptor 2 (HER2) siRNA upon reconstitution.
This nanosystem was successfully internalized by HER2* human breast cancer cells, BT474, decreasing
their viability; it maintained a cake-like structure and retained hydrodynamic size, charge, siRNA
loading ability, and silencing efficacy. With the tested method, the lyophilized nanocarrier can be
stored stably for eight weeks at 4 °C and at least six months at —20 °C.

Oral cancer is the seventh most frequent cancer and the ninth most frequent cause of death in
the world [179]. About 90% of oral cancer is of squamous cell carcinoma type (SCC) [179]. Currently,
surgery and radiation, combined or not with chemotherapy, are the main treatments, but this approach
presents several limitations due to multidrug resistance; thus, new therapeutic drugs must be evaluated.
Lio et al. [159] developed a topical formulation for the transdermal delivery of siRNA built on MSNs
for the treatment of skin disorders. In this regard, transforming growth factor beta receptor I (TGFBR-1)
is overexpressed in patients with skin SCC, and the anti-tumor effects of TGF3R-1 inhibitors were
proven in several types of cancer. The nanosystem was built by loading TGFBR-1 siRNA into the
pores of MSNs and further coating the resulting particle with a layer of poly-L-lysine (PLL) to improve
transdermal delivery. The tested platform demonstrated positive cellular uptake rates and detection
of specific gene biomarkers in human SCC cells in vitro. This system induced a topical delivery of
TGFBR-1 siRNA targeting the SCC in a mouse xenograft model, decreasing the TGFfR-1 siRNA levels
and reducing tumor volume. These results indicated that this platform is a promising non-invasive
transdermal drug delivery system. Moreover, multidrug resistance plays an important role in the
failure of oral cancer chemotherapy. In this sense, in a study by Wang et al. [160], a novel MSN loaded
with both multidrug resistance protein 1 (MDR1) siRNA and DOX was evaluated in vitro and in vivo
to directly kill tumor cells without the effect of multidrug resistance. MSNP-PEI@siRNA loaded with
DOX was efficiently transfected into human oral squamous carcinoma DOX-resistant (KBV) cells,
decreasing the gene expression of MDR1 and increasing the apoptosis of these cells. This nanocarrier
significantly reduced the tumor size and decelerated tumor growth rate in vivo, showing a huge
potential therapeutic application for multidrug-resistant cancer. On the other hand, Shi et al. [161]
developed hyaluronic acid (HA)-assembled MSNs nanosystems loaded with MDR1 siRNA and protein
MutT homolog 1 (MTH1) inhibitor TH287. Downregulation of MTH1 protein expression increased
oxidative stress levels and significantly decreased tumor survival and proliferation. TH287 is a potent
small molecule that inhibits the MTH1 protein, and it could act as a potential chemotherapeutic drug.
The HA-MSNs nanosystem was successfully internalized by CAL27 cancer cells, inducing a high rate
of cell apoptosis when TH287 and MDR1 siRNA were present. In vivo, this nanocarrier reduced the
tumor growth compared with untreated control and free TH287 in male Balb/c mice. These results
suggest that HA-MSN-based nanosystems are a promising vehicle to control the delivery of MDR1
siRNA and TH287, with a possible combination with other therapeutic agents for oral cancer treatment.

Regarding multidrug resistance as a persistent limitation for cancer treatment, Pan et al. [162]
proposed a novel pH-responsive delivery nanosystem based on carboxylated MSNs (MSN-COOH)
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with a zeolitic imidazole framework-8 (ZIF-8) film synthesized for pore blocking and efficient loading
of anti-apoptotic B-cell lymphoma 2 (Bcl-2) siRNA. The nanosystem developed was efficiently
internalized by MCF-7/ADR and SKOV-3/ADR tumoral cells. The ZIF-8 film can be degraded in the
acidic endo-lysosome and trigger the intracellular release of both siRNAs and potential antitumor drugs,
decreasing cancer cell proliferation. In this regard, Choi et al. [163] developed a new biodegradable
and biocompatible amine-free, neutral MSN-based nanocarrier for siRNA delivery. In this study, Bcl-2
siRNA was loaded via a calcium ion (Ca?*)-mediated interconnection between phosphates of siRNA
and surface silicates of MSNs, reducing the risk of amine-related cytotoxicity and immunogenicity.
This nanosystem showed positive results in internalization rates in tumoral SKOV-3 cells, inducing a
significant decrease in cell viability when the siRNA was released, compared with MSNss or siRNA
alone. This reduction in tumoral cell proliferation was dramatically enhanced when the nanocarrier
was loaded with DOX. The therapeutic potential of the co-delivery system was also analyzed in SKOV3
xenografts in nude mice. The authors found that co-delivery of Bcl-2-siRNA and DOX MSNs-Ca?*
reduced tumor volume with an inhibition rate of 72%, higher than MSNs-Ca?* loaded with DOX and
MSNs-Ca?* with siRNA. The results indicated that Ca?*-bound MSNis can act as an siRNA nanocarrier
with a less toxic, more effective, and safer siRNA potential clinical application. On the other hand,
patients with epithelial ovarian cancer (EOC) metastases relapse after initial effective chemotherapy
treatment due to multiple drug resistance. In order to resolve this problem, Shahin et al. [164]
proposed a novel nanoparticle delivery platform to reverse chemoresistance based on HA-MSNs
loaded with TWIST siRNA. Hyaluronic acid (HA) is a ligand for CD44, which is overexpressed and
correlates with worse prognosis in EOC. TWIST is a key protein implicated in epithelial-mesenchymal
transition, cancer metastasis, angiogenesis, and drug resistance. The developed nanocarrier was
successfully internalized in vitro by F2 and Ovcar8 cell lines, inducing a sustained TWIST gene
knockdown. MSN-HA@siRNA showed safety and specific tumor targeting in an EOC mouse model.
Mice treated with the complete nanosystem induced significant tumor reduction, and, when the
authors combined this nanocarrier with cisplatin, the reduction of tumor growth was greater compared
with the corresponding control groups.

For the metastatic spread of cancer, growth of the vascular network is a critical event [29]. Vascular
endothelial growth factor (VEGF) is a glycoprotein and key mediator of angiogenesis in tumoral
cells [180]. Keeping this in mind, Zheng et al. [165] proposed a new nanocarrier based on MSNs
functionalized with FA-targeted tumoral cells and co-loading of VEGF siRNA and ursolic acid (UA),
a pentacyclic triterpenoid with anticancer efficacy. HeLa (FA receptor-overexpressed) and HepG2
tumoral cell lines were used to analyze the MSN-FA-UA@siRNA nanosystems in vitro. The MSN-FA
nanocarrier enhanced transfection efficiency and siVEGEF stability, improving the targeted antitumoral
efficacy of siVEGF and UA, with a significant decrease in cancer-related VEGF protein levels in HeLa
cells. In this sense, the same authors [166] developed an alternative MSN nanosystem consisting of an
asialoglycoprotein receptor (ASGPR)-targeting drug delivery system for co-delivery of siVEGF and
sorafenib (SO), a multi-kinase inhibitor that can target VEGF for the inhibition of tumor growth and
neo-angiogenesis in hepatocellular carcinoma (HCC). Lactobionic acid (LA) is derived from lactose
oxidation, and it was able to effectively target human HCC. In addition, ASGPR is overexpressed
in several types of cancer cells, facilitating hepatic infection, and it is specifically recognized by
glycoproteins which bind with it. The MSN-LA-SO@siVEGF nanocarrier induced synthesis (S) phase
cell-cycle arrest, increasing the anti-cancer efficacy (cell apoptosis) of SO and siVEGF through the
active targeting of LA in ASGPR-overexpressing Huh? tumoral cells. Furthermore, this nanosystem
enhanced the siVEGF transfection efficiency and inhibited the expression of angiogenesis-related VEGF
proteins in these tumoral cells. Taking both studies together, these types of functionalized MSN-based
nanosystems could be potential nanocarriers for targeted delivery of anti-tumoral drugs and VEGF
siRNAs to improve anti-tumor capability.

On the other hand, fibrotic diseases are related to augmented oxidative stress and upregulation
of pro-fibrotic genes [181]. Oxygen species (ROS), nicotinamide adenine dinucleotide phosphate
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(NADPH) oxidase 4 (NOX4) and heat-shock protein 47 (HSP47) are implicated in this disease [181],
producing disproportionate collagen synthesis. Morry et al. [167] proposed an MSN platform with
PEI and PEG coating that effectively delivered HSP47 siRNA in vitro and in vivo. This nanocarrier
induced a knockdown of the HSP47 gene and a decrease in ROS and NOX4 levels in an in vitro model
of fibrosis based on TGF-f-stimulated fibroblasts. Intradermal administration of MSNs@siHSP47
successfully decreased HSP47 protein levels in a bleomycin-induced scleroderma mouse model in vivo,
reducing ROS production and different pro-fibrotic markers. These nanocarriers could be a very
interesting platform to treat both fibrotic and inflammation diseases. On the other hand, it is necessary
to develop anti-fibrotic drugs for chronic liver fibrotic diseases. Hepatic stellate cell (HSC) activation is
present in the progression of liver fibrosis, secreting extracellular matrix proteins as tenascin-C (TnC).
Vivero-Escoto et al. [168] proposed an MSN@siTnC based nanosystem as a favorable alternative to
evaluate the siRNA therapy of chronic liver disease in preclinical trials. This novel nanocarrier was
successfully internalized by human stem cells in vitro and produced a downregulation in TnC mRNA
and protein levels, inducing a decrease in inflammatory cytokine expression by macrophages and
hepatoma migration. These promising results must be tested in a liver fibrosis in vivo model.

As demonstrated in this section, siRNA-MSN based nanosystems were widely studied and showed
a high efficiency in silencing genes and reducing tumoral growth related to cancer processes in vivo.
Nevertheless, in tissue engineering applications, scaffold-mediated delivery is desired to achieve local
and sustained release of drugs. In this respect, Pinese et al. [169] developed an MSN-PEI@siRNA
nanocarrier delivered from electrospun scaffolds via surface adsorption and nanofiber encapsulation.
These nanosystems were either combined with the surfaces of nanofiber substrates or directly
encapsulated. MSN-PEI@siRNA coated scaffolds offered sustained availability of siRNA for at least
30 days and five months in the case of MSN-PEI@siRNA-encapsulated scaffolds within the electrospun
fibers in human dermal fibroblasts cells in vitro. The scaffolds showed excellent bifunctionality in vitro
and in vivo by targeting collagen type I (COLL1AL1) as a target gene to reduce fibrous capsule formation.
These platforms were subcutaneously implanted in a rat model in vivo and COLL1A1 siRNA/MSN-PEI
induced a reduction of 45.8% in fibrous capsule formation after four weeks compared to negative
siRNA treatment. This method improved siRNA internalization rates and sustained targeted protein
silencing in vitro and in vivo. The nanoplatform proposed by these authors can be used to release and
internalize siRNA/miRNA combined with other specific low-molecular-weight drugs in long-term
tissue engineering applications and cancer. In addition, the current pharmacological therapy of bone
diseases such as osteoporosis presents several limitations related to bioavailability and toxicity. In this
sense, gene knockdown through siRNA delivery received great attention as a promising treatment in
osteoporosis [182]. In a recent study by Mora-Raimundo et al. [170], a nanosystem based on MSN-PEI,
which can effectively deliver SOST siRNA and osteostatin inside cells, was evaluated in vitro and
in vivo. The SOST gene inhibits the Wnt signaling pathway, decreasing osteoblast differentiation,
whereas osteostatin is a pentapeptide with osteogenic and anti-osteoclastic properties [183]. SOST
siRNA/MSN-PEI loaded with osteostatin induced a dramatic suppression of SOST gene expression in
mouse embryonic fibroblastic cells with the consequent upregulation of several osteogenic markers
with a synergistic effect. In vivo, the complete nanosystem was injected in the femoral bone marrow of
ovariectomized mice, and the results were in concordance with in vitro studies, knocking down SOST
and upregulating the osteogenic marker levels in a synergistic manner. The nanoplatform proposed by
these authors was able to transport, co-deliver, and internalize SOST siRNA and osteostatin in cells,
preserving its activity and achieving an effective silencing effect.

5.3. miRNAs

MiRNAs are small endogenous noncoding RNA molecules (17-25 nucleotides) that act as
regulators of gene expression and downregulate target proteins via miRNA degradation or translational
inhibition [184]. The aberrant expression of miRNAs in several cancers is associated with several
mechanisms such as cellular differentiation, proliferation, survival, and apoptosis [184,185]. MiRNAs
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can accomplish a gene knockdown effect by regulating multiple miRNAs compared to siRNA, which
is very useful when treating complex multifactorial diseases such as cancer [184,185]. Several drugs
based on miRNAs were used in clinical trials in cancer [186]; however, the effective and safe delivery
of anti-miRNAs or miRNA mimics is a key challenge for clinical applications.

Regarding these objectives, Li et al. [171] proposed a novel nanosystem based on MSN
functionalized with polymerized dopamine (PDA) and AS1411 aptamer loaded with microRNA-155
(anti-miRNA-loaded MSN@PDA-Apt) for the specific treatment of colorectal cancer (CRC).
Upregulation of miR-155 (oncogenic microRNA) was found in several cancer-related pathways,
including in CRC. Firstly, the authors demonstrated that nuclear factor kappa B (NF-«B), an important
transcription factor with a crucial role in the process of tumor growth, has a positive feedback loop with
miR-155 in vitro and in CRC tissues. MSNs-anti-miR-155@PDA-Apt decreased miR-155 expression
in SW480 cells and successfully targeted the CRC tumor, leading to gene knockdown and tumor
growth reduction, thanks to both active targeting of AS1411 aptamer and passive targeting of the
EPR effect. In addition, the same authors [172] explored the miR-328 pathway and developed a new
pH-responsive nanoplatform consisting of MSNs-miRNA-328 decorated with PDA, a cell adhesion
molecule aptamer, and bevacizumab (MSNs-miR-328@PDA-PEG-Apt-Bev) for the dual-targeting
treatment of CRC. MiR-328 is a tumor suppressor downregulated in several human cancers, including
CRC, and it is correlated with drug resistance. The authors demonstrated for the first time that
CPTP, a ubiquitously expressed lipid transfer protein associated with inflammation and CRC, is a
direct target of miR-328. MSNs-miR-328@PDA-PEG-Apt-Bev increased miR-328 levels and inhibited
CPTP expression in SW480 cells, increasing binding ability and showing much higher cytotoxicity
in vitro and in vivo. In addition, this nanoplatform showed efficient gene silencing and tumor growth
inhibition of the target tumor in a SW480 xenograft mouse tumor model in vivo. Taken together, these
results indicate that the MSN-based functionalized nanoplatforms reported herein show promise for
miRNA therapy in cancer, specifically CRC. In a recent study by Ahir et al. [173], a nanosystem based
on MSN-HA@miRNA with an appended PEG-poly(lactic-co-glycolic acid) (PLGA) polymer to target
triple-negative breast cancer (TNBC) was evaluated in vitro and in vivo. In this context, miR-34a is
downregulated and miR-10b is upregulated in TNBC disease, inducing tumorigenesis and metastatic
dissemination. These authors proposed the MSN nanocarrier for co-delivery of miR-34a-mimic and
antisense-miR-10b, targeting the CD44 receptor. In vitro, this nanosystem showed positive results in
terms of cellular internalization rates, release profile, and a subsequent pro-apoptosis effect in human
mammary carcinoma cell lines (MDAMB-231 and MDAMB-468). In vivo studies exhibited a high
specificity in TNBC tumor targeting, leading to effective tumor growth reduction and metastasis delay
in mice.

As previously mentioned, MSN nanosystems emerged as a promising bone regeneration
methodology in bone tissue engineering. In this regard, Yan et al. [174] developed a novel miR-26a
delivery nanosystem based on MSNs. MiR-26a was confirmed to regulate several pathways of
osteogenic differentiation and promote bone regeneration. The authors demonstrated the protection
effectiveness of the vectors to the miRNA and the positive internalization rates in rat bone marrow
stromal cells (BMSCs) in vitro, releasing miR-26a into the cytoplasm without cytotoxicity effects. This
nanosystem promoted stem-cell osteogenic differentiation, inducing an increase in alkaline phosphatase
activity and mineralization, as well as in several genes and proteins implicated in osteogenesis in
BMSCs. The nanocarrier proposed by these authors provides new methods and strategies for the
delivery of mRNAs in bone tissue engineering, but it is necessary to further validate them in vivo.

On the other hand, a combined siRNA/miRNA therapy would be a very interesting approach,
especially for cancer treatment, targeting multiple disease-related pathways and silencing specific genes.
Currently, the use of this combination in clinical studies shows several limitations such as the availability
of safe and effective systemic delivery nanocarriers with efficient tumor penetration. In this respect,
Wang et al. [175] developed multifunctional tumor-penetrating MSNs for co-delivery of siRNA (siPlk1)
and miRNA (miR-200c), upregulated in several types of tumor and implicated in cancer development
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and progression. In addition, the authors functionalized the nanosystem to facilitate endosomal scape
using a photosensitizer indocyanine green (ICG) and surface conjugation of the iRGD peptide to allow
deep tumor penetration. The complete nanosystem induced an increase in internalization rates in
MDA-MB-231 cells and three-dimensional (3D) tumor spheroids in vitro, whereas ROS produced by
ICG upon light irradiation induced the endosomal scape of the siRNA/miRNA into the cytoplasm with
a deleterious effect on cell viability. In vivo, a significant reduction in tumor growth and metastasis
upon short-light irradiation was found when the nanosystem was intravenously administrated in mice
with metastatic breast cancer.

6. Delivery of Glycan-Based Biomolecules

Beyond the use of proteins, peptides, and nucleotides, glycan-based structures were also
successfully employed in MSN-based delivery. Among them, the most recurrent examples are
reported with heparin, chondroitin sulfate (CS), chitosan, and HA. Those compounds, apart from
being important components of structural matrices, are known to affect many biochemical processes.
For instance, HA is a valuable targeting element for the development of new therapeutic tools, as it is
able to interact with CD44 and CD168, which are upregulated in many cancerous cells and are closely
related to cell adhesion and migration in metastases [187,188].

Similarly, chitosan [188-190] and chondroitin sulfate [191-193] were employed for the development
of high colloidally stable and biocompatible nanosystems with certain targeting capabilities. Moreover,
as both substances are important structural components of extracellular matrices on vertebrates and
crustaceans, they can act as bioactive components for tissue regeneration. Such was the case in the
contributions by Kavya et al. [194] and Porgham Daryasari et al. [195], who employed those elements
to induce osteogenesis through two different approaches. In the first approach, Kavya et al. designed a
crosslinked chitosan/CS scaffold reinforced with nanometric SiO,. In this system, the presence of silica
permitted improving the mechanical properties and obtaining slower degradation, while the glycans
permitted obtaining an adequate moisture swelling for creating a favorable environment for cell
proliferation [194]. In the article by Porgham Daryasari et al., the authors employed chitosan-coated,
dexamethasone-loaded MSNss as a bioactive component in a poly-L-lactic acid scaffold. The system
was proven to induce osteogenic differentiation of human adipose stem cells according to the ALP
activity [195]. Although both models offered promising results, the absence of osteoregeneration
experiments in vivo makes these materials a mere design exercise, in which the presence of glycans
is not completely justified. Apart from its use as a stabilizer, CS was also successfully employed as
a functional coating able to interact with blood lipoproteins through a double effect: electrostatic
interaction plus saccharide recognition [196]. Although these CS-modified dendritic MSNs permitted
selectively binding and isolating low-density lipoproteins (LDL) for analytical purposes, the potential
of such a nanosystem as a therapeutic agent is of enormous interest, as it may enable an interesting
therapeutic effect against hypercholesterolemia and blood vessel atheromatosis.

Heparin is a highly sulfated, negatively charged glycosaminoglycan with outstanding properties
as an anticoagulant. Beyond injectable applications, heparin is employed as an anticoagulant surface in
medical devices like test tubes and dialysis machines. Regarding additional uses in combination with
mesoporous silica, its capacity as a targeting moiety was also described against human hepatocyte
carcinoma HepG2 [197,198] and HUVEC cell lines [198].

Additionally, as a consequence of its anticoagulant effect, some investigations focused on improving
its release profile from silica-based carriers as nanodepots. Along this line, the research articles authored
by Zhu and coworkers performed two systematic studies on how different types of mesoporous silica,
with varying pore sizes and functionalization, affected the loading-release process [199,200]. Based
on their results, the authors established that a slight pore enlargement of MCM-41 yielded better
adsorption and release. Indeed, they also demonstrated that the presence of amino groups in the
mesopores increased the amount of heparin adsorbed, albeit at the expense of slowing down the
release [199]. With regard to SBA-15, they found that, apart from pore size and charge, the presence
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of rough pore surfaces caused by carbonaceous deposits upon calcination boosted both the retention
and the release of heparin, improving the performance of such a material and enabling access to
better-performing nanodepots.

Apart from its use as a drug delivery agent, there are examples of heparin-loaded silica-based
materials used as anticoagulant coatings for medical devices. For example, Wei et al. reported the
use of SBA-15 to prepare a heparin-releasing anticoagulant coating [201]. Their system employed
amino-modified mesopores to favor heparin loading and delay its release. To incorporate these particles
into chosen substrates (silicon wafer, glass, or polyvinylchloride), the authors coated the particles
with polydopamine and the substrate with a catechol-modified chitosan polymer. This configuration
permitted depositing the negatively charged, heparin loaded MSNs onto chitosan, which was further
bound to the catechol-dopamine coating of substrates. Finally, to prevent undesired detachment,
this dopamine—catechol bond was oxidized with NalOy in order to create a non-degradable polymeric
layer. When the authors tested this coating against blood, they found a very low fibrinogen adsorption,
as well as platelet adhesion and hemolysis, which is in concordance with a sustained anticoagulant
release and good biocompatibility. More recently, Wu et al. reported a similar approach but with an
added feature: antibacterial adhesion. To achieving this, the authors loaded the mesopores of MSNs with
two glycan-based structures: agarose for an antibacterial effect and heparin as an anticoagulant [202].
The agarose-heparin loaded MCM-41 nanoparticles were electrostatically immobilized onto the
prepared device, i.e., an amino-modified silicone film. Therefore, the final coating presented a negative
charge and exposed mesopores, which were able to produce effective agarose and heparin release.
The system demonstrated a low hemolytic effect comparable with that of the previous model but with
an additional antibacterial effect against E. coli, gaining additional applicability. However, regarding
the design, the possibility of detaching SBA-15 particles within the bloodstream has to be considered
as a potential risk and must be accounted for in the further development of such devices.

7. Challenges and Future Perspectives

As reviewed, the number of developing therapeutic hybrid nanosystems employing biomolecules
together with mesoporous silica nanoparticles is enormous, as reported over the last few years.
In general, and according to the literature here visited, cancer therapy is by far the most active research
field and the one that exploits the most up-to-date technological advances such as PEGylation, controlled
drug delivery, or the implementation of hybrid nanomaterials, among many others. However, such
technology permitted developing alternative therapies to cancer, applied to other not-so-common
diseases with a promising prognosis. This fact is largely due to the particular structure of MSNs,
with a high capacity to load and release therapeutic molecules within their porous matrix. However,
the advancement of knowledge and the need to adapt these nanomaterials to advanced preclinical
in vivo models, with new aspects in loading and release systems, must be considered when designing
these medical nanosystems. In this context, short therapeutic peptides and small molecules seem to
be the ideal target for transfer to preclinical studies because they can be easily designed, developed,
functionalized, and coupled. Among these new emerging therapeutic strategies with biomolecules
that came to light recently, the most promising for implementation together with mesoporous silica
materials seem to be immune therapy, gene modulation, and anti-infective nano-agents, as can be
determined from the number and quality of related papers. In any case, there are different issues to be
addressed regarding the nanocarriers themselves such as the absence of reliable in vivo pre-clinical
studies, methods of clearance of the nanoplatforms, and how different particles properties (shape, size,
pore symmetry and connectivity, and chemical composition) affect their application in nanomedicine.
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Abbreviations

ATP Adenosine triphosphate

Bcl-2 B-cell lymphoma 2

bFGF Basic fibroblast growth factor

BM Biomacromolecule

BMP-2 Bone morphogenetic protein 2

bMSCs Murine bone mesenchymal stem cells
BSA Bovine serum albumin

CA Carbonic anhydrase

cAMP Cyclic adenosine monophosphate
COLL1A1 Collagen type 1

ConA Concanavalin A

(@) Chondroitin sulfate

DMOHS  Dendritic mesoporous organosilica hollow spheres
DNA Deoxyribonucleic acid

Cytc Cytochrome ¢

DOX Doxorubicin

FA Folic acid/folate

gG Immunoglobulin G

GFP Green fluorescent protein

GM-CSF  Murine granulocyte-macrophage colony-stimulating factor
GPx Glutathione peroxidase

HMSNs Hollow mesoporous silica nanoparticles
HA Hyaluronic acid

HDFs Human dermal fibroblasts

HOS Human osteosarcoma

HRP Horseradish peroxidase

HSCs Human stem cells

HSP47 Heat-shock protein 47

IDMSN Imidazole dendritic mesoporous silica nanoparticles
IL-2 Interleukin-2

kDa Kilodaltons

LA Lactobionic acid

LDL Low-density lipoprotein

MCM-41  Mobil composition of matter formulation 41
MDR1 Multidrug resistance protein 1

MEF Mouse embryonic fibroblastic cells
MPLA Monophosphoryl lipid A

miRNA Micro ribonucleic acid

mRNA messenger ribonucleic acid

MSNs Mesoporous silica nanoparticles

NA Nucleic acid

NOX4 NADPH oxidase 4

OGP Osteogenic growth peptide

OVA Chicken ovalbumin

PAMAM  Polyamidoamine dendrimer

PDA Polydopamine

PEG Polyethylene glycol

PEI Polyethyleneimine

pGFP Fluorescent protein plasmid
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PKM2 Glycolytic enzyme pyruvate kinase

PMDFs Primary mouse dermal fibroblast

ROS Oxygen species
RSNs Rough (non-porous and core-shell) silica nanoparticles
SBA-15 Santa Barbara amorphous formulation 15

rBMSCs Rat bone marrow stromal cells

RCA Rolling circle amplification

shRNA Short hairpin ribonucleic acid

siRNA Small interfering ribonucleic acid

SO Sorafenib

SOD Superoxide dismutase

SPIONs Superparamagnetic iron oxide nanoparticles.
TAT Transactivator of transcription

TnC Tenascin-C

TGFBR-1  Transforming growth factor beta receptor I
VEGF Vascular endothelial growth factor
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Abstract: The presence of leaky vasculature and the lack of lymphatic drainage of small structures
by the solid tumors formulate nanoparticles as promising delivery vehicles in cancer therapy.
In particular, among various nanoparticles, the mesoporous silica nanoparticles (MSN) exhibit
numerous outstanding features, including mechanical thermal and chemical stability, huge surface
area and ordered porous interior to store different anti-cancer therapeutics with high loading capacity
and tunable release mechanisms. Furthermore, one can easily decorate the surface of MSN by
attaching ligands for active targeting specifically to the cancer region exploiting overexpressed
receptors. The controlled release of drugs to the disease site without any leakage to healthy tissues
can be achieved by employing environment responsive gatekeepers for the end-capping of MSN.
To achieve precise cancer chemotherapy, the most desired delivery system should possess high loading
efficiency, site-specificity and capacity of controlled release. In this review we will focus on multimodal
decorations of MSN, which is the most demanding ongoing approach related to MSN application in
cancer therapy. Herein, we will report about the recently tried efforts for multimodal modifications of
MBSN, exploiting both the active targeting and stimuli responsive behavior simultaneously, along
with individual targeted delivery and stimuli responsive cancer therapy using MSN.

Keywords: mesoporous silica nanoparticles; tumor targeting; stimuli responsive; multimodal
decorations; targeted and controlled cargo release; cancer therapy and diagnosis

1. Introduction

Cancer is one of the most devastating diseases worldwide, characterized by unregulated cell
division and cell growth, a fundamental aberration in cellular behaviors [1]. Consequently, the utmost
ongoing challenge for the researchers is to restrain this dreadful disease. Even though, over the
past decades, several therapeutic advances have been implemented in cancer treatment, including
increases in survival rates [2], the metastasis and invasion associated with the malignant phenotype and
heterogenic behavior of this disease still demands new therapeutic strategies [3]. Conventional methods
for the treatment of cancer include chemotherapy, surgery and radiation therapy. Unfortunately,
surgery and radiation therapy are limited for the treatment of cancers localized to one area of the
body (solid cancers) [4]. On the other hand, although chemotherapy is widely used for the systemic
treatment of advanced or malignant tumors, most of the chemotherapeutic agents are associated with
severe side-effects of destroying the normal healthy cells and limited by cancer cell induced multidrug
resistance (MDR) [5,6]. Therefore, developing efficient targeted cancer therapeutic strategies to reduce
side-effects and overcome resistances is gaining increasing importance. Herein, researchers start to
exploit the enhanced permeability and retention (EPR) effect of solid tumors [7]. Due to the presence of
leaky vasculature and the lack of lymphatic drainage of small structures by solid tumors, nanoparticles
can easily accrue in the tumor and represent promising delivery vehicles [8-10].
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An ideal targeted nanoparticle delivery system should possess (i) the high loading capacity of
multiple diverse chemotherapeutics, (ii) efficiency to protect the cargo until reaching the final destination,
(iii) circulation stability in blood for prolonged periods without degradation and excretion, (iv) specificity
toward target cancer cells to achieve off-target zero-delivery, (v) the ability of intracellular release and to
facilitate controlled delivery of the cargo, and (vi) good biocompatibility and low toxicity [11-13]. Over
the past decades, various types of organic and inorganic nanoparticles have been proposed as delivery
vehicles to address those criteria [14-16]. Among the organic nanoparticles, liposomal-based drug
delivery becomes one of the most promising approaches because of its high biocompatibility, flexibility
in preparing various formulations, and easy synthesis to incorporate targeting moieties [17-19].
Furthermore, there are some already FDA-approved liposomal formulations; several polymeric and
micelle based organic nanoparticles are also in clinical trials for use in cancer therapy [20,21]. However,
the liposomal formulations and the polymer-based nanocarriers are limited, due to their invariant size
and shape, inadequate loading efficiency, uncontrolled release of the cargo, and change in size and
stability by changing loading parameters [22].

There are various inorganic materials developed so far as delivery systems trying to overcome the
loading inefficiency, leakage and the uncontrolled release of the cargo, e.g., metal oxide nanoparticles,
carbon nanotubes, and mesoporous silica nanoparticles (MSN) [23-27]. Few among the metal oxide
nanoparticles are already in process for cancer therapy and diagnosis. A clinical (early phase I) study is also
conducted with targeted MSN for image-guided operative sentinel lymph node mapping [28]. Particularly,
in comparison to other nanoparticles, the MSN exhibit numerous outstanding features, including good
biocompatibility, mechanical thermal and chemical stability, and most importantly, immense loading
capacity of various cargos and their possible time-dependent release, thanks to the large surface area, high
pore volume and narrow distribution of the tunable pore diameters of MSN [29,30]. For example, because
of comprising large surface area one can load nearly a 1000-fold higher amount of doxorubicin in MSN
compared to in the FDA-approved liposomal formulation Doxil® [31]. Moreover, silica is recognized by
FDA as safe to be used in cosmetics and as a food-additive [32].

A comparative discussion about the pros and cons of MSN with other well-known nanomaterials
for bio-applications was excellently provided by Chen et al. [33] and thus is discussed no further here.

In this review, we will discuss the efficacy of mesoporous silica-based systems for cancer therapy,
the surface modification of MSN for passive and active targeting cancer therapy, and the modification of
MSN for environment-responsive cancer therapy. Importantly, we will focus on multimodal decorations
of MSN, which is the most demanding ongoing approach with respect to the present perspectives,
and challenges related to MSN application in cancer therapy. Many reviews have summarized the
synthesis of MSN, active targeting and environment-responsive drug delivery using MSN, whereas
fewer involved in reporting the multimodal decorations of MSN for exploiting both the tumor targeting
and stimuli responsive delivery of therapeutics simultaneously. Herein, we will review the multimodal
approaches, including both the targeted delivery and stimuli responsive delivery simultaneously,
along with individual targeted delivery and stimuli responsive delivery using MSN. As well, we will
include the plausible applications of MSN in cancer diagnosis.

2. MSNs as Delivery Vehicles in Cancer Therapy

Despite the increasing numbers of anti-cancer drugs presented in the market and their ability to
create potent and lethal interaction with cancer cells, their therapeutic efficacy remains affected by
their low aqueous solubility and eventually not reaching a high enough concentration in the site of
absorption, i.e., gastrointestinal (GI) lumen [34,35]. As for an example, camptothecin (CPT) is very
effective at killing cancer cells in vitro, however, its clinical application has been limited due to poor
water solubility. Additionally, researchers have tried to modify CPT as water-soluble salts to make
intravenous injection possible, but this modification has altered its physicochemical characteristics and
hampered its antitumor activity [36]. Another potent anti-cancer drug, paclitaxel, is also limited in vivo
by its insolubility in aqueous systems, although it is very effective against various cancer cell lines [37].
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With the aim to improve the drug solubility and oral bioavailability, a growing number of novel
drug delivery systems, particularly nanostructures, have been developed [38,39]. The two foremost
parameters determining the efficacy of a drug delivery system are the loading capacity and drug release
profiles. To this end, with excellent features, including huge surface area and ordered porous interior,
MSN can be used as reservoirs to store different anti-cancer drugs with high loading capacity and tunable
release mechanisms [40,41]. As a promising drug delivery system, the pore size of MSN can be customized
to selectively load either hydrophobic or hydrophilic anticancer agents, and their size and shape can be
maintained to have the maximum cellular internalization [41,42]. There are mainly two ways that have
been used to load the drug molecules into pores of MSN. One can load either in situ during synthesis or
by the adsorption of cargo onto the pores of MSN (by physisorption or chemisorption). The adsorption
method is the most widespread approach for the loading of therapeutic molecules, especially for poor
water-soluble drugs [31,43]. During soaking of the MSN in a drug solution, the silanol groups present on
the surface of MSN play the key role as adsorption sites. As the surface of MSN is negatively charged in
the absence of any adsorbent under physiological conditions, the electrostatic adsorption method can be
applied for the cargo having positive charge, as well as the lodging of water-soluble therapeutic agents
into the pores of MSN. Moreover, the functionalization of MSN will increase the adsorbed amount of this
group of cargo having additional interactions between adsorbate and adsorbent [44]. Pore size of MSN is
another main controlling parameter to increase the extent of adsorption of hydrophobic molecules from
organic solvents, if the molecular size of the cargo is in the range of the pore size of MSN [43,45]. Up
until today, there have been various studies reported in favor of using MSN as efficient drug delivery
nanosystem in cancer therapy. He et al. have reported the enhanced solubility of paclitaxel after loading
into MSN [37]. Lu et al. have performed cytotoxicity assay with camptothecin (CPT)-loaded MSN and
showed the clear growth inhibition of pancreatic cancer-cell lines (Capan-1, PANC-1, AsPC-1), stomach
cancer-cell line (MKIN45) and colon cancer-cell line (SW480) [36]. It was also reported that transplatin,
a less potent anticancer drug (an inactive isomer of cisplatin), when loaded in MSN, became effective
exhibiting enhanced cytotoxicity compared to that of cisplatin [46].

In this context we should also discuss about the protein adsorption and efficient protein delivery
by MSN. The poor solubility and large sizes of the therapeutic proteins and their enzymatic and
chemical degradation in the gastrointestinal tract commonly compromise their efficacy in cancer therapy.
Additionally, the co-delivery of therapeutic proteins along with other therapeutic molecules is a big
challenge for the conventional drug delivery systems, as the physicochemical properties of proteins,
such as size, surface charge, stability, and susceptibility are very different than the other therapeutic
molecules [47]. Herein, MSN are of special interest for protein delivery due to their possible easily
tunable pore sizes, facile surface multi-functionalization, and enormous interior and exterior particle
surface [48]. To expand the pore size of MSN depending on the sizes of the protein, generally two
ways have been employed, exploiting polymers/surfactants with longer carbon chains/co-surfactants
as templates, or the addition of suitable organic swelling agents to enlarge the sizes of surfactant
templates [49]. There are variety of reported additives used as pore size expanding agents, such as
N,N-dimethylhexadecylamine (DMHA), trimethylbenzene (TMB), aromatic hydrocarbons, auxiliary
alkyl surfactant, and long-chain alkanes [50]. Moreover, positively charged amino silyl reagents or
polymers have been widely used to compensate negative charges of the proteins, such as lysozyme,
bovine serum albumin and myoglobin [51]. Protein loading amount in MSN can also be increased
utilizing suitable surface functionalization, having strong electrostatic interaction between proteins and
the pore channels. In this regards, Slowing et al. have first employed MSN for the intracellular delivery
of native cytochrome c, a small protein, into human cervical cancer cells (Hela cells) [52]. There are
several other reports about the cytochrome c delivery in cancer cells using MSN [53,54]. Zhang et al.
have reported the high protein loading capacity of hollow silica vesicles and demonstrated cancer cell
inhibition by the intracellular delivery of RNase A [55]. Besides, Niu et al. have modified MSN by
employing hydrophobic C18-functionalization and Yang Y.N. et al. have utilized benzene bridged
MSN for the effective intracellular delivery of RNase A [56,57]. Nonetheless, Yang and collaborators
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have reported multi-shell dendritic mesoporous organosilica nanoparticles to deliver protein antigens
for cancer immunotherapy [58].

Along with efficient loading capacity, MSN have been used for controlled release of a variety of
pharmaceutical drugs (e.g., DOX, TPT, and CPT) and therapeutic proteins/peptides [59,60]. It can be
possible to release the cargo in a controlled manner, without any leakage before reaching the target
destination, with the help of “gatekeeper” entities that can seal the pores of MSN. There are infinite
gatekeepers reported for the end-capping of MSN to reside the drug molecules in the reservoir of
MSN, e.g., biomolecules, peptides, lipids, polymers, dendrimers, macrocyclic compounds, etc. [61-63]
As reported below, we will discuss the gatekeeper systems to be used for controlled drug release.

3. Surface Modification of MSN for Passive and Active Targeting Cancer Therapy

Localizing MSN specifically into the cancer environment is one of the milestones to avoid
side effects and damage to healthy cells. Several efforts have been executed to target the MSN to
specific tissues, both through passive and/or active targeting [64]. At the beginning, MSN has been
developed as anticancer drug delivery systems, mainly based on their efficacy to store high amount of
chemotherapeutics into pores and exploit EPR effect for passive targeting to tumor tissues. In this part
of the review, we will discuss the EPR effect and passive targeted cancer therapy using MSN. Later
on, MSN surface modifications by conjugating targeting ligands have been introduced to enhance the
uptake of MSN in targeted cells. Different targeting moieties have been employed to the surface of
MSN, e.g., small molecules, aptamers, short peptides, antibodies and antibody fragments, etc. [31,65].
In the following part, we will review the targeted cancer therapy using MSN.

3.1. Passive Targeting

Since the beginning, the foremost important goal in chemotherapy is to achieve the tumor-specific
delivery of chemotherapeutics. In this regard, most nanoparticles including MSN can passively target
solid tumor tissue due to the EPR effect. In general, the body has its own pre-existing circulation
network for the supply of food, nutrients and oxygen to the small primary tumor until the diameter
exceeds 1-2 mm. Beyond this size, the tumor growth needs angiogenesis, i.e., the sprouting of new
blood vessels from pre-existing vessels around the tumor, in order to supply food, nutrients, oxygen,
survival factors etc. [66,67] Angiogenesis generates irregular blood vessels displaying a discontinuous
and single thin layer of flattened endothelial cells with an absence of the basal membrane. Hence,
nanoparticles having a diameter of at least 10 nm, which is the threshold of renal clearance, can leave the
blood vessels and penetrate into the adjacent tumor tissue through the discontinuous leaky membrane.
This effect is not applicable in normal tissue [68]. The penetrated nanoparticles remain longer in
the tumor tissue without being cleared by the immune system, as the solid tumors commonly lack
effective lymphatic drainage [69]. Moreover, particles having a diameter smaller than 4 nm can diffuse
through the leaky endothelium back to the blood circulation and be reabsorbed, but the nanomaterials
do not naturally return to the blood vessels, accumulating in the perivascular tumoral space [70].
In the nanomedicine field, this phenomenon is popularly known as the enhanced permeability and
retention effect, or the “EPR” effect. To avail the efficient passive targeting particle size, the morphology
and surface modifications of MSN have been considered. It is observed that the MSN should be at
least 10 nm in diameter and have an optimal size of 100-200 nm to avoid the renal clearance of the
particles [65]. To this end, Lee and co-workers have shown proficient cell death by the passive targeting
of MSN loaded with doxorubicin (DOX) to the tumor site in a melanoma model [71]. Importantly,
surface modifications of MSN also have a major influence to achieve efficient passive targeting by
prolonging the circulation time of MSN in blood and subsequently reducing the renal clearance [72].
It has been reported by Zhu and colleagues that introducing PEGylation on hollow MSN improves
cellular uptake in cervical cancer cells and mouse embryonic fibroblasts, compared to that of naked
particles [73]. Huan and colleagues have demonstrated efficient biodistribution, accomplishing an 8%
of the EPR effect at the tumor site in vivo of MSN functionalized with polyethyleneimine/polyethylene
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glycol (PEI/PEG), encapsulating doxorubicin together with P-glycoprotein siRNA [74]. With regard
to passive targeting, another important factor is the 10 to 40 fold elevated interstitial fluid pressure
(IFP) in solid tumors compared to normal tissue [75]. This pressure gradient may influence reduced
nanoparticle distribution in tumor site. Actually, the necrotic tissues that are often present in the larger
tumors and metastatic regions are highly hypovascularized, due to slower angiogenesis compared
to tumor growth. As a result, the IFP becomes very high and the delivery of nanoparticles to this
tumor region by passive targeting is hardly possible. Herein, the active targeting of nanoparticles
including MSN is gaining increasing importance and we will discuss the advantage of active targeted
drug delivery using MSN in the next part of the review.

3.2. Active Targeting

To deliver potent chemotherapeutics selectively to tumor environment, substantial progresses
have been made by exploiting tumor cell-specific or tumor-associated cell-specific receptors [76].
A receptor highly expressed on tumor cells or tumor associated cells (compared to the normal cells) is
a sensible target receptor for tumor specific drug delivery. If the surfaces of nanoparticles, including
MSN, are decorated with ligands able to interact selectively with those overexpressed receptors, the
specific retention and uptake of those nanoparticles by tumor cells will be enhanced. To design the
targeting ligands grafted to MSN, various receptors over-expressed on the surface of tumor cells or
tumor associated cells have been exploited (Figure 1) and we will discuss the decorated MSN mediated
active targeted cancer therapy in this part of the review. Usually, the decorated MSN are taken up by
the cancer cells via a receptor-mediated endocytosis process. Active targeting allows efficient particle
uptake by the tumor cell and tumor microenvironment [77].

Folate
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Asialoglycoprotein /y
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Figure 1. Plausible surface modifications of mesoporous silica nanoparticles (MSN) for active targeting
to the over-expressed receptors in cancer microenvironment.

3.2.1. Targeting Folate Receptor

One of the most exploited targeting ligands, folic acid, has been employed to decorate MSN for
targeting folate receptor, overexpressed in many tumors compared to healthy tissues [78,79]. The
folate receptors are four glycopolypeptide members (FRx, FRf3, FRy and FR$), among which the
alpha isoform, folate receptor o (FR«) is a glycosylphosphatidylinositol anchored cell surface receptor
and has been reported to be overexpressed in solid tumors, such as ovarian, cervical, lung, breast,
kidney, colorectal, and brain tumors [80]. In mostly 80-90% of epithelial ovarian cancers, other
gynecological cancers, lung cancers and breast cancers, the FRa is highly overexpressed and gaining
increasing importance to be exploited for targeted cancer therapy [81]. Considering this fact, several
research groups have reported the enhanced specific cellular uptake of MSN in various cancer cells,
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having overexpressed folate receptors by modifying MSN surface with folic acid [82-86]. Nonetheless,
using two different human pancreatic cancer xenografts on different mouse species, Lu et al. have
also shown dramatic improvements in tumor-suppression effect by using folic acid functionalized
camptothecin-loaded MSN in comparison with unfunctionalized MSN [87]. Moreover, along with
using folic acid, Lopez et al. have decorated MSN with triphenylphosphine (TPP), in order to target
tumor cells, as well as the mitochondria of the tumor cells [88]. Conversely, instead of using folic acid,
Rosenholm et al. have used methotrexate (MTX) as both a targeting ligand and a cytotoxic agent for
cancer therapy, due to its high affinity for folate receptors and showed enhanced cancer-cell apoptosis
by treating MTX incorporated MSN relative to free MTX [89].

3.2.2. Targeting Transferrin Receptor

There are two subtypes of transferrin receptors (TFRs), TFR1 and TFR2, which complexes with iron
to facilitate iron metabolism in cells. Hence, the dysregulated expression of any subtype disorders can
impair iron metabolism and eventually induce tumorigenesis and cancer progression [90]. It has been
reported that TFR1 is abundantly expressed in many cancer types, e.g., liver, breast, lung, pancreatic,
and colon cancer cells [90,91], and thus can be exploited as an important target for drug delivery.
In order to improve the tumor specific delivery of MSN carrier, transferrin (Tf) which is a ligand of
TFR1, has been widely exploited in surface modification of MSN [92]. As evidenced by the available
studies targeting TFR1, Tf-modified MSN exhibit enhancement in nanoparticle uptake by Panc-1 cancer
cells [93]. Additionally, Montalvo-Quiros et al. have used MSN as nanovehicles decorated with Tf to
provide a nanoplatform for the nucleation and immobilization of silver nanoparticles (AgNPs) and
demonstrated that only the nanosystem functionalized with Tf can transport the AgNPs inside the
human hepatocarcinoma (HepG2) cells overexpressing Tf receptors [94]. Nevertheless, Tf-decorated
MSN have been exploited for sorafenib delivery in thyroid cancer therapy [95]. Importantly, the
overexpression of TFRs on the brain capillary endothelial cells (BCECs) of the blood-brain barrier (BBB)
and glioblastoma multiforme (GBM) provides a route to allow effective chemotherapeutic penetration
to the site of brain tumor [96]. Herein, few research groups have developed Tf-conjugated MSN to
deliver the chemotherapeutics to glioma cells across the BBB [97,98].

3.2.3. Targeting Integrin Receptor and Nuclear Targeting

Integrin receptors, the o/} heterodimeric transmembrane glycoproteins, are overexpressed on
angiogenetic endothelial cells and certain tumor cells, whereas they are absent (or present in basal
levels) in pre-existing endothelial cells and normal tissues [19,99]. This makes integrins, especially
avB3 integrin receptors, a promising target in cancer therapy and RGD (arginine-glycine-aspartic
acid) based peptides have found widespread exploitations for targeting chemotherapeutics to both
tumor and tumor vasculatures via the overexpressed integrin receptors [100]. Therefore, peptides
including the RGD motif have been widely used in surface decoration of MSN for targeted cancer
therapy [101-106]. Moreover, Pan et al. have shown the in vivo efficacy of doxorubicin-loaded MSN
grafted with RGD-motif. The same research group has further determined better tumor accumulation
and reduced tumor size by coupling cell-penetrating and nuclear-targeting TAT peptide to the MSN
along with RGD. Additionally, side effects of bare MSN to accumulate in liver and spleen have been
distinctly minimized by treating RGD/TAT-MSN [107].

3.2.4. Targeting EGF Receptor and HER2 Receptor

Epidermal growth factor receptor (EGFR or ErbB1), a tyrosine kinase receptor, is a key factor
in epithelial malignancies, in terms of enhancing tumor growth, invasion, and metastasis [108].
Overexpression of EGFR has been widely observed in many cancers including lung (especially
non-small-cell lung carcinoma), colon, ovary, head and neck and breast cancers [109]. As EGFR has
emerged as an attractive target for anti-lung cancer drug research, its ligand or antibody has been
extensively employed in capping moiety for the active targeting of MSN in lung cancer cells. For
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example, She et al. have used amine functionalized MSN to conjugate with EGFs (epidermal growth
factors) for targeting EGFR positive cells [110]. Sundarraj et al. have shown elevated accumulation of
EGFR-MSN-cisplatin drug delivery system in EGFR overexpressed lung adenocarcinoma cells (A549) than
that in normal lung cells (L-132). They have also used the non-small cell lung cancer nude mice model
to determine the increased and prolonged cisplatin intratumoral distribution and enhanced tumor-cell
apoptosis by treating EGFR-MSN-cisplatin [111]. On the other hand, Wang et al. have used cetuximab,
a monoclonal antibody of EGFR as a capping agent of MSN loaded with anti-cancer drugs including
doxorubicin and gefitinib, to specifically target lung cancer cells exploiting EGFR overexpression [112].

In addition to the EGFR, human epidermal growth factor receptor 2 (HER2)/ErbB2 is another
member of the ErbB family of type-1 tyrosine kinases and a proto-oncogene, with a vast role of ErbB
receptors in malignant transformation [113]. The overexpression of HER2 receptor in breast cancer
alongside lungs, ovary and gastric/gastroesophageal cancers plays a major role in the angiogenic
process and makes HER2 an important target in cancer therapy [114]. Furthermore, it has been reported
that HER2 specific antibodies or antibody-fragments (e.g., trastuzumab) have been used in the surface
modification of MSN for the selective targeting of breast cancer cells [115].

3.2.5. Targeting VEGF Receptor

The vascular endothelial growth factors (VEGFs) and their receptors (VEGFRs) play a critical role in
tumor angiogenesis and metastasis. Among the three receptors (VEGFR1, VEGFR2, VEGFR3), VEGFR2
is widely explored as a direct stimulator of angiogenesis [116]. In addition to its constitutive expression
on angiogenic endothelial cells, VEGFR2 is found to be overexpressed on several cancer cells such
as breast cancer, lung cancer, pancreatic cancer, glioblastoma, gastrointestinal cancer, hepatocellular
carcinoma, renal cell carcinoma, ovarian cancer, bladder cancer, and osteosarcoma cells [117]. To target
VEGFR2, Weibo and co-workers have used VEGF;, a natural VEGER ligand which has a high binding
affinity for VEGFR2 and observed a strong, specific binding of the MSN surface coated with VEGF;»;
in HUVEC (VEGFR+), but not in 4T1 cells (VEGFR~) [118]. The same group has also demonstrated
delivery of the MSN encapsulating the anti-cancer drug, sunitinib in a significantly higher amount to
the U87MG tumor by targeting VEGER exploiting VEGF;; ligand in comparison with the non-targeted
delivery [119]. Moreover, Zhang et al. have shown increased targeting ability and retention time of
anti-VEGFR2 targeted MSN in anaplastic thyroid cancer tumor-bearing mouse [120]. Bevacizumab or
related antibodies have been also exploited for targeting VEGF receptors.

3.2.6. Targeting Mannose Receptor and C-Type Lectin Receptor

Tumor-associated macrophages (TAMs) that exist in the tumor microenvironment promote
tumor immunosuppression, angiogenesis, metastasis, and relapse. TAMs expressing the multi-ligand
endocytic receptor mannose receptor (CD206/MRC1) have been suggested as a promising therapeutic
target for cancer therapy [121]. It has been reported that MSN coupled with mannosylated
polyethylenimine (MP) can target macrophage cells and enhance transfection efficiency through
receptor-mediated endocytosis via mannose receptors [122]. Moreover, the C-type lectin receptor is
also expressed exclusively by macrophages and exploited for cancer treatment. Lectin-functionalized
MSN have recently been experimented in a mouse colon cancer model [123].

3.2.7. Other Active Targeted Delivery

There are several other receptors that have also been exploited for targeted delivery using
surface-modified MSN. The overexpression of the insulin-like growth factor (IGF) receptor in
ovarian cancer has been employed for the efficient targeted delivery of doxorubicin entrapped
in surface modified MSN [124]. Quan et al. have developed lactosaminated MSN (Lac-MSN) for
asialoglycoprotein receptor (ASGPR) targeted anticancer drug delivery and showed the effectively
inhibited growth of HepG2 and SMMC7721 cells by treatment with docetaxel (DTX) loaded in
Lac-MSN [125]. The surface of the MSN has also been functionalized with the ligands of somatostatin
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receptors [126] and also with hyaluronic acid to target CD44 receptors [127]. Furthermore, Chen et al.
have shown the significantly larger tumor uptake of vasculature targeting anti-CD105 antibody (TRC105)
conjugated MSN, compared to untargeted nanoparticles in a murine breast cancer model [128]. The
same group has employed a TRC105 antibody fragment (Fab) for the surface modification of MSN to
target tumor vasculature [129]. Besides, Sweeney et al. have attached a bladder-cancer specific peptide
named Cyc6 to MSN for active targeting [130]. Apart from small molecules, peptides and antibodies,
the synthetic single-stranded DNA or RNA oligonucleotides (aptamers) have been used to decorate
MSN for targeting cancer cells [131,132]. Moreover, Nguyen et al. have shown the Toll-like receptor 9
mediated delivery of mesoporous silica cancer vaccine (antigen) to the dendritic cells (the body’s most
professional antigen presenting cells) [133].

4. Stimuli-Responsive Drug Delivery Using MSN

Although vast efforts have been devoted to active targeting therapy using MSN, the delivery
efficacy still needs to be strengthened. During the blood circulation and penetration into the tumor
matrix, anticancer drugs may leak from mesopores of MSN, leading to insufficient drug concentration
at the tumor site. To overcome this obstacle, “smart” MSNs-modified with environment-responsive
gatekeepers were designed. As the characteristics of tumor microenvironment differ from that of normal
tissues (e.g., acidic pH, high concentration of glutathione, etc.), MSN can be modified introducing
the moiety sensitive to the tumor microenvironment and release the cargo specifically at the tumor
site [134,135]. There are internal and external stimuli that have been exploited for the controlled drug
release (Figure 2). In this part of the review, we will discuss the pH, redox and enzyme internal
stimuli responsive gatekeepers and also the magnetic, light and ultrasound external stimuli responsive
gatekeepers frequently used to prepare stimuli responsive MSN.
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Figure 2. Most relevant stimuli responsive gatekeepers to decorate MSN for controlled cargo release in

the cancer site.
4.1. PH-Responsive Gatekeepers

One of the most promising internal stimuli that has been employed for controlled drug release in
cancer therapy is to exploit the lower pH values in most of the tumors in comparison with healthy
tissues [136]. Actually, in cancer cells, because of high glycolysis rate, the production of lactic acid
is high, thus eventually reducing the pH value in the tumor region. There are various reports in the
literature regarding the pH-controlled delivery of chemotherapeutics by surface-engineered MSN in
cancer therapy. Besides, there are mainly two ways in which they have been used to decorate the MSN
for exploiting the pH sensitivity of tumor cells. One approach is to incorporate the pH responsive
linkers in between MSN and the capping moiety usually used for blocking the pore entrances of MSN.
There are several linkers that have been reported for the intracellular pH-responsive controlled delivery
of anti-cancer drugs e.g., acetal linkers [137], boronate ester linkers [138], ferrocenyl linkers [139],
aromatic amines [140], imine bonds [141] hydrazine linkers [142], acid labile amide bond [143], etc.

Another widely used approach is to modify the MSN surface with pH sensitive capping moiety,
so that the MSN will only open up at acidic pH, release the cargo only in tumor environment and
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avoid any premature release of drugs on healthy tissues [144,145]. Yang and co-workers have reported
that the MSN coated with pH-responsive chitosan/polymethacrylic acid polymer is more efficient
to deliver doxorubicin in HeLa cells compared to the uncoated MSN [146]. The modification of the
MSN surface using pH-sensitive self-immolative polymers, poly(acrylic acid), nanovalves, such as
pseudorotaxane encircled by 3-cyclodextrin, tannic acid, lipid coatings and many other nanoparticles
have been reported [147-150]. Zhu and coworkers have used a pH-sensitive nanovector for the
dissolution of ZnO nanoparticles functionalized onto the surface of MSN for the efficient delivery of
doxorubicin in HeLa cells [151]. Moreover, pH degradable calcium phosphate coated MSN and gelatin
capped MSN have also been described for intracellular acid-triggered drug delivery [152,153]. In a
recent report, the MSN surface was modified with poly (styrene sulfonate) (PSS), which can act as a
“nano-gate” for the pH responsive controlled release of curcumin [154].

4.2. Redox-Responsive Gatekeepers

Similar to the pH parameter, redox factor can also be exploited to achieve the controlled drug
release from MSN specifically to the tumor environment. In general, glutathione (GSH) acts as a
biological reducer and can cleave the redox-cleavable groups and trigger the bioactive agents. It has
been observed that the GSH concentration in cancer cells is higher than that in normal cells [155].
Moreover, the intracellular concentration of GSH is in the range of 2-10 mM which is quite a bit higher
than that in the extracellular part (2-20 nM); this concentration difference can allow the release of cargo
from redox-responsive nanocarriers upon entering into the cytoplasm [156,157]. To take advantage of
the high GSH concentration in cancer cells, the MSN surface has been decorated either with disulfide
linkers or by incorporating any redox-cleavable group in capping moiety for the efficient release of
cargo in cancer cells. As for an example, Kim et al. have used disulfide bonds as a linker in between
MSN and the surface capping 3-cyclodextrin moiety, and reported efficient doxorubicin toxicity in
lung adenocarcinoma cells [158]. Moreover, Brauchle and Bein research groups have reported cystein
residues with disulfide linkers to modify the MSN surface [159]. Additionally, Wu et al. have used
poly-(B-amino-esters) to seal the MSN pores and reported the intracellular reduction of disulfide
linkers present between MSN and poly-([3-amino-esters) capping moiety [160]. The cargo release
kinetics upon degradation of MSN can be further controlled by tuning the hindrance of disulfide or
tetra-sulfide groups into the silica framework [161-163]. Besides, polymers cross-linked by cystamine,
poly (propylene imine) dendrimer and polyethylenimine (PEI) via intermediate disulfide linkers are
utilized to close the pores of MSN for a redox-responsive release of the chemotherapeutics by the
degradation of polymeric networks in reducing the environment of the tumor site [164,165].

4.3. Enzyme-Responsive Gatekeepers

MSN drug release can also be modulated by the enzymatic cleavages of ester, peptide, urea, and
oxamide bonds decorated on the MSN surface. Several enzymes such as esterase, protease, galactosidase,
amylase, lipase, etc. have been exploited for enzyme responsive controlled drug release [166]. In
this regard, Patel et al. have introduced ester bonds between MSN and the adamantine capping
moiety, to employ the enzymatic role of porcine liver esterase for the controlled release of cargos [167].
Mondragon et al. have exploited protease cleavable e-poly-L-lysine moiety to seal the camptothecin
encapsulated MSN and reported the reduced viability of human cervix epitheloid carcinoma cells upon
treatment of that nanosystem [168]. They have also reported some enzyme-responsive hydrolyzed
starch products as saccharides to be used for controlled drug release [169]. There are various
other protease-responsive moieties that have been used to cap the MSN pores and improve the
drug release, e.g., protease-responsive biotin-avidin [170], arginine-rich protamine proteins [171],
matrix metalloproteinase (MMP) degradable gelatin [172], avidin with MMP9-sensitive peptide linker
(RSWMGLP) [173], poly (ethylene glycol) diacrylate moiety with protease-sensitive peptide linker
(CGPQGIWGQGCR) [174]. Furthermore, cyclodextrin gatekeepers and HRP-polymer nanocapsules
have also been employed on the MSN surface for enzyme-responsive drug release [175,176].
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4.4. Magnetic Responsive Delivery System

One of the effective ways to exploit external stimuli is to exert the magnetic field on MSN, either
to have magnetic guidance by applying the permanent magnetic field, or to increase the temperature
by applying an alternating magnetic (AM) field [177,178]. In this regards, iron oxide has been widely
exploited as the required magnetic component. There are mainly two ways that have been used to
conjugate iron oxide with MSN, either using iron oxide core coated with mesoporous silica or MSN
capped with iron oxide nanoparticles [179,180]. The most employed strategy consists on encapsulating
superparamagnetic iron oxide nanoparticles (SPIONs) of ca. 5-10 nm within the MSN network during
their synthesis [181,182]. These SPIONs are able to convert the magnetic energy into heat and can
increase the local temperature of the system upon application of the AM field. If the surface of
MSN has already been coated with temperature responsive moieties acting as gatekeepers, e.g., poly
(N-isopropylacrylamide), pore opening and drug release from MSN can be triggered by applying an
AM field [183]. Taken together, upon application of an AM field, SPIONs encapsulated in MSN can
increase the local temperature up to a certain point, to change the conformation of the temperature
responsive gatekeepers and open the pore entrances to release the anti-cancer drugs efficiently without
having any premature leakage. There are several reports showing the controlled release of anti-cancer
therapeutics by applying a magnetic stimulus [180,184,185]. Moreover, there are a few FDA-approved
SPION:Ss for using as imaging agents and EU-approved iron oxide nanoparticles to use in glioblastoma
therapy; these can be further exploited in magnetic responsive drug delivery [20].

Another strategy for the design of the magnetic responsive delivery system consists of the
functionalization of drug-loaded MSN with a single DNA strand and then mixing this with SPIONs
functionalized with the complementary DNA strand, to allow DNA hybridization that can act as a
capping agent [186]. The reason behind selecting the DNA sequence is its melting temperature of 47 °C.
Thus, upon application of an AM field, SPIONs encapsulated into the MSN network can increase the
local temperature that subsequently trigger the double-stranded DNA melting and open the pores of
MSN to release the drug. Interestingly, when the magnetic field is switched off, the DNA hybridization
occurs again, thus closing the pores and stopping the drug release. This mechanism smartly provides
the chance of exploiting the on-off drug release mechanism.

4.5. Light-Responsive Delivery System

The surface of MSN can be decorated introducing photo-cleavable linkers for triggering the
cargo release from MSN, by applying lights with different wavelengths (ultraviolet, visible or
near-infrared) [187,188]. Among all, as ultraviolet (UV) radiation has the highest power to easily
break the bond, it has been the most commonly used light stimulus for the controlled drug release from
MSN [187]. It has been reported that MSN coated with photo-responsive azobenzene-modified nucleic
acid can trigger the drug release under UV light radiation [189]. However, the biomedical application of
the UV light becomes restricted due to its toxicity and low tissue penetrability [190,191]. As an alternate,
visible (Vis) light can be employed, as it is less harmful and has a higher tissue penetrability. Few Vis
light-triggered MSN drug delivery systems have been reported [192,193]. For example, light responsive
porphyrin nanocaps have been used to decorate the MSN. Porphyrin nanocaps are anchored via reactive
oxygen species (ROS)-cleavable linkages, so that in response to the Vis light singlet oxygen molecules will
be generated to break the sensitive linker and trigger the drug release by opening the pore of MSN [193].

Even though there are several advantages of using light (such as its easy application, non-invasiveness,
low toxicity and precise focalization in the desired place), light-responsive delivery is restricted by its low
tissue penetration capability (only a few millimeters). It has been observed that the best wavelengths for
satisfactory tissue penetration are within the biological spectra, typically 800-1100 nm [134]. Likewise,
Guardado-Alvarez et al. have exploited photolabile coumarine-molecules in the capping moiety of MSN
surface to control the cargo release upon two-photon excitation at 800 nm [194]. Furthermore, Croissant
and colleagues have shown that they can control drug release via a photo-transducer from mesoporous
silica nanoimpellers in human cancer cells using two-photon light [195].
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4.6. Ultrasound Based Delivery

Ultrasound (US) is an efficient stimulus to be used for controlled drug delivery, because of its
advantage of being non-invasive, the absence of ionizing radiations in it and its capability to penetrate
deep into living tissues by tuning the parameters, such as frequency, duty cycles and exposure
times [171,196]. To exploit the US stimulus, the surface of the MSN has been decorated by employing
US sensitive components in capping moiety to prevent the premature release of drugs in healthy
tissues, e.g., 2-tetrahydropyranyl methacrylate. A hydrophobic monomer with a US-sensitive group
can be transformed to hydrophilic methacrylic acid under US stimulus and this phase change can
trigger the drug release from MSN pores [197,198]. Shi and co-workers have reported US responsive
perfluorohexane encapsulated MSN to be exploited for drug delivery [199,200]. Moreover, Vallet-Regi
and co-workers have decorated the MSN surface by using ultrasound-responsive copolymer (poly
(2-(2methoxy-ethoxy) ethylmethacrylate-co-2-tetrahydropyranyl methacrylate) [201]. In fact, certain
parts of the copolymer having chemical bonds that are cleavable under US radiation can change the
hydrophobicity of the copolymer after their US-triggered cleavage, leading the conformational changes
in polymer to open the pores of MSN and release the cargo at the target site [201].

5. Effective Combination of Active Targeting Therapy and Stimuli-Responsive Therapy Using
MSN in Cancer Therapy

We have already discussed the various advantages of using MSN for drug delivery. Taken together,
MSN exhibit large surface area, porous interior and tunable pore size to act as an excellent reservoir
for different drug molecules and other materials of interest. Moreover, the various MSN syntheses
approaches, mainly simple and adjustable, offer an ease optimization for sizes and shapes to maximize
cellular uptake [202-204]. Importantly, one can easily decorate the surface of MSN by attaching small
molecules, antibodies, aptamers, carrier proteins or peptide ligands for active targeting specifically to
the cancer region, exploiting overexpressed receptors. Meanwhile, the controlled release of drugs to
the disease site without any leakage to healthy tissues can be achieved by employing gatekeepers for
the end-capping of MSN, triggered by various internal or external stimuli, such as pH, redox, enzyme
activity, heat, light or magnetic field [205,206]. To achieve the precise chemotherapy of cancer, the
most desired drug delivery system should possess high drug loading efficiency, site-specificity and the
capacity of controlled drug release [207]. Hence, in this part of the review, we will report about the
recently tried efforts for surface modification of MSN, exploiting both the active targeting and stimuli
responsive behavior simultaneously (Figure 3), to obtain high efficacy with low dosage and minimize
the off-target side effects of chemotherapy. Table 1 summarizes these simultaneously employed active
targeting and stimuli responsive strategies developed up to date for MSN.

Tumor cell

Figure 3. Multimodal decoration of MSN to achieve active targeting and stimuli responsive controlled
release simultaneously.
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Besides, there are few reports that have used dual or multimodal response systems to improve
the controlled release of the cargo. For example, Lu et al. have developed a pH/redox/near infrared
(NIR) multi-stimuli responsive MSN to achieve efficient chemo-photothermal synergistic antitumor
therapy [252]. Zhou et al. have also reported UV-light cross-linked and pH de-cross-linked
coumarin-decorated cationic copolymer functionalized mesoporous silica nanoparticles for the
improved co-delivery of anti-cancer drug and gene [253]. Moreover, Xu et al. have prepared a
pH and redox dual-responsive (MSN)-sulfur (S)-S- chitosan (CS) controlled release drug delivery
system [254]. Besides, a redox- and pH-sensitive dual response MSN system has been developed
by Li and colleagues using ammonium salt to seal the pores [255]. Yan et al. have fabricated a
pH/redox-triggered MSN nanosystem, for the codelivery of doxorubicin and paclitaxel in cancer
cells [256]. Additionally, Anirudhan et al. have exploited both temperature and ultrasound sensitive
gatekeepers for the surface modification of MSN [257].

6. MSN as Cancer Theranostics

Possible early detection and diagnosis is one of the most desired objectives to provide appropriate
and extra real treatment for cancer. In order to overcome this hurdle along with the targeted and
controlled delivery of chemotherapeutics, MSN have also been widely exploited for medical imaging
and in situ diagnostics [258,259]. When both functions, i.e., therapy and diagnosis, are combined
together, they are referred to as “theranostics” [260]. Herein, in this part of the review, we will discuss
about various applications of MSN in cancer diagnosis such as exploiting MSN as imaging contrast
agents, and utilizing MSN for proteomic analysis and fluorescent optical imaging.

Among the imaging technologies, magnetic resonance imaging (MRI) and ultrasound (US) have
been mostly employed for cancer diagnosis due to their low-cost, low radioactivity and real-time
monitoring properties [261]. There are various reports about the application of MSN decorated
with specific targeting moiety as hyperpolarized, highly sensitive MRI agents having longer nuclear
relaxation time [262,263]. As an example, Matsushita et al. have developed an MRI contrast agent
comprising a core micelle with liquid perfluorocarbon inside the MSN for early cancer detection and
diagnosis [264]. Additionally, a few research groups have systemically applied functionalized MSN
to confer sufficient mean pixel intensity, to generate the higher quality US imaging of tumor bearing
mice [265,266]. With imaging guidance from MRI or US, suspected cancerous tissues can be detected
through biopsy. Furthermore, mesoporous silica-based chips with specific pore size provide a promising
platform for proteomic analysis by mass spectrometry and chromatography, allowing the separation of
low molecular weight proteins in serum from the higher weight proteins [267]. An analysis of mass
spectrometry can identify unique protein signatures pertaining to various stages of cancer development,
demonstrating plausible early cancer detection and therapy [268,269]. In addition, introducing metal
ions or other functional groups enhances the selectivity and sensitivity of mesoporous silica chips to
concentrate the low molecular weight proteins, analyze post-translational modifications in the human
proteome and identify proteomic biomarkers in various cancers [270,271]. Importantly, fluorescent
optical imaging exploiting MSN is gaining increasing attention in imaging-based therapy and cancer
diagnosis [272,273]. The encapsulation of fluorescent dyes and bioluminescent proteins in MSN
can overcome the associated limitations, such as rapid degradation, inadequate photo-stability and
unpredictable toxicity of the fluorescent probes [274]. There are mainly two types of fluorescent MSN
that have been reported for optical imaging, one is dye-doped MSN, prepared by incorporating
fluorescent organic dye into pores of MSN and other one is combining QDs with MSN [275].
Yin et al. have synthesized folic acid-conjugated dye-entrapped MSN for in vivo cancer targeting
and imaging [276]. Moreover, in contrast to the conventional organic dye, QDs appear more effective in
optical imaging, due to possessing size-tunable wavelength absorption and emission, broad excitation
wavelength, narrow emission bandwidth and a long fluorescent lifetime [277]. Functionalized
QD-embedded MSN with high quantum yield have been largely exploited for selective tumor imaging
in vivo, as well as for cancer cell imaging and detection in vitro by the intracellular internalization

62



Pharmaceutics 2020, 12, 527

of QDs [278,279]. Recently, Zhao et al. have reported the synthesis of fluorescent Carbon Dot-MSN
nanohybrids [86]. Nevertheless, Cheng et al. have reported tri-functionalized MSN, effectively
decorated to be used in the field of theranostics coordinating the trio of target, imaging, and therapy in
a discrete entity [280].

7. Challenges Regarding MSN Application in Cancer Therapy

Despite the recent advances of developing surface decorated MSN as an efficient carrier for the
delivery of cancer chemotherapeutics, there are several challenges that need to be addressed for their
further development. In particular, the scale up of MSN synthesis is one of the major issues limiting
its commercial applications. On a small scale, the reproducibility on the synthesis of MSN can be
maintained, but at the large scale, especially at an industrial level, it is very difficult to control batch to
batch synthesis, as there are various different factors that need to be taken into account during the
synthetic process. Hence, the clinical translation of MSN is taking a longer time than expected, as the
therapeutic efficacy is not the only criteria for this [281].

In terms of the biological point of view, the clinical application of MSN is limited, because of
the rapid clearance of nanoparticles by immune and excretory systems after administration [282,283].
Recent investigations have shown that MSN may be excreted, either in an intact or a degraded form,
through hepatic or renal clearance [72,284]. However, the exact mechanism of the clearance is not
known yet. Hence, the detailed in vivo analysis of pharmacokinetic and pharmacodynamic studies,
possible immunogenicity and rigorous biodistribution of MSN-based systems should be employed
before aiming to translate clinically [285,286]. A few reports highlighting half-life and biodistribution
studies have demonstrated that in vivo biodegradation, systematic absorption and excretion, especially
liver distribution and urinal excretion, are highly dependent on the physicochemical characteristics of
MSN, such as geometries, porosities, surface chemistry, crystallinity, and different bio-nano interface
interaction conditions [287-289]. For example, He et al. have evaluated the biodistribution and
excretion of spherical MSN having various size ranges (80-360 nm) and pegylation (PEG-MSN) by
fluorescence spectroscopy, and revealed accumulation of all the formulations in liver and spleen. They
have also determined that, with a decrease in size and the pegylation of MSN, there is a reduction
of the excretion rate from 45% to 15%, 30 min after administration [72]. In another study, Dogra et al.
have shown that the increasing particle size of MSN from 32 to 142 nm results in a monotonic
decrease in systemic bioavailability, along with accumulation in liver and spleen in healthy rats [290].
Furthermore, Sun et al. have completed a pharmacokinetic study of bevacizumab release from
MSN-encapsulated bevacizumab nanoparticles in C57B/L mice and determined a significantly greater
half-life, along with the sustained and slow release of MSN-encapsulated bevacizumab nanoparticles
for a longer period of time than that of bevacizumab alone [291]. Additionally, Kong et al. have
performed a biodistribution and pharmacokinetic study of Cy5-loaded hollow MSN in C57BL/6 mice
and demonstrated gradual distribution in tumor and highest accumulation of MSN at 36 h after
administration using fluorescence imaging. They have used the same MSN to deliver the cancer
therapeutics (doxorubicin and interleukin-2) in the tumor microenvironment [292]. Regarding the
limitation associated with bio-nano interface interactions, upon administration of MSN in the body
and exposure to blood, proteins from blood serum and plasma adsorb onto the MSN surface and form
a protein corona, which can eventually block the pores and decrease the release of cargo from the
pores of MSN [293]. The protein corona formation is highly dependent upon the geometry of the MSN.
Visalakshan et al. have shown a significantly lower amount of protein attaching from both plasma and
serum on the spherical MSN, compared to the rod-like particles [294].

To address the biological limitations, a few research groups have started to introduce a lipid
bilayer as gatekeeper and platform for surface modifications of MSN [295-298]. The advantages of
using a lipid bilayer are its high biocompatibility, low immunogenicity, flexible formulation, and
easy to incorporate targeting ligands and stimuli responsive moiety. For example, Brinker and
co-workers have demonstrated MSN core for drug loading and a lipid bilayer as a gatekeeper to convey
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an EGFR-antibody for targeting leukemic cells efficiently in vitro and in vivo [299,300]. Samanta
et al. have followed a similar approach of exploiting lipid bilayer around MSN to assist folate
receptor targeted drug delivery in ovarian cancer [301]. Several other efforts have also been reported,
exploiting organic/inorganic hybrid nanocarriers, L-tartaric acid, mucoadhesive delivery systems,
organosilica-based drug delivery systems, to improve the biocompatibility of MSN [302-305]. Besides,
cancer cell membranes have been utilized to coat MSN to improve immunocompatibility [306,307].
Moreover, an immunocompatible issue can be further resolved by replacing the commercially available
lipids with the lipids derived from autologous extracellular vesicles (EVs) [308].

In conclusion, considering the various advantages of using MSN as a nanocarrier, along with the
convincing preclinical results, it can be expected that, with the way out of related issues, MSN-based
formulations may make exciting breakthroughs in cancer therapy.
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Abstract: Multifunctional core-shell mesoporous silica nanoparticles (MSN) were tailored in size
ranging from 60 to 160 nm as delivery agents for antitumoral microRNA (miRNA). The positively
charged particle core with a pore diameter of about 5 nm and a stellate pore morphology allowed
for an internal, protective adsorption of the fragile miRNA cargo. A negatively charged particle
surface enabled the association of a deliberately designed block copolymer with the MSN shell
by charge-matching, simultaneously acting as a capping as well as endosomal release agent.
Furthermore, the copolymer was functionalized with the peptide ligand GE11 targeting the epidermal
growth factor receptor, EGFR. These multifunctional nanoparticles showed an enhanced uptake into
EGFR-overexpressing T24 bladder cancer cells through receptor-mediated cellular internalization.
A luciferase gene knock-down of up to 65% and additional antitumoral effects such as a decreased
cell migration as well as changes in cell cycle were observed. We demonstrate that nanoparticles with
a diameter of 160 nm show the fastest cellular internalization after a very short incubation time of
45 min and produce the highest level of gene knock-down.

Keywords: mesoporous silica nanoparticles; core-shell; surface functionalization; cell targeting;
size-dependent delivery; antitumoral microRNA (miRNA); confocal microscopy

1. Introduction

A novel modality in cancer therapy emerged over the past two decades in the form of gene
therapy and in this context, small interfering RNA (siRNA) and micro RNA (miRNA) are promising
alternatives to common anti-cancer medications [1,2]. Both nucleotide oligomers mediate the process
of RNA interference (RNAi) in which cells use these short RNA strands of 19-24 nucleotides to
recognize messenger RNA (mRNA) with a complementary sequence, induce their destruction and thus
inhibit the translation into proteins. To provide cancer therapy, synthetically produced siRNA
and miRNA mimics can be used that target and silence specific oncogenes. Recent studies have
identified a number of cancer-related genes as potential targets for RNAi-based therapy [3-5]. One of
these tumor suppressor miRNA is miR200c, which targets the proto-oncogene KRAS. It regulates cell
differentiation, proliferation and survival [6], the epithelial to mesenchymal transition [7] and suppresses
chemoresistance [8].

However, a major challenge for a widespread therapeutic application of RNAI is creating
appropriate delivery vehicles to safely and effectively deliver and release siRNA and miRNA into
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the cytosol of disease-causing cells. Several excellent reviews summarize the requirements for siRNA
delivery and comprehensively report on the efficiencies of gene silencing achieved with various
delivery materials [9-11].

Some promising results were recently obtained from ongoing clinical trials concerning RNA
delivery vehicles and in 2018 Alnylam’s Onpattro (Patisiran) has been FDA-approved as the first ever
RNAIi drug against nerve damage caused by the rare hereditary disease, transthyretin amyloidosis [12].
However, Patisiran is a lipid-based nanocarrier system that does not actively target the cancer tissue,
and most of the administered drug accumulates passively in the liver instead. Therefore, robust
and specifically targeted carrier systems are needed for an efficient delivery of siRNA and miRNA to
prevent a premature degradation of the unstable RNA. For this purpose, nanoparticles have attracted
much attention because they provide a stable, nontoxic, and highly flexible platform.

Mesoporous silica nanoparticles (MSN) are emerging as potential nanocarriers for a variety of
anti-cancer cargos including nucleic acids [13,14]. The properties that have rendered them specifically
suitable for siRNA and miRNA delivery include a high surface area and pore volume, a controllable
biodegradability [15,16], the tunability of particle size and pore size, their variable morphology
and importantly, the possibility to create core-shell particles constructed of spatially separated regions
with different surface functionalization [17,18].

This tunability of MSNs opens the possibility to systematically study the influence of the carrier
properties on the gene silencing efficacy. Multiple parameters can affect successful gene silencing
using carrier agents, e.g., the adsorption and release kinetics of the nucleic acid in the drug carrier,
the dependence of cellular uptake or endosomal escape on nanoparticle size, surface characteristics
such as charge and/or the attachments of functional residues, to name a few, but systematic studies
addressing these issues are rare [19].

For the adsorption and release kinetics of nucleic acids using MSNss, the pore size, pore morphology
and surface charge are important parameters. High loadings of nucleic acid were achieved by using
large pore MSNs with a pore diameter of around 10-20 nm [20] and when pores were modified with
cationic functional groups—aminopropyltriethoxysilane (APTES) or polylysine—to create a cationic
layer for nucleic acid adsorption [14,21]. However, some of these systems suffer from poor release
kinetics associated with low knockdown efficacies because of either the high affinity of polycations
towards nucleic acid or because of a bottleneck-type pore morphology that features smaller pore
openings than pore diameters, which both might decrease an efficient release of the highly charged
nucleic acid molecules. Based on these findings, our group introduced novel medium-pore MSNs (pore
diameter of around 5 nm) with stellate pore morphology, which were able to adsorb an exceptionally
high amount of siRNA of 380 ug mg‘1 and which enabled a mainly electrostatically driven fast
and efficient RNA desorption, resulting in a high silencing efficacy [21].

Cellular internalization of the nanocarrier is another factor that influences gene silencing
efficacy. The relationship between shape and size of MSNs [22-25] or other nanocarriers [26,27]
and cellular internalization is important as nanoparticle size may affect the uptake efficiency and kinetics
and the internalization mechanism [28]. One of the great advantages of MSNs is that they can be
designed to feature different sizes and shapes. For MSNs [22,29] as well as for Au [30], polystyrene [31]
and iron oxide nanoparticles [32], a size-dependent uptake in cells was observed with a maximum
uptake at a particle diameter of 30-50 nm. However, as size is only one among several parameters
controlling cellular uptake of nanoparticles, optimal sizes may vary for different surfaces and different
surface functionalizations. Additionally, targeting ligands were shown to improve selective cellular
uptake and a better accumulation in tumor tissue [33,34]. The effect of particle size on gene transfection
efficiency using silica-based nanoparticles with diameters from 125 to 570 nm as nanocarriers for
plasmid DNA was studied by Yu et al. Here, the transfection efficiency was found to be a compromise
between binding capacity of the nanocarriers and cellular uptake. Smaller particles showed higher
cellular uptake but less binding capacity for plasmid DNA. Particles with a diameter of 330 nm showed
the best gene transfection efficacy [35].
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Gene silencing mediated by delivery of siRNA and miRNA with MSN nanocarriers is strongly
dependent on the escape of siRNA or miRNA from the endosomes into the cytosol. To trigger this
reaction, the surface of particles is often decorated with cationic polymers, which are known to support
an endosomal escape. Polyethylenimine (PEI) is one well-studied polymer exhibiting good endosomal
escape capability when used at high dosage, attributed to a ‘proton sponge’ effect, however, it has
a poor toxicity profile [36]. For instance, the group of Gu showed very good knockdown efficacies
when PEI was attached to the outside of their particles [37,38].

A systematic study of the correlation between gene knockdown efficacy and endosomal escape
kinetics was performed by Wang et al. [39]. They used magnetic MSNs capped with PEI at low
concentrations to avoid toxic effects, resulting in poor endosomal escape ability. When endosomal
escape was induced by a chloroquine treatment at early transfection times they could still see a high
gene silencing efficacy. In contrast, when applied at later stages, a low gene-silencing efficacy was
found, presumably because the released RNA was already degraded within the endosome.

Although MSNs have shown great potential as an efficient carrier system for siRNA and miRNA
delivery, systematic studies about particle properties and corresponding gene-silencing efficacy remain
rare. Herein, we present a systematic investigation of the particle size-dependent delivery of miRNA
using core-shell MSNs for gene silencing in T24 cells. A series of MSNs with uniform sizes ranging from
60 to 160 nm with an average pore diameter of around 5-6 nm was used to encapsulate an antitumoral
microRNA mimic (miR200c) or a control RNA with a scrambled sequence (Ctrl). The core of these
particles was functionalized with APTES to yield a positively charged inner surface to accommodate
the negatively charged miRNA, while a thinner surface layer was enriched with mercaptosilane,
forming a negatively charged shell to enable binding of the capping agent. This consisted of
an amino-acid block-copolymer 454 (see Figure 1) to aid endosomal escape and which was further
linked via polyethylene glycol (PEG) to the peptide GE11, targeting the epidermal growth factor
receptor [40]. This vector is abbreviated as MSN-454-GE11. An alternative construct for the delivery of
this miRNA was studied before by Miiller et al. using RNA-encapsulating polyplexes consisting of
the same copolymer 454 functionalized with GE11 [41]. Their particles, featuring a size of 120-150 nm,
successfully showed antitumoral effects with two different therapeutic RNAs.

Antitumoral miRNA
miR200c

Polymer capping with O O
454-GE11 4

Core-shell
MSN (60 - 160 nm)

MSN-454-GE11 (60 - 160 nm)

W

Figure 1. Schematic overview of the structure of core-shell mesoporous silica nanoparticles (MSN),
the loading of miR200c and the polymer capping resulting in the MSN-454-GE11 vector. The positively
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charged core in core-shell MSN enables a high loading capacity for miRNA. The mercapto-lined MSN
shell associates with a positively charged block copolymer carrying the targeting ligand GE11, thus
acting simultaneously as capping, endosomal release and targeting agent.

Our series of MSN-454-GE11 particles covers a broad size range but still provides comparable
properties for each sample, including surface chemistry, surface charge, pore size and miRNA
concentration to enable a conclusive study of the particle-size effect on miRNA delivery. Here, we
show that good gene-silencing and antitumoral effects are obtained when miR200c is delivered by
the largest MSN-454-GE11 particles in this sequence.

2. Materials and Methods

2.1. Reagents and Materials

2-(N-morpholino)ethanesulfonic acid (MES, Sigma-Adrich, Darmstadt, Germany),
3-aminopropyltriethoxysilane (APTES, Sigma-Adrich), 3-mercaptopropyl triethoxysilane (MPTES,
>95%, Sigma-Adrich), ammonium fluoride (NH4F, >98% Fluka, Darmstadt, Germany), Atto
633-carboxy dye (Atto-Tec, Siegen, Germany), 4’,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher, Schwerte, Germany), block copolymer surfactant (Pluronic F127 (EO;0sPO70EO106),
Sigma-Aldrich), cetyltrimethyl-ammonium chloride (CTAC, 25% in H,O, Sigma-Adrich),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, >97%, Sigma-Adrich),
N-hydroxysulfosuccinimide (sulfo-NHS, 98%, Sigma-Adrich), octadecyltrimethylammonium bromide
(Cy8Br, Sigma-Adrich), propidium iodide, tetraethylorthosilicate (TEOS, >98%, Sigma-Aldrich),
triethanolamine (TEA, 98%, Fluka), triisopropylbenzene (TiPB, 96%, Sigma-Adrich). Oligomer
454 [42] and Mal-PEG-GE11 [41] were synthesized as described before. siRNA and miRNA duplexes
were purchased from Axolabs GmbH (Kulmbach, Germany): control RNA (sense: 5-AuGuAuuGG
ccuGuAuuAGdTsdT-3/, antisense: 5-CuAAuAcAGGCcAAuAcAUdTsdT-3), miR200c (sense:
5-UCCAUCAUUACCCGGCAGUAUUA-3, antisense: 5'-UAAUACUGCCGGGUAAUGAUGGA-3).

2.2. Synthesis of MSN-NH2in-Shout

Two slightly different synthesis methods were used to prepare core-shell functionalized MSN
containing 4.5% amino groups in the core and 2% thiol groups on the shell (MSN-NHi,-SHout).

Procedure A: Core-shell MSN particles were prepared by a co-condensation reaction according to
our previous reports [17,43]. Early reports from our group showed that a consistent decrease in particle
size can be obtained by decreasing the amount of TEA serving as organic base. This concept was
applied for the synthesis of samples MSN160 nm, MSN130 nm and MSN100 nm [44]. A mixture of TEA
(14 g, 93.8 mmol/10 g, 67 mmol/4 g, 26.8 mmol, respectively), tetraethylorthosilicate (TEOS, 1.74 mL,
7.84 mmol) and 3-aminopropyltriethoxysilane (APTES, 89 uL, 0.38 mmol) in a polypropylene reactor
was heated in an oil bath at 90 °C for 20 min without stirring. A second solution was prepared consisting
of water (2.41 mL, 1.21 mol), CTAC (2.71 mL, 1.83 mmol), TiPB (2.97 mL, 12 mmol) and ammonium
fluoride (NH4F, 100 mg, 2.7 mmol) and was heated to 60 °C under stirring. The second solution
was subsequently added to the first solution under strong stirring. The whole mixture was further
stirred at room temperature for 20 min. After this time, four portions of TEOS (4 x 51 uL, 0.92 mmol)
were added in three minute intervals and the solution was stirred for another 30 min. To prepare
the shell layer, a premixed solution of TEOS (42 pL, 0.190 mmol) and mercaptopropyl triethoxysilane
(MPTES) (42 pL, 0.22 mmol) was added to the whole mixture. The condensation reaction was allowed
to continue over night at room temperature.

Procedure B: MSN80 nm and MSN60 nm were prepared using the tri-block copolymer F127
as a particle growth inhibitor/dispersant. The procedure is based on an adapted recipe reported in
the literature [45]. First, a mixture of TEA (7 g, 46.8 mmol/4 g, 26.7 mmol, respectively), TiPB (1.5 mL,
6.2 mmol), F127 (100 mg, 8 umol) TEOS (2 mL, 9 mmol), and APTES (89 nL, 0.38 mmol) was prepared in
a polypropylene reactor and heated at 90 °C for 20 min. Separately, NH4F (100 mg, 2.7 mmol) and C;gBr
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(0.35 g, 0.9 mmol) were dissolved in H,O. This solution was heated to 90 °C under static conditions for
30 min and was then added under strong stirring to the first solution at once. The combined solutions
were further heated at 60 °C for 30 min. The ingredients for the shell layer, TEOS (42 uL, 0.190 mmol)
and MPTES (42 uL, 0.22 mmol), were mixed, preheated to 60 °C and added to the reaction mixture.
Heating at 60 °C was continued for 30 min, and then the reaction mixture was allowed to cool down to
room temperature under stirring and was continuously stirred overnight.

2.3. Template Extraction

Agglomerates were removed from the as- synthesized samples by centrifugation for a short time
at low speed (7197 rcf, 5 min). The pellet was discarded and the remaining particles in the supernatant
were collected via centrifugation (7197 rcf, 20 min) for template extraction. After centrifugation,
the particles were resuspended in a solution containing 2 g ammonium nitrate in 100 mL ethanol
and heated for 45 min under reflux (90 °C), cooled and collected by centrifugation (7197 rcf, 20 min).
The first reflux treatment was followed by a second extraction step for 45 min under reflux (90 °C)
using a solution of 10 mL concentrated hydrochloric acid in 90 mL ethanol. The MSNs were collected
by centrifugation for 20 min (7197 rcf) and washed with ethanol (3 x 70 mL). Finally, MSNs were
dispersed in 15 mL ethanol and used for further characterization.

2.4. Characterization

For transmission electron microscopy (TEM), samples were prepared by drying a diluted
ethanolic suspension of MSN on a carbon-coated copper grid at room temperature for several
hours. The measurements were performed on a Tecnai G2 20 S-Twin instrument operated at 200 kV
with a TVIPS TemCam-F216 camera.

Dynamic light scattering (DLS) and zeta potential measurements were performed with a Malvern
Zetasizer Nano instrument equipped with a 4 mW He-Ne-Laser (633 nm). For DLS data, a diluted
colloidal suspension of the particles was measured in PMMA cuvettes at 25 °C. For zeta potential
measurements, the additional Zetasizer titration system (MPT-2) was used based on diluted NaOH
and HCl as titrants. For this purpose, a colloidal suspension of MSNs in water at a concentration of
0.1 mg mL~! was prepared.

Raman spectroscopy was performed on a Bruker Equinox 55 with FRA-106 Raman attachment
with a ND:YAG laser (1064 nm) and a laser power of 100 mW. Infrared spectra of dried sample powder
were recorded on a ThermoScientific Nicolet iN10 IRmicroscope in reflection-absorption mode with
a liquid-N, cooled MCT-A detector.

A Quantachrome Instrument NOVA 4000e was used for nitrogen sorption analysis at =196 °C.
Sample outgassing was performed for 12 h at 120 °C and at a vacuum of 13.3 x 1073 mbar. A quenched
solid density functional theory (QSDFT) equilibrium model of N; on silica at a relative pressure
p/po = 0.8 was used to calculate the pore size and pore volume, based on the adsorption and desorption
branch of the isotherm. A BET model in the range p/py = 0.05-0.2 was used to determine the specific
surface area.

Thermogravimetric analysis (TGA) of the powder samples (10 mg) was performed on a Netzsch
STA 440 C TG/DSC using a heating rate of 10 °C/min up to 900 °C with a stream of synthetic air of
about 25 mL-min~!. siRNA concentrations were determined by UV measurements performed with
the Nanodrop 2000c spectrometer (Thermo Scientific).

2.5. Loading of Ctrl and miR200c for Gene Silencing

In all experiments, 100 uL Ctrl or miR200c solution (c = 50 ng uL~!) in MES buffer (pH = 5) was
added to 100 pg MSN-NHy;,-SHoyt samples, resulting in a final RNA concentration of 50 ug rng‘1 of
MSN carrier. Samples were vortexed and shaken at 37 °C for 30 min to complete adsorption. Particles
were washed via centrifugation and were resuspended in 100 uL. HEPES buffer. The supernatant was
collected to verify complete adsorption of RNA.
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2.6. Loading of Fluorescent Dye for Cellular Internalization Studies

A total of 1 mL MSN-NHp;i,-SHout samples (pH = 5; 1 mg mL~! MES buffer) was mixed with 2 pL
Atto-633 carboxy (2 mg mL~1in anhydrous DMSO), 10 uL EDC and a catalytic amount of sulfo-NHS.
The samples were vortexed and shaken for 4 h, were washed multiple times afterwards with MES
and HEPES buffer (1 mL, respectively) (centrifugation steps: 10 min, 16,900 rcf) and were redispersed
in 1 mL MES buffer.

2.7. Capping with 454-GE11

For capping of MSN-NHy;,-SHout samples, 10 uL Mal-PEG-GE11 reagent (5 mg mL~1 in H,0)
was added to 100 uL 454 solution (5 mg mL~! in H,O) and shaken for 2 h at 37 °C. Then, 454-GE11
was mixed with 1 mL MSN suspension (1 mg mL~! in HEPES buffer) and again shaken for 2 h
at 37 °C. Resulting MSN-454-GE11 samples were centrifuged (16,900 rcf, 10 min) and washed with
water and HEPES buffer. The samples were redispersed in 2 mL HEPES bulffer.

2.8. miRNA Binding Assay

For the miRNA binding assay, a 2.5% agarose gel was prepared by dissolving agarose in TBE
buffer (Trizma base 10.8 g, boric acid 5.5 g, disodium EDTA 0.75 g, and 1 L of water) and by heating
to 100 °C. GelRed® (1:10,000) was added and the agarose gel was cast in the electrophoresis unit.
MSN-454-GE11 samples loaded with Ctrl RNA were mixed with 4 uL loading buffer (6 mL glycerol,
1.2mL of 0.5 M EDTA, 2.8 mL H,O, 0.02 g bromophenol blue) and placed into the gel sample pockets.
Electrophoresis was run at 120 V for 90 min.

2.9. Cell Culture

HelLa, T24 or T24/eGFPLuc-200cT (authenticated by DSMZ, Braunschweig, Germany) cells, stably
expressing an eGFP-luciferase fusion gene under the control of the CMV promoter and with a target
site for miR200c, were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U mL~! penicillin and 100 U mL~! streptomycin.

2.10. Cell Viability Determined by MTT Assay

MTT assay was performed in triplicate in 96-well plates. One day prior to transfection, T24 cells
were seeded at 3500 cells/well. Before transfection, medium was replaced by 80 uL fresh medium.
MSN samples (20 pL) loaded with or without RNA were added at different concentrations in HEPES
buffer and incubated for 45 min at 37 °C followed by a medium exchange. Subsequently, cells were
returned to the incubator and 48 h after transfection a viability assay was performed. For this, an MTT
solution (100 puL/well; 0.5 mg mL1in DMEM) was added for 2 h. Then, the supernatant was removed
and cells were lysed by freezing at —80 °C. DMSO (100 uL) was added and plates were incubated
at 37 °C under shaking. Absorption at 590 nm against a reference wavelength of 630 nm was measured
using a SpectraFluorTM Plus microplate reader S4 (Tecan, Groeding, Austria). Cell viability was
calculated as percentage of absorption compared to wells treated with HEPES buffer.

2.11. Cellular Adhesion Determined by Flow Cytometry

T24/eGFPLuc-200cT cells were seeded 24 h before transfection on 24-well plates with a density of
5 x 10° cells per well in 1000 uL growth medium. After 24 h, the medium was replaced by 400 uL
fresh medium. A total of 100 pL. MSN, MSN-454-PEG and MSN-454-GE11 samples loaded with
fluorescent dye (500 pg mL~! MSN in HEPES buffer) were added and incubated for 45 min at 37 °C.
After incubation time, the cells were washed three times with PBS, 500 I.U. heparin to remove particles
non-specifically associated to the cell surface and were detached with trypsin/EDTA, taken up in growth
medium, centrifuged and resuspended in PBS containing 10% FBS. Cellular internalization of the MSN
samples was assayed by flow cytometry at an Atto-633 carboxy fluorescent dye excitation wavelength
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of 635 nm and detection of emission at 665 nm. Cells were gated by forward/sideward scatter and pulse
width for exclusion of doublets. DAPI (4’,6-diamidino-2-phenylindole) was used to discriminate
between viable and dead cells. Data were recorded by BD LSRFortessa™ (BD Biosciences, USA)
and analyzed by Flow]o® 7.6.5 flow cytometric analysis software. All experiments were performed
in triplicate.

2.12. Confocal Fluorescence Microscopy

Fluorescence microscopy was performed with a Zeiss Observer SD spinning disk confocal
microscope using a Yokogawa CSU-X1 spinning disc unit and an oil objective (63X magnification)
and BP 525/50 (WGA488) and LP 690/50 (Atto633) emission filters. A 488 nm and a 639 nm laser
were used for excitation. At 24 h prior to transfection, 3500 T24 cells per well were seeded in 8-well
plates in 280 uL growth medium. A total of 20 uL. MSN-454-GE11 covalently labeled with Atto-633
carboxy (200 g mL~' MSN in HEPES buffer) were added to each well and incubated for 45 min or 6 h,
respectively, at 37 °C followed by addition of WGA-488 to the medium for cell membrane staining.
Cells were washed with PBS and after addition of 300 uL fresh medium, cells were directly imaged.

The cellular uptake of nanoparticles was quantified using the Image] macro “Particle_in_Cell-3D”
developed by Adriano A. Torrano and Julia Blechinger, Department of Chemistry and Center for
NanoScience (CeNS, University of Munich (LMU), Munich, Germany. http://imagejdocu.tudor.lu/
doku.php?id=macro:particle_in_cell-3d)

2.13. Luciferase Gene Silencing

In all experiments, siRNA and miRNA delivery was performed in 96-well plates in triplicate.
3500 T24/eGFPLuc-200cT cells per well were seeded 24 h prior to transfection in 100 uL growth
medium. Before transfection, medium was replaced with 80 uL fresh growth medium. 20 uL. MSN,
MSN-454-PEG and MSN-454-GE11 for RNA delivery (500 ug mL~" MSN in HEPES buffer) were added
to each well and incubated for 45 min at 37 °C followed by a medium exchange. Cells were then
incubated with 100 uL fresh medium for an additional 48 h following transfection. After this time,
cells were treated with 100 puL cell lysis buffer (Promega (Mannheim, Germany)). Luciferase activity in
cell lysate (35 uL) was measured using a luciferin-LAR (1 M glycylglycine, 100 mM MgCl,, 500 mM
EDTA, DTT, ATP, coenzyme A) buffer solution on a luminometer for 10 s (Centro LB 960 plate reader
luminometer, Berthold Technologies, Bad Wildbad, Germany).

2.14. Cell Cycle Analysis

At 24 h prior to transfection, 3.5 X 10* T24 cells per well were seeded in a 12-well plate in
1000 uL growth medium and then medium was replaced by 400 uL fresh medium. A total of 100 uL
MSN-160 nm-454-GE11 (500 pg mL~! in HEPES buffer) loaded with Ctrl RNA or miR200c was added
and incubated at 37 °C for 4 h. After a selected incubation time, the medium was replaced with fresh
medium and cells were incubated for an additional 72 h. Afterwards, cells were washed with PBS
and detached with trypsin/EDTA. Cells were washed with PBS twice and suspended in 100 puL PBS.
The cell suspension was added dropwise to 0.9 mL cold 70% ethanol and incubated at 4 °C for 2 h.
Then, cell pellets were suspended in 1 mL PBS after centrifugation and incubated for 15 min at room
temperature for counting. A total of 1 x 10° cells of each sample was incubated in 300 uL propidium
iodide/TritonX-100 containing RNase solution for 15 min at 37 °C. For cell cycle analysis, the cells were
analyzed by flow cytometry at an excitation wavelength of 488 nm and detection of emission with
a 613/20 bandpass filter. Data were recorded by BD LSRFortessa™ (BD Biosciences, USA) and analyzed
by Flow]Jo® 7.6.5 flow cytometric analysis software. All experiments were performed in triplicate.

2.15. Scratch Assay

At 24 h prior to transfection, 1 x 10° T24 and MDA-MB 231 cells per well were seeded in a 6-well
plate in 2000 uL of growth medium. The medium was replaced by 800 puL fresh medium and 200 pL
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MSN160 nm-454-GE11 (500 pg mL~! in HEPES buffer) loaded with Ctrl RNA or miR200c was added.
Cells were incubated with MSN160 nm-454-GE11 for 4 h, then the medium was changed. After
24 h additional incubation time, the cell layer was broken by a scratch using a 200 uL Eppendorf tip.
Cells were washed with PBS and microscope (Axiovert 200, Zeiss, Oberkochen, Germany) pictures
were taken after 24 h.

3. Results

3.1. Particle Synthesis

We synthesized a series of core-shell MSNs with uniform size, ranging from 60 to 160 nm via
a delayed co-condensation method [17]. The core of all MSNs was functionalized with 4.5 mol% APTES
(with respect to total silica) carrying amino groups in order to create a positively charged inner void
volume capable of encapsulating the negatively charged RNA by electrostatic interaction. The outer
surface was functionalized with 2 mol% mercaptopropyl triethoxysilane (MPTES) carrying a thiol
functionalization to act as regiospecific linker for external binding of polymer and targeting ligand.

Two slightly different approaches were used to modulate the particle size of MSNs and to prepare
a series of MSNs with uniform sizes over a range from 60 to 160 nm. Larger particles with average
particle sizes of 160, 130 and 100 nm (MSN160 nm, MSN130 nm and MSN100 nm) were synthesized
based on our previous reports using a decreasing amount of the base triethanolamine (TEA) in
order to reduce the particle size (experimental details are described in the Materials and Methods
section) [43,44,46]. Briefly, to prepare the core of our core-shell particles, a preheated solution
containing cetyltrimethylammonium chloride (CTAC) as template and triisopropylbenzene (TiPB)
as pore-expanding agent was mixed with a preheated solution containing TEA, tetraethoxysilane
(TEOS) and APTES at an elevated temperature for 20 min. This was then followed by addition of
the ingredients for the surface layer containing TEOS and MPTES. To prepare smaller particles with
average particle sizes of 80 and 60 nm (MSN80 nm and MSN60 nm), we applied a slightly different
procedure, additionally using F127 as growth inhibitor/pore expanding agent according to published
reports [45]. The particle size and core-shell structure were then established as above, again by
changing the molar ratio of TEOS:TEA. Hereby, a preheated solution of octadecyltrimethylammonium
bromide (CygBr) as template was mixed with a second preheated solution of TiPB, F127, TEA, TEOS
and APTES, and stirred at 60 °C for 30 min. Afterwards, premixed TEOS and MPTES were added to
form the negatively charged shell layer.

3.2. Characterization

The particles were characterized using a number of techniques including transmission electron
microscopy (TEM), dynamic light scattering (DLS), thermogravimetric analysis (TGA), zeta potential
measurements, Raman and IR spectroscopy. The particle size and the morphology were analyzed
with TEM and DLS. All MSN samples show a spherical particle morphology with a disordered,
wormlike pore structure, independent of size (Figure 2). Figure 2a,b shows a size distribution around
160 nm (sample MSN160 nm) for particles obtained with the CTAC synthesis using a molar ratio
of TEOS:TEA = 1:10. As the molar ratio of TEOS:TEA was decreased to TEOS:TEA = 1:5 and 1:3,
the average particle size decreased to 128 nm (sample MSN130 nm, Figure 2¢,d) and 100 nm (sample
MSN100 nm, Figure 2e,f), respectively. Particles obtained by the F127 synthesis show a mean particle
size of 80 nm (sample MSN80 nm, TEOS:TEA = 1:5, Figure 2g,h). The smallest particles with a mean
particle size of 60 nm (sample MSN60 nm, Figure 2i,j) were obtained with F127 and a TEOS:TEA
ratio of 1:3. DLS measurements of suspended particles show slightly larger hydrodynamic diameters
ranging from 90 to 250 nm (Figure S1) but clearly illustrate the same trend of a decreasing particle size
with decreasing TEA concentration.
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Figure 2. TEM micrographs of (a) MSN160 nm, (c) MSN130 nm, (e) MSN100 nm, (g) MSN80 nm,
(i) MSN60 nm and corresponding particle size distribution histograms obtained from TEM images
(b,d,f,h,j). Scale bar represents 150 nm.

Nitrogen sorption measurements resulted in typical type IV isotherms for all samples, as expected
for MSNis (Figure 3a). Surface analysis indicates higher surface areas for particles prepared by the CTAC
synthesis (samples MSN160 nm, MSN130 nm and MSN100 nm) ranging between 742-960 m?/g,
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and shows a similar pore size of about 4.8 nm. Slightly smaller surface areas but larger pore sizes were
obtained for particles prepared by the F127 synthesis (MSN80 nm, MSN60 nm; 660-685 m?/g; pore
size 6.0 nm, Figure 3b). Table 1 summarizes the properties of the particles obtained by the different
synthesis methods.
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Figure 3. Characterization of MSN and MSN-454-GE11. (a) Nitrogen sorption isotherms and (b) corresponding
pore size distributions. For clarity, the pore size distribution curves in panel b are shifted along the y-axis.
(c) Raman spectrum of MSN'160 nm. The signal at 2580 cm ™ (indicated by *) indicates the presence of thiol
groups. (d) IR spectra, (e) UV VIS spectra of the capping solution before capping (black line) and the supernatants
after capping, and (f) zeta potential measurements of MSN and MSN-454-GE11 at pH = 7.3.
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Table 1. Synthesis and properties of MSN samples.

H a b s c
Name Synthesis Method Diameter TEM ABET Pore Volume Pore Size

[nm] [mz/g] [cc/gl [nm]
MSN160 nm T%%SC:T%YXE‘;S:% 159 + 21 742 0.80 48
MSN130 nm %ég%’ztiei‘; 128 + 30 961 1.06 48
MSN100 nm %ég%’gtiei‘; 100 + 37 811 0.95 48
MSNS0 nm 51;(2)755}}3:}125;55 84 +23 685 0.95 6.0
MSN60 nm TF];(Z)ZST%“:‘ES;Z 59+ 8 660 1.00 6.0

2 The average particle size was obtained from TEM micrographs by measuring the diameter of around 200 particles
of respective samples. P The total pore volume was determined at p/py = 0.9 to exclude contributions of textural
porosity. © Data were acquired from the adsorption branch of the nitrogen isotherm.

The presence of the amino and thiol groups originating from functionalization was verified with
Raman and IR spectroscopy as well as with TGA. Representative results for sample MSN160 nm
are shown in Figure 3c,d, respectively. Raman spectroscopy shows the S-H stretching mode of
the thiol groups in the particle shell at 2580 cm™! (Figure 3c), while the primary amines from core
functionalization are seen at 1630 cm™! with IR spectroscopy (MSN160 nm, black line, Figure 3d).
TGA confirms the inclusion of organic functional groups by a weight loss of 20% (Figure S2).
The decomposition of aminopropyl and successively, the mercaptopropyl groups starts at 290 °C.

3.3. Polymer Capping with 454-PEG and 454-GE11 and Targeting

The surface of the MSNs was capped with a modularly designed block copolymer 454 to prevent
a premature release of the cargo and to enhance endosomal escape for intracellular delivery of miRNA.
The structure of the copolymer 454 is shown in Figure S3. This T-shaped polymer 454 consists of
a hydrophobic domain in the center made of two oleic acids attached to lysine units. Branched
off at each side from the center are two succinyl-tetraethyl-pentamine (Stp) units [47], providing
the polymer with a cationic charge. Each end contains a tyrosine trimer coupled to a terminal cysteine
unit, potentially allowing additional functionalization. The combination of the central Stp and oleic
acid units in 454 is assumed to facilitate interactions with the endosomal membrane, resulting in
endosomal destabilization and thus enabling the nucleic acid cytosolic delivery. This block copolymer
was successfully used for the formulation of INF-7-polyplex/siRNA vehicles [48] and was further
essential for the highly efficient delivery of siRNA using MSNss, reported previously [21].

An anticancer therapy can potentially be improved by implementing cancer-cell-specific targeting
molecules to the external surface of a carrier system. It is well known that EGF receptors (EGFR)
are concentrated on many cancer cells. The small peptide GE11 has been used successfully before
to specifically address EGFR-expressing cells [41,49,50]. Here, we exploit the mercapto residues of
the cysteine groups in the capping polymer 454 for binding GE11 via a PEG linker to study the targeted,
particle-size-dependent delivery of the miR200c.

For anchoring GE11 to the cysteine units in the block copolymer, we used a mercapto-reactive
maleimide-PEG moiety consisting of 28 ethylene glycol monomer units that was previously linked to
the GE11 ligand (Mal-PEG-GE11 reagent). The Mal-PEG-GE11 reagent was then mixed with the 454
block-copolymer (454-GE11). Only 0.1 equivalents (eq.; relative to 454-polymer) of the targeting ligand
were used for 454-functionalization to maintain free thiol groups at the end of 454. The latter can
potentially undergo a disulfide bridging with the terminal mercapto-groups on the outer surface of
the MSNss, thus creating a stable copolymer capping. The attachment of the cationic polymer 454
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to the surface is additionally electrostatically favored since zeta potential measurements of our pure
MSNss reveal a negative surface charge for all samples at a pH higher than 5.5 (Figure S4). To perform
the attachment of the premixed 454-GE11 to the surface of MSN, a suspension of MSN at pH 7.3 was
mixed with 454-GE11 and the successful capping was confirmed using UV-VIS, IR, and zeta potential
measurements. IR spectroscopy shows a significant increase of the CH stretching vibrations between
2850 and 2930 cm~! and of the C-H bending vibrations of 1460 cm™! as compared to the bare MSN
particles (red graph in Figure 3d). Furthermore, the MSN-454-GE11 spectrum shows an increase of
the N-H bending vibrations at 1650 cm~! and a new signal at 1720 cm™! related to a C=0 stretching
mode, indicating the multiple amide bonds of the copolymer. UV-VIS measurements were further used
to quantify the amount of the 454-GE11 capping agent, which was similar in all samples and ranged
from 17 to 20 wt% (Figure 3e, calibration curve Figure S5 and capping amount of different samples,
Table S1).

Figure 3f shows the zeta potential measurements of all MSN samples before and after attachment
of the 454-GE11 linker (MSN-454-GE11) at pH = 7.3. Besides the size of the nanoparticles, their surface
charge is an important parameter for cellular internalization. Our pure MSN samples display a negative
surface charge between —37 and —20 mV, as expected for mercapto-covered MSNs. The zeta potential
of all capped MSN-454-GE11 samples is very comparable and has increased to about —24 mV when
measured at pH 7.3. The observed difference before and after capping can be seen as an additional
indication for a successful attachment of the targeted copolymer. The polymer capping did not affect
the particle size distribution in water for most of the MSN-454-GE11 samples when measured by DLS.
Only the sample with a mean particle size of 60 nm showed some moderate agglomeration (Figure S6).

3.4. Cell Internalization

As documented above, we have now established that our MSN carrier system shows physical
properties such as surface area, pore size, zeta potential and capping concentration that are all very
comparable, thus, leaving solely the particle size as a distinct variable. First, flow cytometry and confocal
fluorescence microscopy data were used to investigate how the targeting ligand concentration as well
as particle size might influence the cell internalization of the fully assembled MSN-454-GE11 samples.

Figure 4 shows the cellular internalization of the MSNs by T24 cells as examined via flow cytometry
after a 45 min incubation time. MSN-454-GE11 samples were labeled with the Atto-633-carboxy
fluorescent dye, which was covalently bound to the amino groups in the core of the particles. In order
to investigate the best targeting concentration, we mixed different weight equivalents of targeting
ligand GE11 with the 454 polymer in the range from 0.1 to 1 eq. before attaching the polymer
to the MSN samples. Maleimide-PEG without ligand was used as negative control for polymer
capping without targeting ligand (sample MSN-454-PEG). A significant targeting effect can be seen in
Figure 4a when 0.1 eq. of the targeting ligand was used, while only a minor improvement is observed
at higher concentrations.

Figure 4b documents the particle-size-dependent association of MSN-454-GE11 to cells as
investigated via flow cytometry. Flow cytometry showed a similar degree of cell association for
all samples, while a slight trend towards stronger association can be seen for smaller particles
(quantification and statistical analysis can be found in SI, Figure S7). Since flow cytometry is not able
to differentiate internalization from externally adhering particles, we followed this process also with
confocal fluorescence microscopy as shown in Figure 5 (for enlarged images with additional orthogonal
views of each image showing the particle internalization, see Figure S8, Supplementary Materials).
Images were subsequently analyzed via the digital method ‘Particle_in_Cell-3D’ to quantify the cellular
uptake of the differently sized MSN vectors. After imaging cells directly after an incubation time of
45 min, we found that only MSN160 nm-454-GE11 particles had penetrated through the cell membrane
and were truly internalized. Other smaller MSN-454-GE11 particles were only attached to the outer
cell membrane at this time. In contrast, all particle sizes were internalized after a 6 h incubation
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time. However, also after this time, MSN160 nm-454-GE11 particles showed the highest number of
internalized particles of all samples (Figure S9).
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Figure 4. Cellular internalization determined by flow cytometry. Cells were incubated for 45 min,
washed and analyzed. (a) MSN160 nm-454-PEG was used for passive and MSN160 nm-454-GE11 for
receptor-mediated uptake. 454 was functionalized with different equivalents of Mal-PEG (454-PEG)
and Mal-PEG-GE11 reagent (454-GE11), respectively, in the range from 0.1 to 1 eq. The mean fluorescence
intensity of the Atto-633 signal (MFI APC) represents the amount of internalized nanoparticles. A high
MEFI corresponds to a large cell uptake of MSN. For statistical analysis, a two-tailed t-test was performed
(n =3, mean + SD, * p < 0.05, ** p < 0.01) (b) Histograms of cellular internalization of Atto-633 labeled
MSN-454-GE11 after 45 min incubation with particle sizes in the range of 160 nm to 60 nm and negative
control (NC). The Atto-633 intensity (APC-A channel) is plotted against the number of events detected
(‘count’). ‘Count’ represents cumulative counts of cells with indicated Atto-633 fluorescence after
appropriate gating by forward/sideward scatter and pulse width. For statistical analysis, see Figure S7.
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Figure 5. Representative confocal fluorescence microscopy images of Atto-633 labeled MSN-454-GE11

(red) with particle sizes in the range of 160 nm to 60 nm after 45 min (upper panel) and 6 h (lower panel)
incubation on WGA488-stained T24 cells (green). For a statistical evaluation of particle-size-dependent
uptake, see Figure S9, SI.

3.5. Loading of RNA

Loading of the genetic material into our MSN samples was performed with all samples prior to
the attachment of the block copolymer. The adsorption of the miRNA is mainly driven by electrostatic
interactions with the cationic, amino-functionalized core of the MSNs. The negatively charged thiol
groups at the particle periphery are expected to minimize any external adsorption. For the best results,
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we performed the RNA adsorption in MES buffer at pH = 5. The MSN particles show a positive zeta
potential at this pH due to protonation of the amino groups (zeta potential titration, see Figure S4).

Here, aliquots of 50 ug mg ™! RNA/MSN were used for loading and the actual uptake was calculated
by difference measurements by determining the remaining RNA concentration in the supernatant.
All samples were able to adsorb the amount offered, as no residual RNA could be detected in
the supernatant after loading times as short as 30 min. The samples were subsequently capped with
454-GE11 to obtain the final MSN-454-GE11 samples used for subsequent experiments. The stable
binding of RNA in these samples is reflected in gel shift results, as shown in Figure 6a). Only little
RNA elution is visible upon applying a voltage of 100 V for 1 h to the gel.
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Figure 6. (a) Gel electrophoresis of samples MSN160 nm-454-GE11 (1), MSN130 nm-454-GE11 (2),
MSN100 nm-454-GE11 (3), MSN80 nm-454-GE11 (4), and MSN60 nm-454-GE11 (5). (b) Gene silencing
of T24/eGFPLuc-200cT cells transfected with MSN-454-GE11 containing either Ctrl (white) or miR200c
(grey). After an incubation time of 45 min, cells were washed. At 48 h after transfection, gene-silencing
effects were analyzed.

3.6. Gene Silencing

As a proof of concept, the gene silencing of the eGFP-luciferase reporter gene was performed
using T24/eGFPLuc-200cT cells. This cell line stably expresses the eGFP-luciferase fusion protein, while
simultaneously featuring a miR200c target site on the expressed mRNA. Therefore, the gene expression
of eGFP-luciferase fusion protein can be blocked by the delivery of miR200c. The luciferase signal
was thus used to evaluate the gene-silencing efficacy of miR200c. In order to simulate the dynamic
conditions of drug delivery and to avoid a prolonged overexposure of the cells with particles suspended
in the medium, we have used extremely short incubation times of 45 min. Cells were subsequently
washed by exchanging the medium and the effect of this short exposure was then analyzed after
time spans referred to as transfection time in the following. Cells were transfected with MSN
and MSN-454-GE11 of different sizes loaded with either a synthetic miR200c mimic or a control
siRNA without any target gene (Ctrl, Figure 6b). Gene silencing was never observed with the pure
MSN samples (missing the 454 polymer construct) loaded with miR200c for silencing (Figure S10a).
This might be caused by a premature release of the RNA or by endosomal trapping of the MSN samples
missing the 454 polymer.

Similarly, none of the smaller sized MSN-454-GE11 samples showed any significant silencing
efficacy. In contrast, with the larger 160 nm targeted polymer-capped MSN160 nm-454-GE11 sample,
a luciferase gene knockdown of up to 65% was observed. These findings are in good agreement with
the confocal fluorescence microscopy images, which showed the fastest internalization for particles
with a size of 160 nm.
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Flow cytometry data showed an improved cellular internalization of the targeted
MSN160 nm-454-GE11 vector in comparison with the non-targeted control MSN-454-PEG when
0.1 eq. of the targeting ligand was used. This targeted vector showed a higher silencing efficacy
compared to the non-targeted control, which is in good agreement with the increased uptake observed
via flow cytometry.

As expected, the same sample loaded with just scrambled RNA (Ctrl) did not show a significant
unspecific knockdown, thus excluding major toxic effects induced by the carrier system itself. Systematic
cell viability studies using an MTT assay also show a good tolerance of the cells towards these samples
(Figure S11).

These results show that a particle size of about 160 nm in combination with the copolymer 454
enables the fastest cell internalization and also the best transfection efficacy when short incubation
times of only 45 min are used. Inhibition experiments addressing specific endocytic pathways were
inconclusive with respect to a preferred mechanism for a certain particle size. However, endocytosis
was substantially more blocked for the larger particles as compared to the 60 nm particles (see Figure 512,
Supplementary Materials). Our data also confirm the endosomolytic activity of the 454 polymer
since cell adherence/uptake was observed for all pure MSN samples (flow cytometry of pure MSN
samples in Figure S13), but no transfection occurred without the 454 polymer (see Figure S10a).
As described above, we further found that only MSN160 nm-454-GE11 showed gene-silencing activity,
while all smaller MSN-454-GE11 samples were not active after the short incubation period applied
here. Confocal fluorescence microscopy showed that MSN160 nm-454-GE11 particles were already
internalized after 45 min, while all other MSN-454-GE11 samples needed much longer incubation
times to achieve internalization. Thus, particle internalization of the smaller particles is likely too slow
and prevents a larger efficacy.

Recently, miR200c was delivered by some of us using GE11 modified 454 polyplexes with a similar
size of 120-150 nm [41]. The gene silencing efficiency achieved in the same T24/eGFPLuc-200cT cells
with these polyplexes was around 60%, which is in the same range as the knockdown efficiency of
the MSN-454-GE11 constructs presented here. This comparison suggests that the size of the targeted
constructs is a determining feature controlling the knockdown efficiency. As MSN160 nm-454-GE11
constructs were shown to offer the best cellular-uptake behavior and gene-silencing efficiency, they were
used for the following cell migration and cell cycle experiments.

3.7. Antitumoral Effects

The tumor suppressor miR200c inhibits the epithelial-mesenchymal transition, a process involved
in metastasis by enhancing the motility and migration of tumor cells, by targeting ZEB1 and ZEB2.
ZEB1 and ZEB2 are transcriptional repressors, which downregulate the marker E-cadherin [7,51].
Furthermore, Kopp et al. reported that one of the most prominent oncogenes KRAS is targeted by
miR200c, which results in an altered cell cycle of the cancer cells [6]. Notably, they could show that
miR200c inhibits cell cycle progression by decreasing the G1-population. We have performed direct
investigations of these antitumoral effects through tumor cell migration and cell cycle analysis on
two different EGFR overexpressing cell lines, T24 bladder cancer and HeLa cervical cancer cells using
miR200c loaded MSN-454-GE11 samples.

Cell migration was studied using a scratch assay, as shown in Figure 7. T24 cells and HeLa cells
were incubated with MSN-454-GE11 for 4 h (5 pg miR200c/well), then the medium was changed.
After additional 24 h, the cell layer was broken by a scratch using a 200 uL Eppendorf pipette tip.
The closure of the scratch, which is an indicator for cell migration, was measured at indicated time
points. In both cell lines, the scratch was almost completely closed after 48 h when MSN-454-GE11
was loaded with Ctrl-RNA (88% scratch closure for T24 and 82% closure for HeLa cells). In contrast,
with MSN-454-GE11 particles loaded with miR200c, a scratch closure of only 48% (for T24) and 53%
(for HeLa cells) was observed after this time. Hence, miR200c delivered by MSN-454-GE11 significantly
hinders cell migration.
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T24 cells Hela cells

Ctrl miR200c Ctrl miR200c

Figure 7. Inhibition of tumor cell migration. Images of a scratch assay of T24 and HeLa cells. Cells were
treated with MSN160 nm-454-GE11 loaded with miR200c. The cell layer was broken after 24 h through
a scratch and the closure was monitored for 48 h.

In addition, the effect of miR200c on the cell cycle was studied. Cells were transfected with
MSN-454-GE11 loaded with miR200c or with the control RNA Ctrl and incubated for 4 h (Figure 8).
A significant decrease in the number of cells in the G1 phase is observed when exposed to miR200C
delivered by MSN, in combination with an increase in the number of cells in the S-phase. Thus, tumor
cells transfected with MSN-454-GE11 loaded with miR200c showed the expected decreased migration
and changes in the cell cycle.
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Figure 8. Cell cycle analysis via flow cytometry of cell stages G1, S and G2 of T24 cells at 72 h after
treatment. For statistical analysis, a two-tailed t-test was performed (n = 3, mean + SD, *** p < 0.01)

4. Conclusions

In this study, we exploited the tunability of MSNs to synthesize a series of core-shell MSNs with
different particle sizes between 60 to 160 nm for studying the size effect of these carriers on antitumoral
miRNA delivery. All other properties of the delivery vehicles, including surface area, pore size and zeta

96



Pharmaceutics 2020, 12, 505

potential were kept comparable. The nanoparticles were capped with a positively charged block
copolymer 454 equipped with the targeting agent Mal-PEG-GE11. Since gene silencing was only
observed after capping the nanocarriers with this 454 polymer, we conclude that it is essential for
the endosomal escape by destabilizing the endosomal membrane. It was shown that the targeting ligand
GE11 enhances a receptor-mediated uptake. After capping, the MSN-454-GE11 vehicles were used for
a systematic investigation of size-dependent gene silencing. While smaller particles did not lead to
significant effects, MSN-454-GE11 with a size of 160 nm showed a remarkable gene knockdown efficacy
and antitumoral effects such as a decreased migration and changes in cell cycle. Overall, we observed
the fastest cellular internalization as well as the best knock-down efficacies with MSN-454-GE11 sized
160 nm. In contrast to FACS results that indicated a particle association with the cells independent of
MSN particle size, we found with statistically evaluated image analysis that only the largest particles
are truly internalized in the cells after short incubation times. Thus, cell studies as performed here,
aiming to simulate dynamic conditions of in vivo drug delivery by washing the incubated cells
after a short incubation time, might discriminate against all particles that are not well attached to
the cell surface. Fast internalized particles are thus the winner. We hypothesize that due to their size,
they expose a larger contact area to the cell membrane and simultaneously a larger number of targeting
ligands, which, when spaced just right, allow for a maximum degree of endocytosis. Our study
shows that fast cellular internalization is essential for a successful downregulation. In summary,
the nanoscale MSN160 nm-454-GE11 vehicles show the most promising potential for future in vivo
biomedical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/6/505/s1,
Figure S1: DLS measurements of MSN samples, Figure S2: TGA, Figure S3: Structure of copolymer 454, Figure S4:
Zeta potential titration curves of pure MSN samples, Figure S5: 454-GE11 calibration curve, Figure S6: DLS
measurements of MSN-454-GE11 samples, Figure S7: Quantification of FACS data shown in Figure 4b, Figure S8:
Confocal fluorescence microscopy images, Figure S9: Quantification of the cellular uptake of MSN-454-GE11,
Figure 510: Gene-silencing assay, Figure S11: MTT cell viability study, Figure S12: Inhibition results, Figure 513:
FACS of internalization of untargeted nanoparticles, Table S1: Estimated capping amount of 454-GE11 for different
MSN samples.
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Abstract: Thermosensitive alginate—poloxamer (ALG-POL) copolymer with an optimal POL content
was synthesized, and it was used to combine with silk fibroin (SF) for building ALG-POL/SF hydrogels
with dual network structure. Mesoporous bioactive glass (BG) nanoparticles (NPs) with a high
level of mesoporosity and large pore size were prepared and they were employed as a vehicle for
loading insulin-like growth factor-1 (IGF-1). IGF-1-loaded BG NPs were embedded into ALG-POL/SF
hydrogels to achieve the controlled delivery of IGF-1. The resulting IGF-1-loaded BG/ALG-POL/SF
gels were found to be injectable with their sol-gel transition near physiological temperature and pH.
Rheological measurements showed that BG/ALG-POL/SF gels had their elastic modulus higher than
5kPa with large ratio of elastic modulus to viscous modulus, indicative of their mechanically strong
features. The dry BG/ALG-POL/SF gels were seen to be highly porous with well-interconnected pore
characteristics. The gels loaded with varied amounts of IGF-1 showed abilities to administer IGF-1
release in approximately linear manners for a few weeks while effectively preserving the bioactivity
of encapsulated IGF-1. Results suggest that such constructed BG/ALG-POL/SF gels can function as a
promising injectable biomaterial for bone tissue engineering applications.

Keywords: alginate-poloxamer copolymer; silk fibroin; dual network hydrogel; mesoporous bioactive
glass; insulin-like growth factor-1

1. Introduction

The extracellular matrix (ECM) is the noncellular component presenting within all tissues
and organs, and it usually has three-dimensional porous architecture. It provides not only essential
physical scaffolding for the cellular constituents but also initiates crucial processes that are required
for tissue morphogenesis, differentiation, and homeostasis [1]. Each tissue has its own ECM with
a unique composition and topology, generated during tissue development [2]. Cells interact with
biochemical and biophysical cues in their ECM in highly dynamic and reciprocal manners, and such
cell-ECM interactions play a critical role in cell behavior mediation, cell function normality and even
cell fate decisions, involving quite complicated processes from quiescence to activation and progenitor
state to terminal differentiation [1,2]. Accordingly, it is pivotal to harness the interactions between
ECM and the resident cells in developing strategies for effectively regenerating tissue or regulating
disease [1,2]. To data, many kinds of hard biomaterials have been employed in tissue engineering for
various purposes, but their applications in ECM biomimicry have been limited because these hard
biomaterials are lack of ability to adequately mimic the structure and properties of ECM in body
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tissues [3]. Polymer hydrogels, which behave like soft and elastic objects, are usually constructed by
physically or chemically crosslinked macromolecules. They contain large amounts of water while
having highly porous architecture with tailorable physiochemical properties and easy diffusivity of
small molecules. These features make them attractive candidates for mimicking the dynamic ECM [3,4].

Injectable polymer hydrogels having in situ gelling properties under physiological conditions
have received a great deal of attention in tissue engineering owing to their two advantageous
characteristics [5]. One is that they can be conveniently used to deliver cells, bioactive compounds,
and therapeutic drugs alone or in combination by simply mixing these consignments with polymer
solutions prior to gelation; and another is that they can be injected to the defect site via minimally
invasive surgery followed by formation into solid-like fillers with discretional shapes [5,6]. Nowadays,
varied kinds of natural polymers have been commonly used in the form of hydrogels. Among them,
alginate has been extensively investigated for its hydrogel applications. Physically crosslinked
alginate hydrogels can be easily built by using certain divalent cations, typically calcium ions (Ca?*),
asacrosslinker. Despite the convenience of preparation, so constructed alginate hydrogels often undergo
progressive disintegration in vivo due to the ionic exchange between Ca?* in the gels and monovalent
cations (such as Na* and K*) coming from the host tissue surrounding the applied gels, which often
results in their unstable dimension and uncontrolled properties [7,8]. Another type of physically
crosslinked alginate hydrogel was engineered by grafting a type of thermosensitive polymer, poloxamer
(Pluronic F127), onto alginate backbone, and the sol-gel transition of alginate-poloxamer (ALG-POL)
hydrogels can be trigged by thermosensitive action arisen from the poloxamer component [9]. Despite
easy-handled and safe advantages, ALG-POL gels appear to be weak and brittle in nature, and are apt
to disintegrate due to its high percentage of Pluronic F127 [10]. Thus, ALG-POL gels are incompetent
for certain applications in cartilage or bone tissue engineering where sufficient strength and persistent
dimension stability are concomitantly required.

Many studies have revealed that hydrogels with dual or multiple networks could be largely
enhanced in their stability and mechanical performance when compared to the single network gel [11].
In spite of the mentioned advantages, multiple network gels are not all suitable for tissue engineering
applications as they are usually fabricated via chemical crosslinking, and the involved crosslinking
reactions could possibly impair the loaded cells or the host tissue surrounding the applied gel [5,12].
Silk fibroin (SF) is a kind of natural fibrous protein and it can be processed into hydrogels via
enzyme-catalyzed crosslinking of amino acid phenolic groups by the aid of H,O,, and the obtained SF
hydrogels show tunable strength and elasticity [13]. In the case of in vivo usage, the applied amount
of HyO; for crosslinking SF gels has to be controlled at a safe level since the resulting SF gels could be
cytotoxic if the applied dose of HyO; is higher than certain thresholds [14]. As a result, so prepared
SF gels were usually weak [15]. Taking into account the gelable characteristics of ALG-POL and SF
through their respectively independent gelling mechanisms, it is feasible to construct a new type of
ALG-POL/SF gel with dual network structure while having enhanced performance.

Some growth factors have been proved to be highly effective for promoting bone repair, especially
taking advantage of the controlled factor release by way of proper carriers [16]. Among various kinds
of growth factors, insulin-like growth factor-1 (IGF-1) is considered to be crucial for longitudinal
bone growth, skeletal maturation, and bone mass acquisition not only in the bone growth phase of
young individuals but also in the maintenance of bone in adult life [17]. In the situation of bone
repair, in addition to promoting cell proliferation and matrix synthesis, the applied IGF-1 at the defect
site can also induce the chemotactic migration of osteoblasts to the repair site via local concentration
gradients established by factor diffusion [18]. Like many other growth factors, IGF-1 has a short half-life
when exposed to the circulatory system [19]. Therefore, when the need arises to maintain sustained
release of IGF-1 at the local site in vivo, one of the practical strategies for its administration is to
encapsulate IGF-1 into certain vehicles to preserve its activity while managing to modulate its dose
and action duration. It is generally realized that directly encapsulating growth factors into hydrogels
would result in their burst release because hydrogels commonly have rather porous structures with
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high water content [7,20]. It has been suggested that release kinetics of growth factors delivered
by a hydrogel system could be mediated to varied degrees by encapsulating the growth factor into
certain microcarriers such as microspheres (MPs) and nanoparticles (NPs) first, and then, embedding
the factor-loaded microcarrier into the hydrogel system [20-22].

Bioactive glasses (BGs) have now been widely used as an attractive inorganic biomaterial for
bone repair since they have the ability to strongly bond bone tissue via a hydroxycarbonate apatite
interface layer with composition and function similar to naturally occurring bone hydroxyapatite [23].
Mesoporous BG microspheres or nanoparticles can also serve as a reservoir for delivering therapeutic
drugs or bioactive molecules besides their functions for acting as bone repair material [24]. In addition
to regular BG MPs or NPs, many of them have been doped with different kinds of compounds, and their
ionic dissolution products are capable of inducing osteogenesis or angiogenesis at the bone defect
site, depending on the variety of doped elements [25]. In this context, it would be rational to load
IGF-1 into porous BG NPs, and then, to incorporate the IGF-1-loaded BG NPs into above mentioned
dual network ALG-POL/SF gels. On the basis of such designed strategy, a multifunctional composite
hydrogel system with mechanically strong features and capabilities for administering the release of
IGF-1 could be obtained. In this study, an attempt was made to achieve this goal. Some formulated
IGF-loaded BG/ALG-POL/SF gels were found to be injectable and mechanically strong, and to have
affirmative abilities to control the release of IGF-1 while preserving its bioactivity.

2. Materials and Methods

2.1. Materials

Sodium alginate (ALG, Mp: 1.3 X 10° Da), Poloxamer 407 (POL, My: 12,600 Da), 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC), horseradish peroxidase (HRP), and N-hydroxyl
succinimide (NHS) were procured from Aladdin Inc (Shanghai, China). Recombinant human IGF-1
and IGF-1 enzyme-linked immunosorbent assay (ELISA) Kit were purchased from PeproTech Inc
(Cranbury, NJ, USA) and R&D systems (Minneapolis, MN, USA), respectively. Other reagents
and chemicals were of analytical grade and purchased from Sinopharm Inc (Shanghai, China).

SF was produced using Bombyx Mori cocoons according to the reported method [15]. Cocoons
were degummed in a Nap,COj solution (0.02 M) at 100 °C for 30 min, and the retrieved silk fibers
were rinsed with ultrapure water followed by drying in a ventilated hood. The obtained SF fibers
were then dissolved in a LiBr solution (9.3 M) at 60 °C with stirring for 5 h, and the prepared solution
was dialyzed against distilled water for 2 days using membrane tubes (MW cutoff: 3500) to remove
impurities. The achieved dilute SF solution was further concentrated to varied concentrations by
immersing the solution-loaded membrane tubes in a 50% PEG20000 solution, and the concentrated SF
solutions were stored at 4 °C for further use.

2.2. Synthesis of Alginate-Poloxamer Copolymers

A two-step method was used to synthesize alginate—poloxamer (ALG-POL) copolymers.
POL was first modified into monoamine-terminated POL (MATP) following reported methods [26,27],
and the obtained MAPT was then grafted onto alginate at a fixed feed mass ratio of alginate to MATP
at 1:30 to achieve alginate—poloxamer copolymers. Details for the synthesis of MATP and ALG-POL
can be found in the Supplementary Materials.

2.3. Preparation of Bioactive Mesoporous Glasses

Two kinds of porous mesoporous BG NPs (named as MBG-1 and MBG-2, respectively) with
different pore-sizes were prepared following reported methods. MBG-1 NPs were prepared
as follows [28]. One gram of hexadecyl-trimethylammonium bromide was dissolved in an emulsion
consisted of 150 mL of H,O, 2 mL of aqueous ammonia, 40 mL of ethyl ether, 20 mL of ethanol,
and 0.1125 g of calcium nitrate (Ca(NO3),-4H,0). 600 pL of tetraethyl orthosilicate (TEOS) was then
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added to the mixture at a molar Ca/Si ratio of 15:85. After stirring at 30 °C for 4 h, the white sediment
was collected by filtration, washed with distilled water, and dried in air at 60 °C, and finally, calcined
at 550 °C for 5 h. The same method was used to prepare MBG-2 NPs with slight modification [29].
The above prepared emulsion was vigorously stirred at room temperature for 30 min, and then, 600 pL of
TEOS was added with vigorous stirring at 30 °C for 4 h. The resulting precipitate was collected
and processed in the same way as that applied to MBG-1 NPs. Parameters for these BG NPs are given
in Table 1.

Table 1. Parameters for bioactive glass (BG) nanoparticles.

Sample Surface Area Pore Volume Pore Size C-Potential Particle

Name (m?%/g) (mL/g) (nm) (mV) Size (nm) PDI
MBG-1 562.4 +10.2 0.49 +0.02 6.1+0.13 -149+ 05 2272+103 0.11
MBG-2 498.3 £9.4 0.61 + 0.03 10.3 +0.18 -171+0.7 264.7 £12.1 0.13

Several IGF-1 solutions in PBS (pH 7.4) with varied concentration of 50 ng/mL (low dose),
100 ng/mL (medium dose), and 150 ng/mL (high dose) were first prepared. In a typical preparation
process, 1 mL of any IGF-1 solutions was introduced into a vial with inner protein-resistant coating,
and 10 mg of blank MBG-1 or MBG-2 NPs was then added. The mixture was allowed to incubate
overnight on an orbital shaker at 37 °C. The IGF-1-loaded BG NPs were collected by centrifugation
and washed with PBS followed by freeze-drying. The amount of IGF-1 loaded in BG NPs was measured
basing on the difference of IGF-1 concentrations in the loading medium before and after soaking BG NPs
by using IGF-1 ELISA Kit. Loading efficiency (LE) of BG NPs was calculated by the following equation:

LE(%) = (My/M;) x 100% 1

where M) is the mass of IGF-1 encapsulated inside NPs, and M; is the feed mass of IGF-1. Parameters
for the IGF-1oaded BG NPs are provided in Table 2.

Table 2. Parameters for insulin-like growth factor-1 (IGF-1)-loaded BG nanoparticles.

Sample Feed Amount of Particle Size (-Potential

o
Name IGF-1 (ng/mL) (nm) PDI (mV) LE (%)
BS1 @ 50 229.1 +11.4 0.14 -103+0.5 38.6+17
BS2 100 230.4 + 12.6 0.18 -9.1+0.6 46121
BS3 150 232.7 +10.8 0.19 -8.6+0.3 485+25
BL1 ® 50 265.3 +11.35 0.17 -105+0.5 459 +2.4
BL2 100 268.2 +12.46 0.16 -81+04 572+19
BL3 150 267.9 +13.14 0.18 -72+0.6 614+23

(a) BSi (i = 1, 2 and 3) sample set was prepared using blank MBG-1 NPs. (b) BLj (j = 1, 2 and 3) sample set
was prepared using blank MBG-2 NPs.

2.4. Preparation of Hydrogels

IGF-1-free composite solutions were prepared using ALG-POL, SF solution and blank BG NPs
and they were used to construct blank BG/ALG-POL/SF gels for their compositional and structural
optimization in order to save costly IGF-1. Some composite solutions containing IGF-1 were also
prepared by directly adding IGF-1 or incorporating IGF-1-loaded BG NPs into the aqueous ALG-POL/SF
mixture. These solutions were further processed into gels by incubating them in a water bath at 37 °C.
The major parameters for them are summarized in Tables 3 and 4, respectively.
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Table 3. Parameters for BG/alginate-poloxamer (ALG-POL)/silk fibroin (SF) hydrogels without factor

loading @),
Sample SF ALG-POL Blank MBG-2 H,0, HRP H Gelation Time T, C)
Name  (wt%) wt%)  NPswt%)®  (uD)© (D)@ P (min) @ i
G-A 7.0 5.0 - 10 10 7.06 + 0.09 11.75 £ 0.96 36.1 +0.42
G-B 7.0 5.0 1.0 10 10 7.13 + 0.06 105+1.29 352 +0.57
G-C 7.0 5.0 2.0 10 10 7.11 +0.07 9.75 + 0.96 34.6 +0.49

(a) The full volume of solutions: 2mL. (b) See Table 1 for their parameters. (c) Concentration of H,O,: 500 mmol/L.
(d) Concentration of HRP: 1000 U/mL. (e) Gelation time was determined by inverting vial every 1 min.

Table 4. Parameters for IGF-loaded BG/ALG-POL/SF hydrogels.

Sample o, ALG-POL IGF-1-Loaded © () IGF-1 Content
Name SF (wt%) (Wt%) MBG-2 NPs (wt%) ®  H202 (1) HRP (L) in Gel (ng/mL)

GEL-1 @ 7.0 5.0 - 10 10 154.2 +11.27
GEL-2 7.0 5.0 - 10 10 5129 + 16.35
GEL-3 7.0 5.0 1.0 10 10 160.3 + 10.84
GEL-4 7.2 5.0 2.0 10 10 5207 +19.52

(a) GEL-1 and GEL-2 were directly loaded with prescribed amounts of IGF-1 for making comparisons. (b) IGF-1 load
inside MBG-2 NPs was regulated by changing the IGF-1feed amount. (c) and (d) See Table 3 for their concentrations.

Gelation time was assessed using the inverted tube testing method. Typically, one of the IGF-1-free
composite solutions (2.0 mL) was introduced into a glass vial and it was stirred in an ice/water bath
for 5 min before being gelled. Fluidity of the composite solution was checked by regularly inverting
the vial, and gelation time was recorded starting from the beginning of vial incubation in the water
bath and ending at the point when the solution stopped flowing.

2.5. Characterization

Fourier transform infrared (FTIR) spectra of samples were performed on a spectrometer (Vertex 70,
Bruker, Ettlingen, Germany). 'H NMR spectra were recorded on a NMR spectrometer (Ascend
TM 600 MHz, Bruker, Rheinstetten, Germany). The weight percentage of POL in ALG-POL
copolymers was determined using an elemental analyzer (Vario EL III, Elementar, Hanau, Germany).
The morphology of BG NPs was viewed with a transmission electron microscope (TEM, Tecnai G2,
FEI, Hillsboro, OR, USA). Hydrodynamic size and zeta (C) potential of BG NPs were measured using a
dynamic light scattering (DLS) instrument (Nano-Z590, Malvern Instruments, Worcestershire, UK).
A mass of BG NPs (100-150 mg) were dried for 12 h at 120 °C and degassed for 24 h at 200 °C
under vacuum. The volume of nitrogen adsorbed and desorbed at different relative gas pressures
was measured using a surface area and pore size analyzer (ASAP 2020 Plus, Micromeritics, Norcross,
GA, USA), and it was then utilized to construct adsorption-desorption isotherms. The specific surface
area was determined with the Brunauer-Emmett-Teller (BET) method. The pore volume and the mean
pore size were derived from the adsorption branches of the isotherms using the Barrett-Joyner-Halanda
(BJH) method. The porous cross-section structure of dry gels was examined by scanning electron
microscopy (SEM, Quanta 200, FEI, Eindhoven, Netherlands). Dry gel samples with known weight
(Wd, g) were immersed in PBS at 37 °C till they attained equilibrium, and their wet weight (Ws, g)
was measured after removal of excess surface water with filter paper. Swelling index (SI) of gels
was calculated using the following formula:

SI(g/g) = (Ws = Wq)/Wq @
2.6. Rheological Analysis

Rheological measurements of fluids or hydrogels were carried out using a rheometer (Kinexus Pro
KNX2100, Southborough, MA, USA) equipped with a parallel-plate sample holder. The temperature
sweep curve was recorded in the range of 25 to 45 °C by heating liquid samples at a rate of 1 °C/min,
and the incipient gelling temperature (T;) of liquid samples was determined at the intersection
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point of storage modulus (G’) and loss modulus (G”). Isothermal frequency sweep experiments
were conducted using hydrogel discs (10 mm in diameter and ca. 4 mm in height) prepared with a
punch, and the obtained data were plotted as a function of modulus versus frequency at predefined
strain amplitude of 1%. Shear viscosity of liquid samples was measured at 23 °C in a shear rate range
between 0.1/s and 400/s.

2.7. Release of IGF-1

In vitro IGF-1 release profiles for IGF-1-loaded MBG-1 and MBG-2 NPs were first tested to find
out their difference in release rates. Measurements were conducted using several sets of eppendorf
tubes, each filled with 500 uL PBS containing 1% (w/v) bovine serum albumin. To each eppendorf
tube, 5 mg of IGF-I-loaded MBG-1 or MBG-2 NPs was added, and all sets of tubes were incubated
in a shaking water bath at 37 °C and 60 rpm for various periods up to 6 days. At predetermined time
intervals, eppendorf tubes were withdrawn by group and they were centrifuged for 5 min at around
1000 g to collect supernatants. The release amount of IGF-I was determined using IGF-1 ELISA kit.

In the case of IGF-1 release from gel samples, some cylindrical gel samples were first produced.
Each (0.5 mL) of IGF-1-loaded composite solutions (see Table 4) was filled into a cylindrical mold
(diameter: 10 mm) and incubated at 37 °C for 20 min for gel formation. The gel samples were then
introduced into different vials filled with 3 mL of PBS, and the vials were vortexed on a shaking table
at 37 °C and 60 rpm. At prescribed time points, 1 mL of medium was withdrawn with replenishing
the same volume of fresh buffer. The released amount of IGF-1 was measured using IGF-1 ELISA Kit.

2.8. Bioactivity of Released IGF-1

The IGF-1’s ability to promote the proliferation of osteoblasts was tested to access the bioactivity of
released IGF-1 [30-32]. MC3T3-E1 cells (Type Culture Collection of the Chinese Academy of Sciences,
Shanghai, China) were used as testing cells. Cells were expanded in DMEM supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin in a 5% CO, humidified atmosphere at 37 °C.
The expanded cells were resuspended in PBS for further use.

Cells were cultured in 96-well plates at a density of 5 x 10 cells/well in complete culture
medium at 37 °C for 24 h. The cells were serum-starved for 24 h, after which the media
was replaced with either serum-free media (denoted as control, 0 ng/mL), serum-free media
with free IGF-1 (5 or 50 ng/mL), or serum-free media with released IGF-1 (5 or 50 ng/mL).
The cells were cultured for varied durations up to 72 h, and their proliferation was determined
by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, Dojindo, Japan) essay.
Briefly, the media was aspirated from the 96-well plates after the prescribed culture period, and a 20 uL.
aliquot of MTT stock solution and 200 uL of serum-free medium was added to each well. After being
further cultured for 4 h, the media was removed from the wells, and 150 uL. of DMSO was added to
each well with shaking at 37 °C for 15 min. After that, the optical density (OD) was determined at
590 nm using a microplate reader (PerkinElmer Inc, USA).

Cells were also cultured on the surface of gels for making further comparison. Briefly, two kinds
of IGF-1-contained composite solutions with their compositions respectively matching with GEL-2
and GEL-4 gels (see Table 4), 200 pL apiece, were pipetted into wells of 24-well plates, and cultured at
37 °C for gel formation. Subsequently, volume of MC3T3-E1 cell suspension (100 uL) was added to
each well (5 x 10* cells/well), and cells were then cultured with serum-free media (500 uL) at 37 °C for
varied periods up to 72 h. Cell proliferation was assessed by OD measurement using above described
MTT assay. Cell cultured under monolayer condition in serum-free media (0 ng/mL) without exposing
to gels were used as control.
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2.9. Statistical Analysis

Data were presented as mean + standard deviation. Analysis of the difference between groups
was performed using one-way ANOVA. The statistical difference was considered to be significant
when the p-value was less than 0.05.

3. Results and Discussions

3.1. Analysis of ALG-POL

ALG-POL copolymer was synthesized by grafting MAPT onto the ALG backbone through
EDC/NHS chemistry. Figure 1 presents a schematic illustration to show the synthesis route for MAPT
and ALG-POL copolymer. A representative NMR spectrum for MAPT is provided in Figure S1
in which the typical peaks respectively assigning to methyl and methylene confirm the successful
synthesis of MAPT. The preliminary experimental results indicated that the composition of ALG-POL
exerted significant effects on the thermoresponsivity, degradation tolerance, and strength of resulting
ALG-POL/SF gels. Accordingly, the proportion of ALG and POL components in ALG-POL copolymer
was optimized via orthogonal design method. By changing the ratio of MATP to ALG in a range
between 20 and 35 at a step size of 5 during the synthesis of ALG-POL copolymers, one of ALG-POL
copolymers was thus screened out by setting the MATP/ALG ratio at 30. The POL content in such
optimized ALG-POL copolymer was thus measured to be around 66 wt% via elemental analysis.
Figure S2 presents FTIR spectra for POL, ALG and ALG-POL. The spectrum of POL is characterized
by three typical bands at 2891 (C-H stretch aliphatic), 1345 (in-plane O-H bend) and 1112 cm™!
(C-O stretching). The ALG spectrum shows specific absorbance bands of its COOH stretching at
1610 cm™! and C-O-C stretching at 1305 cm™! [33], respectively. In the spectrum for ALG-POL,
the carbonyl absorption band for carboxylate sodium salt originally showing in the ALG spectrum
disappeared while a new characteristic amide I band appeared at around 1637 cm™!, suggesting that
amide bonds have formed between ALG and POL [9,33]. FTIR spectra demonstrate that the ALG-POL
copolymer has been successfully synthesized.
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Figure 1. Schematic illustration for synthesis of alginate-poloxamer copolymer.
3.2. Parameters for Mesoporous BG Nanoparticles

Two kinds of mesoporous BG NPs were produced under slightly different processing conditions
in order to attain certain BG NPs having proper pore-sizes and pore volumes for gaining high LE.
Panels A and B in Figure 2 display two typical TEM micrographs for the prepared BG NPs, and these
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spherical BG NPs were seen to be porous with their size of about 200 nm. A mass of BG NPs were
measured for their average particle size and (-potential, and relevant data are listed in Table 1. There
were significant differences (p < 0.05) in the average size and (-potential of these BG NPs, signifying
that the processing conditions significantly modulated their structure and property even though
they were formulated with the same chemical composition [28,29]. Figure 2C displays the recorded
N, adsorption-desorption isotherms for MBG-1 and MBG-2 NPs. Two isotherms exhibited their
respective hysteresis loops of the desorption branch, indicative of the existence of large pores inside BG
NPs [28,29]. In comparison to MBG-1 NPs, the hysteresis loop for MBG-2 NPs was shown to be steeper
and its inception turning point was closer to the high pressure end of the N, isotherm, suggesting that
MBG-2 NPs have more pores with larger size than MBG-1 NPs. Besides these differences, MBG-2 NPs
also quite differed from MBG-1 NPs in pore volume and pore size distribution (Figure 2D). Two sets of
BG NPs were measured for their major parameters and the obtained data are summarized in Table 1.
It can be seen that the presently developed BG NPs had a high level of pore volume, large average pore
size and negative (-potential, and thus, they could act as a practical vehicle for the IGE-1 delivery since
IGF-1 is somewhat positively charged (isoelectric point, 8.6) at physiological pH and has its molecular
weight of about 7.6 kD [34,35].
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Figure 2. Images of MBG-1 (A) and MBG-2 (B) nanoparticles (NPs); N, adsorption isotherms (C)
and pore size distribution (D) of NPs.

3.3. IGF-1 Release from BG Nanoparticles

Blank MBG-1 and MBG-2 NPs were loaded with IGF-1 under the condition of varying IGF-1
feed amounts, and two sets of IGF-1-loaded BG NPs were thus produced (Table 2). BSi (i =1, 2
and 3) sample set was prepared by loading IGF-1 into MBG-1 NPs having smaller average pore
size than that for MBG-2 NPs (see Table 1) whereas BLj (j = 1, 2 and 3) sample set was prepared
by loading IGF-1 into MBG-2 NPs. Data in Table 2 reveal that these IGF-1-loaded NPs had similar
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average particle size (p > 0.05) but significantly higher (-potential (p < 0.001) as compared to their
respective blank counterparts (see Table 1). The nearly unchanged average size for IGF-1-loaded NPs
shown in Table 2 can be attributed to the very small IGF-1 mass when compared to NPs themselves,
whereas the significantly increasing (-potential should be ascribed to the slightly positively charged
nature of IGF-1 [34]. Table 2 indicates that the IGF-1-loaded NPs in BL;j (j = 1, 2 and 3) set had
significantly higher (p < 0.05) LE as compared to the counterpart in BSi (i = 1, 2 and 3) set. These
differences are rational because the blank MBG-2 NPs used for preparing BLj (j = 1, 2 and 3) set have
notably higher pore volume and larger pore size when compared to blank MBG-1 NPs used in BSi
(i=1, 2 and 3) set (see Table 1). Table 2 also shows that the IGF-1 feed amount exerted certain effects on
LE, and this kind of effect would become insignificant once the IGF-1 feed amount reached 100 ng/mL
or higher. It is worth mentioning that IGF-1 feed amounts were designated as such in order to test
the LE for NPs. Actually, the IGF-1 load in these NPs can be effectively regulated by changing the feed
amount of IGF-1.

The IGF-1 release patterns from IGF-1-loaded BG NPs are shown in Figure 3A,B. BS1, BS2,
and BS3 NPs released around 50% of their initial IGF-1 load on the first day, and after 4-day release,
the cumulative IGF-1 release amounted to about 70%. The IGF-1 load in these NPs did not impose
any significant impacts on their release profiles. With respect to the cases associated with BL1, BL2,
and BL3 NPs, their release profiles looked quite similar to that assigned for BS1, BS2, and BS3 NPs,
respectively, with somewhat faster release rates (Figure 3B). Figure 3 verifies that these mesoporous
BG NPs themselves are not able to effectively control the release kinetics of IGF-1 on account of their
initial burst release features. LE is a key issue that is correlated to the rational use of IGF-1 because
of high cost of IGF-1. In consideration of the similar release profiles illustrated in Figure 3 for both
MBG-1 and MBG-2 NPs but significantly higher LE detected from MBG-2 NPs (see Table 2), MBG-2
NPs were thus chosen for the follow-up gel preparation.
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Figure 3. IGF-1 release profiles from 5 mg of BS1, BS2, and BS3 NPs ((A), initial IGF-1 load in BS1, BS2
and BS3 was 1.93, 4.61, and 7.27 ng/mg) and BL1, BL2, and BL3 NPs ((B), initial IGF-1 load in BL1, BL2,
and BL3 was 2.29, 5.72, and 9.21 ng/mg) in 500 uL PBS (see Table 2 for their parameters).

3.4. Rheological Properties of BGIALG-POL/SF Gels without IGF-1 Load

ALG-POL is a thermoresponsive copolymer and the thermal transition of ALG-POL solutions
had strong concentration dependence. A previous study reported that ALG-POL was gelable when
its solution concentration reached about 15 wt% or higher [9]. In the present study, the optimally
synthesized ALG-POL copolymer was found to have clear sol-gel transition during a rational gelation
period when its solution concentration reached 12 wt% or higher. Several optical images are presented
in Figure S3 for showing changes of ALG-POL fluids after incubation. It can be noticed that
the ALG-POL solution with its concentration of 9 wt% was remained as a fluid even though it
was incubated at 37 °C for 60 min, and on the other hand, a 12 wt% ALG-POL solution was able to
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turn into gel via incubation at the same temperature during 14 min. Results in Figure S3 demonstrate
that ALG-POL alone could be thermally gelable at 37 °C when its solution concentration is higher
than a certain threshold.

In view of independent gelable mechanisms respectively belonging to ALG-POL and SF
components, dual network gels with mechanically strong nature could be constructed by using
ALG-POL and SF together. To achieve a ALG-POL/SF gel with required properties, a series
of ALG-POL/SF composite solutions having their weight proportions of 4/8, 5/7, 6/6, and 7/5
was formulated for the preparation of blank ALG-POL/SF gels, and the optimal gel was sought
out as 5 wt% for ALG-POL and 7 wt% for SE. Based on such designed composition for the ALG-POL/SF
gel, blank MBG-2 NPs were embedded into the gel to fabricate three kinds of BG/ALG-POL/SF gels
without IGF-1 load and the resulting gels were utilized to evaluate the rheological properties in order
to save IGF-1. Major parameters for these blank BG/ALG-POL/SF gels are given in Table 3.

As seen from Table 3, G-A, G-B, and G-C gels had the same matrix and the difference in their
composition was the percentage of blank MBG-2 NPs. Panels A, B, and C in Figure 4 elucidate
the representative temperature sweep curves of G’ and G” for different gels, and these gels were seen
to respond to the thermal stimulus at different inception temperatures (T;). G-A gel had its T; at
around 36 °C, whereas G-B and G-C gels showed their T; near 35 °C, connoting that the introduction
of BG NPs into the ALG-POL/SF gel has a very limited effect on their gelation temperature. It can be
observed from Table 3 that the pH value and T; of these gels were quite close to the physiological pH
and temperature, and meanwhile, their gelation time was seen to be rational [5,6], suggesting their
applicability under physiological conditions. Figure 4D presents the shear dependence of viscosity for
different gels. Their viscosity was shown to be lower than 70 pa.s at 23 °C, and progressively decreased
with rising shear rate, indicating their shear-thinning features. Given that the gel injection is usually
performed at room temperature, curves graphed in Figure 4D validate that the presently formulated
BG/ALG-POL/SF gels have well-defined injectability.
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Figure 4. Temperature sweep curves (A—C) and shear viscosity ((D), 23 °C) for BG/ALG-POL/SF gels.
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In principle, magnitude of G’ and G” of hydrogels in the linear viscoelastic region (LVR) of
their frequency sweep spectra together with G’/G” ratio can be used to assess the gel strength [36].
In general, a strong hydrogel is characterized by high G’, and meanwhile, its G” should be 1-2 orders of
magnitude greater than its G” [36]. Figure 5A,B show that at a fixed frequency in their respective LVR,
for example, 1.0 HZ, three kinds of gels had their G’ of around 5 kPa or higher and their G” greater
than 300 Pa. The incorporation of BG NPs into the ALG-POL/SF gel seemed not to exert marked
effects on G’ and G” of the resulting gels. To make quantitative comparisons, G’ and G” at 1.0 Hz for
these gels were measured, and obtained average values are graphed in Figure 5C. The bar-graphs
explicate that these gels had their G” higher 5.5 kPa with the G’/G” ratio greater than 15, verifying their
mechanically strong features.
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Figure 5. Frequency dependent functions (A,B) of modulus and average values (C) of modulus at
1.0 Hz and 37 °C for BG/ALG-POL/SF gels (**, p < 0.001; N.S., no significance).

3.5. Morphological Analysis of Dry Gels

The presently developed BG/ALG-POL/SF gels need to be porous because they are intended for
use in bone repair where they will function as injectable materials for housing cells. G-A and G-C gels
in Table 3 were selected and their lyophilized samples were examined to see their internal structures.
A few SEM images for the dry gels are represented in Figure 6. These images show that dry gels were
highly porous and their pore size changed from several tens of microns to more than two hundred
microns with pore-interconnected characteristics. With respect to G-C gel, the incorporation of BG NPs
did not significantly affect its pore structure when compared with G-A gel. The image with a larger
magnification (Figure 6D) displays that the wall of pores in the gel was stuck or attached with many
size-varied granules and these granules should be assigned to BG NPs or their aggregates. The average
pore size for these dry gels is shown in Figure 6E. The dry gels had large average pore size without
significant difference, which is advantageous for bone repair where large pore size and high porosity
in the requisite gels are concurrently required.

SI of dry gels has been used as an approximate estimation for their porosity since the channels
shaped inside the gels can regulate their swelling and deswelling behavior via water convection [37].
In general, dry gels with open-cell pores and high porosity have high SI and short swelling equilibrium
time due to fast water convection [38]. The bar-graph in Figure 6F illustrates that these dry gels had
their SI higher than 5, and meanwhile, the composition of the gels seemed not to exert significant
impacts on their SI. In addition, it was found that these dry gels reached their respective swelling
equilibrium in PBS less than 30 min. The similar SI together with their rapidly swollen features
connotes that these gels have similar porosity.
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Figure 6. SEM micrographs ((A,B), G-A gel; (C,D), G-C gel), average pore-size (E) and swelling
index (F) of BG/ALG-POL/SF dry gels (see Table 3 for parameters of gels; N.S., no significance).

3.6. IGF-1 Release of Gels

The gels were loaded with varied amounts IGF-1 in a designated way as illustrated in Table 4
and they were detected to access their capacity for administration of IGF-1 release. Release profiles for
these gels are presented in Figure 7. Curves in Figure 7A exhibit that two kinds of gels directly loading
with IGF-1 had fast IGF-1 release in the first few days at varied rates somewhat depending on their
initial IGF-1 load, and their IGF-1 release became visibly slower after one-week release with similar
release rate in the light of approximately constant distance between the two curves. In marked contrast
to this observation, two gels embedded with IGF-1-loaded BG NPs behaved in quite different ways
(Figure 7B). IGF-1 load of around 7% or less was released from the gels in the first day, and afterwards,
the release patterns followed approximately linear behavior for a few weeks at various release rates.
In comparison to the patterns shown in Figure 7A, the significantly reduced initial IGF-1 release
and the subsequent release slowdown in Figure 7B can be attributed to the joint contribution of the gel
matrix and BG NPs. As denoted in Table 4, GEL-3 and GEL-4 gels were prepared by embedding
IGF-1-loaded BG NPs into ALG-POL/SF. In comparison to GEL-1 and GEL-2 gels, IGF-1 molecules
in GEL-3 and GEL-4 gels will encounter increasing resistance derived from both BG NPs and gel matrix,
which will certainly result in their release slowdown. When the release patterns in Figure 7B are
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compared each other, it can be observed that IGF-1 content in the gels remarkably affected the release
rate. A possible reason could be ascribed to that the higher IGF-1 loading in a gel would form a larger
IGF-1 concentration gradient inside the gel, which would force IGF-1 molecules to transport through
the gel matrix faster and to reach the media earlier, leading to higher cumulative IGF-1 amount.
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Figure 7. IGF-1 release patterns for gels directly loaded with IGF-1 (A) and for IGF-loaded
BG/ALG-POL/SF gels (B).

3.7. Bioactivity Assessment of IGF-1

Bioactivity preservation of released IGF-1 is an important issue because it is closely correlated
to the biological effects of IGF-1. In this study, MC3T3-E1 cells were used for assessment of IGF-1
bioactivity because IGF-1 is capable of promoting the proliferation of osteoid cells in dose-dependent
manners [30-32]. To evaluate these gels on the same baseline, GEL-2 and GEL-4 gels were selected
taking account of their similar and higher initial IGF-1 load. MC3T3-E1 cells were cultured with
equivalent amount of released IGF-1 or free IGF-1 for varied durations up to 72 h and relevant results
are elucidated in Figure 8. At a low level of IGF-1 (5 ng/mL), OD values matching with IGF-1-applied
cell groups were remarkably higher than that of control group but no significant differences were
detected among cell groups that were exposed to free IGF-1 or released IGF-1 as sampling time
advanced (Figure 8A). By increasing the applied IGF-1 amount by 10 times (Figure 8B), the variation
trend of OD values and their differences looked similar to that detected at the IGF-1 dosage of 5 ng/mL.
In addition, by comparing each OD value in Figure 8B with the corresponding one in Figure 8A,
IGF-1-dose dependent characteristics can be detected when the culture time reached 72h. These results
support that the released IGF-1 was able to promote the proliferation of MC3T3-E1 cells in the way of
dose-regulation, confirming that bioactivity of released IGF-1 can be well preserved.
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Figure 8. Response of MC3T3-E1 cells to 5 ng/mL (A) or 50 ng/mL (B) of free or released IGF-1 during
various culture periods (*, p < 0.05; **, p < 0.001; N.S., no significance).
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Besides these tests, MC3T3-E1 cells were also cultured on the surface of GEL-2 and GEL-4 gels
for three days to further evaluate their growth, and the measured OD values are depicted in Figure 9.
In these cases, the cumulated IGF-1 amount in the culture media would be dynamically altered because
GEL-2 and GEL-4 gels would incessantly release IGF-1 at different rates despite their similar initial
IGF-1 load. As shown in Figure 7, the cumulative amount of IGF-1 released from GEL-2 gel on
the first, second and third days reached around 27, 39, and 50%, respectively; and the corresponding
cumulative IGF-1 release from GEL-4 gel was about 7, 10, and 13%. Considering the patterns shown
in Figure 7, it can be envisioned that in the current situation, the amount of available IGF-1 in GEL-2
group was significantly higher than that in GEL-4 group in the first three days. It can be seen that OD
values measured from two gel groups were markedly higher than that detected from control group
during the three sampling days, demonstrating that the released IGF-1 is bioactive and able to promote
the growth of MC3T3-E1 cells (Figure 9). When GEL-2 and GEL-4 groups were compared each other,
it shows that there was no significant difference in their OD value on the first day, but on the second
and third days, OD value measured from GEL-2 group was notably larger than that detected from
GEL-4 group. The possible reasons for these observations could be attributed to that (1) cells need a
certain period of time to attach to the gels and to undergo recovery growth with low responsiveness to
the released IGF-1 on the first day, resulting in insignificant difference in their OD value; and (2) after
fully attaching and returning to their normal growth, cells seeded on GEL-2 gel would grow faster
than those on GEL-4 gel because GEL-2 gel can release a notable higher IGF-1 amount than GEL-4 gel.
These results further confirm that presently devised gels have ability to promote the proliferation of
MC3T3-E1 cells.
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Figure 9. Optical density (OD) values of MC3T3-E1 cells cultured on the surface of gels during various
periods (¥, p < 0.05; **, p < 0.001; N.S., no significance).

4. Conclusions

Thermosensitive ALG-POL copolymer containing a necessitated percentage of POL
was successfully synthesized. Such synthesized ALG-POL was found to be suitable for constructing
hydrogels with dual network structure through combining with SE. The optimally obtained ALG-POL/SF
gels were injectable at room temperature and mechanically strong with their sol-gel transition near
physiological pH and temperature. Embedment of mesoporous BG nanoparticles into ALG-POL/SF
gel did not significantly modify the gelation temperature, gelation time and pH of the resulting gels.
The interior of the dry gels was seen to be highly porous with well-interconnected pore architecture.
Direct incorporation of IGF-1 into ALG-POL/SF gels was inadvisable for administrating IGF-1 release.
By embedding IGF-1-loaded BG nanoparticles into ALG-POL/SF gels, the resulting IGF-1-loaded
BG/ALG-POL/SF gels showed a confirmative ability to administrate IGF-1 release in an approximately
linear manner for a few weeks and their IGF-1 release rate could be effectively regulated by the IGF-1
load in BG nanoparticles. Cell tests confirmed that the released IGF-1 was bioactive as compared with
the free IGF-1.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/6/574/s1,
Figure S1. 'H NMR spectra for monoamine-terminated poloxamer (MATP). Figure S2. FTIR spectra for poloxamer
(A), alginate (B) and alginate-poloxamer (C). Figure S3. ALG-POL fluids and formed ALG-POL gel after incubation.
(Concentration of ALG-POL: 9 wt% (A); and 12 wt% (B)).
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Abstract: Mini-invasively injectable hydrogels are widely attracting interest as smart tools for
the co-delivery of therapeutic agents targeting different aspects of tissue/organ healing (e.g.,
neo-angiogenesis, inflammation). In this work, copper-substituted bioactive mesoporous glasses
(Cu-MBGs) were prepared as nano- and micro-particles and successfully loaded with ibuprofen
through an incipient wetness method (loaded ibuprofen approx. 10% wj/w). Injectable hybrid
formulations were then developed by dispersing ibuprofen-loaded Cu-MBGs within thermosensitive
hydrogels based on a custom-made amphiphilic polyurethane. This procedure showed almost
no effects on the gelation potential (gelation at 37 °C within 3-5 min). Cu?* and ibuprofen were
co-released over time in a sustained manner with a significantly lower burst release compared to MBG
particles alone (burst release reduction approx. 85% and 65% for ibuprofen and Cu?*, respectively).
Additionally, released Cu?* species triggered polyurethane chemical degradation, thus enabling
a possible tuning of gel residence time at the pathological site. The overall results suggest that
hybrid injectable thermosensitive gels could be successfully designed for the simultaneous localized
co-delivery of multiple therapeutics.

Keywords: polyurethane; injectable hydrogels; ion/drug delivery; mesoporous bioactive glasses;
tissue regeneration

1. Introduction

Tissue regeneration is the result of a complex process, which involves the synergistic contributes of
cells, biomaterials, and bioactive factors (e.g., drugs, ions, growth factors). In most cases the complete
regeneration of tissues fails due to a lack of vascularization; hence insufficient angiogenesis is one
of the major current pathological concerns. In addition, the occurrence of drug-resistant infections
may lead to several complications and greatly enhance the number of non-healing cases [1]. In
order to overcome these issues, much attention has focused on the design of multifunctional systems
which are able to simultaneously promote all the processes involved in the tissue/organ healing
cascade. The incorporation of drugs, growth factors or inorganic nanomaterials into hydrogels has been
extensively investigated [2,3], with the aim of combining in a single formulation several therapeutic
abilities (such as pro-angiogenesis, anti-bacterial, anti-inflammatory). Among the approaches already
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explored, the combination of hydrogels with inorganic nanocarriers, which are able to incorporate
and release several agents, represents a promising therapeutic strategy with a high potential for
clinical translation. With this perspective, Zhu et al. prepared chitosan/mesoporous silica nanoparticle
(MSN) composite hydrogels for localized co-delivery of drugs and macromolecules [4]. Similar
hydrogel embedding ibuprofen-loaded MSN was proposed for surface coating of titanium implants [5]
and poly(vinyl alcohol) hydrogels carrying oil-loaded MSNs containing curcumin were studied for
dermal application [6]. More recently, a similar strategy has been explored to design thermosensitive
hydrogels based on a poly(N-isopropylacrylamide) (PNIPAM) copolymer carrying mesoporous silica
for dual-responsive (i.e., temperature and light) drug release [7] and for bone tissue regeneration [8].

More recently, in the field of tissue regeneration, considerable attention has been addressed
towards the use of mesoporous bioactive glasses (MBGs) enriched with specific metallic
ions (i.e., Sr¥*, Cu2*, Ag™, Ce®"), as multifunctional therapeutic platforms for advanced medical
devices [9,10]. Among the elements which can exert therapeutic properties, copper has been
extensively investigated, due to the well documented pro-angiogenic effect alongside its antibacterial
potential [11,12]. Several works have evidenced the antibacterial potential of Cu-containing MBGs
against both planktonic bacteria and biofilms. In particular, Wu et al. [11] tested the successful
antibacterial potential of Cu-containing MBG scaffolds against Escherichia coli bacteria and, accordingly
with this, the authors recently demonstrated that Cu-containing MBG nanoparticles and their ionic
extracts exert promising antibacterial activity against both Gram positive and Gram negative bacteria
(Staphylococcus aureus, Staphylococcus epidermidis and E. coli) and are effective in inhibiting and preventing
biofilm produced by S. epidermidis [13]. In addition to antibacterial abilities, Cu-substituted bioactive
glasses were also demonstrated to stimulate angiogenesis and promote revascularization of soft and
hard tissues [14,15].

Based on these promising results, we have recently reported the development of hybrid
formulations able to combine the injectability of thermosensitive poly(ether urethane)-based (PEU)
hydrogels and the capability of MBG particles to release functional copper ions [16]. This system
was developed for a prolonged and sustained release of copper ions, with the final aim to promote
simultaneously angiogenesis and anti-microbial effect [13,17-19]. However, no effects against persistent
inflammation could be achieved with the formulated system. Hence, in order to expand the potentialities
of the previously developed hybrid platform, Cu-substituted MBGs, in the form of micro- and
nano-particles, were loaded with ibuprofen (Ibu), chosen as an anti-inflammatory agent, and embedded
into PEU hydrogels. The resulting hybrid formulations were evaluated in terms of ion/drug co-delivery
kinetics, gelation behavior and stability in an aqueous environment.

Since the main goal of this contribution was the definition and the characterization of a novel
and adaptable drug/ion release platform, our investigation mainly focused to identify the maximum
amount of particles which could be incorporated within the hydrogel and to assess the related effect on
the gelation behavior as well as the ion/drug co-release capacity that the final combined formulation
could provide. The high potentiality of the proposed strategy lies in its wide versatility, as by tailoring
the composition and cargo of MBGs, different ions and bioactive factors can be co-released according
to the therapeutic effects required by the final targeted application. Moreover, their release timing and
dosages can be finally optimized according to the requirements of each specific application, to make
the released payload effective (i.e., releasing kinetics within the therapeutic window), while avoiding
cytotoxic concentrations. In addition, the use of a custom-made PEU hydrogel as the vehicle phase of
the MBGs provides the final system with a further degree of freedom. The characteristic LEGO-like
chemical structure of PEUs allows polymer properties to be finely tuned by changing their constituting
building blocks. This versatility opens the way to the design of stimuli-responsive hydrogels with an
enhanced control over payload release and/or hydrogel dissolution/degradation, thus improving the
release properties compared to those observed for MBGs alone. To the best of our knowledge, this
is the first attempt to design a hybrid injectable formulation based on a thermo-sensitive hydrogel
embedding MBGs able to co-release therapeutic ions and drugs.
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2. Materials and Methods
2.1. Synthesis of Cu-Substituted MBGs

2.1.1. Materials

Cetyltrimethylammonium bromide (CTAB > 98%), ammonium hydroxide solution (NH4OH),
double distilled water (ddH,O), tetraethyl orthosilicate (TEOS), calcium nitrate tetrahydrate (Ca(NO3),
-4H,0, 99%), copper chloride (CuCly, 99%), Pluronic P123 (EO»PO7EOyp, Mpn ~5800 Da), ibuprofen
(>98% GC), Trizma® base, primary standard and buffer, >99.9% (titration) were purchased from Sigma
Aldrich, Milan, Italy and used as received. All solvents were purchased from Sigma Aldrich (Milan,
Italy) in analytical grade.

2.1.2. Cu-Substituted MBG Nanoparticles

Cu-substituted MBGs nanoparticles (nominal molar ratio Cu/Ca/Si = 2/13/85, hereafter named
as MBG_Cu2%_SG) were prepared using a base-catalyzed template sol-gel synthesis, following an
already optimized protocol [16]. In brief, 6.6 g of CTAB, acting as template, and 12 mL of NH,OH
were dissolved in 600 mL of ddH,O under magnetic stirring (350 rpm) for 30 min. Then, 30 mL of
TEQS, 4.888 g of Ca(NO3), . 4H,0 and 0.428 g of CuCl, were added, and the obtained solution was
vigorously stirred for 3 h at room temperature (RT). The powder was collected by centrifugation
(Hermle Labortechnik Z326, Hermle LaborTechnik GmbH, Wehingen, Germany) at 10,000 rpm for
5 min, washed twice with ddH,O and once with absolute ethanol. The final precipitate was dried at
70 °C for 12 h and calcined at 600 °C in air for 5 h at a heating rate of 1 °C min~! using a Carbolite
1300 CWFEF 15/5 (Carbolite Ltd., Hope Valley, UK), in order to completely remove CTAB.

2.1.3. Cu-Substituted MBG Microspheres

Cu-substituted MBG microspheres (nominal molar ratio Cu/Ca/Si=2/13/85, hereafter named as
MBG_Cu2%_SD) were synthesized following the aerosol-assisted spray-drying method reported by
Pontremoli, Boffito et al. [16]. Briefly, 2.030 g of Pluronic P123, acting as template, were dissolved in
85 g of ddH,O. Simultaneously, in a separate batch, a solution of 10.73 g of TEOS was pre-hydrolyzed
under acidic conditions using 5 g of an aqueous HCl solution at pH 2. The solution with TEOS was
then added drop-wise into the template solution and kept stirring for half an hour. Then, 0.163 g of
CuCl, and 1.86 g of Ca(NO3), - 4H,0 were added. The final solution was stirred for 15 min and then
sprayed with a Biichi, Mini Spray-Dryer B-290 (Biichi Labortechnik AG, Flawil, Switzerland), using
Nj as atomizing gas (inlet temperature 220 °C, N pressure 60 mm Hg, feed rate 5 mL min~!). The
obtained powder was finally calcined at 600 °C in air for 5 h at a heating rate of 1 °C min~!
Carbolite 1300 CWF 15/5 (Carbolite Ltd., Hope Valley, UK).

using a

2.1.4. Ibuprofen Loading Procedure

Ibuprofen was loaded into MBG_Cu2%_SG and MBG_Cu2%_SD through the incipient wetness
method [20]. In brief, 0.1 g of both Cu-substituted MBGs were impregnated several times by dropping
consecutive small aliquots of an ibuprofen solution in ethanol (at the final concentration of 30 mg/mL)
onto the powders at RT. After each impregnation, ethanol was evaporated at 50 °C for 10 min and
the dried powder mixed with a spatula. In order to completely fill the mesopores with ibuprofen the
impregnation procedure was carried out with four 100 uL aliquots. Lastly, the obtained powders were
dried at 50 °C overnight and named as follows: MBG_Cu2%_SG_Ibu and MBG_Cu2%_SD_Ibu.

2.2. Characterization of Cu-Substituted MBGs Loaded with Ibu

The morphology and particle size of the prepared powders were analyzed by field-emission
scanning electron microscopy (FE-SEM) using a ZEISS MERLIN instrument (Oberkochen, Germany).
For FE-SEM observations, 10 mg of MBG_Cu2%_SG_Ibu were dispersed in 10 mL of isopropanol
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using an ultrasonic bath (Digitec DT 103H, Bandelin, Berlin, Germany) for 5 min to obtain a stable
suspension. A drop of the resulting suspension was put on a copper grid (3.05 mm Diam. 200
MESH, TAAB), allowed to dry and successively chromium-plated prior to imaging (Cr layer 7 nm).
MBG_Cu2%_SD_Ibu sample was dispersed directly onto the double face carbon tape placed on a
sample stub and then coated with a Cr layer. Compositional analysis of the powders was performed
by energy dispersive spectroscopy (EDS; AZtec EDS, Oxford instruments, Abingdon-on-Thames, UK).
EDS spectra were acquired on powder dispersed on carbon tape by analyzing an area of 75 x 50 um?.
Nitrogen adsorption-desorption isotherms were measured by using an adsorption analyzer ASAP2020
Micromeritics (ASAP 2020 Plus Physisorption, Norcross, GA, USA) at a temperature of —196 °C.
Before nitrogen adsorption-desorption measurements, loaded samples were outgassed at 37 °C for
5 h, in order to avoid the degradation of the drug. The Brunauer-Emmett-Teller (BET) equation
was used to calculate the specific surface area (SSAggt) from the adsorption data (relative pressures
0.04-0.2). The pore size distribution was calculated through the DFT method (density functional theory)
using the NLDFT kernel of equilibrium isotherms (desorption branch). The mesopore structure was
investigated by transmission electron microscopy (TEM, Fei Company, Hillsboro, OR, USA) using a FEI
Tecnai G2 operated at 200 kV. The samples were prepared by suspending the powders in ethanol and
drop-wise placed on carbon coated copper grids. Thermo-gravimetric analysis (TGA) of the samples
was performed on a TG 209 F1 Libra instrument from Netzsch (Selb, Germany) over a temperature
range of 25-600 °C under air flux at a heating rate of 10 °C min~!. The drug content was determined
from the weight loss between 200 and 600 °C, by applying a correction for the weight loss in the
same range of temperature due to the surface silanol condensation as recorded on Cu-substituted
MBGs before Ibu loading. Fourier transformed infrared (FT-IR) spectra of the drug-loaded samples
were collected on a Bruker Equinox 55 spectrometer (Bruker, Billerica, MA, USA) over a range of
wavenumbers from 4000 to 400 cm™! (resolution 2 cm™!). In order to assess the amorphous state of
incorporated Ibu, X-ray patterns were collected using an X'Pert PRO, PANalytical instrument (X"Pert
PRO, PANalytical, Almelo, The Netherlands) (CuK« radiation at 40 kV and 40 mA). Data were obtained
from 10° to 80° (diffraction angle 29) at a step size of 0.0130° and a scan step time of 60 s. Differential
scanning calorimetry (DSC) analysis of Ibu-loaded samples was carried out with a DSC 204 F1 Phoenix
(Netzsch) instrument ((Selb, Germany). The samples were heated from 37 °C to 200 °C at a heating
rate of 10 °C min~! under N, flux.

2.3. Synthesis of Amphiphilic Poly(ether urethane)

2.3.1. Materials

Amphiphilic water-soluble PEU was synthesized starting from Poloxamer®407 (P407,
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) PEO-PPO-PEO triblock copolymer,
70% PEO, M, 12,600 g/mol), 1,6-hexamethylene diisocyanate (HDI) and 1,4-cyclohexanedimethanol
(CDM), purchased from Sigma Aldrich, Milan, Italy. Before the synthesis, all the reagents were
anhydrified according to the following protocols: P407 was dried for 8 h at 100 °C and then cooled
down at 40 °C at a pressure lower than 200 mbar; HDI was distilled under reduced pressure; CDM
was vacuum-dried in a dessicator at RT. Dibutyiltin dilaurate (DBTDL) was also purchased from
Sigma Aldrich, Milan, Italy and used as received to catalyze the polymerization reaction. Anhydrous
1,2-dichoroethane (DCE, Carlo Erba Reagents, Cornaredo, Italy) was prepared by pouring the solvent
over activated (at 120 °C, overnight) molecular sieves (4A, Sigma Aldrich, Milano, Italy) under N,
atmosphere for 8 h. All other solvents were purchased from Carlo Erba Reagents, Cornaredo, Italy in
the analytical grade and used as received.

2.3.2. Poly(ether urethane) Synthesis

PEU synthesis was carried out according to Boffito et al. [21]. P407, HDI and CDM were reacted at
1:2:1 molar ratio and the synthesis was conducted under N, atmosphere following a prepolymerization
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method with a first reaction between P407 and HDI to form an N=C=O-terminated prepolymer
which was then chain extended through the addition of CDM. In detail, the required amount of HDI
was added to a 20% w/v concentrated P407 solution previously prepared in DCE and equilibrated
at 80 °C. DBTDL was also added at 0.1% wj/w concentration with respect to P407 and the reagents
reacted for 150 min. Then, the reaction mixture was cooled down at 60 °C and a 3% w/v concentrated
CDM solution previously prepared in DCE was added to start the chain extension reaction which
lasted 90 min and was finally terminated through the addition of MeOH. The synthesized PEU was
collected by precipitation in an excess of petroleum ether (petroleum ether: DCE = 4:1 v/v) and further
purified by solubilization in DCE (20% w/v) and precipitation in a diethyl ether/MeOH mixture (98:2
v/v, 5:1 volume ratio with respect to DCE). PEU was collected by centrifugation (MIKRO 220R, Hettich,
Tuttlingen, Germany), dried overnight, grinded and stored under vacuum at 4 °C until use. Hereafter,
the synthesized PEU will be referred to with the acronym CHP407, where C, H and P407 refer to CDM,
HDI and Poloxamer®407, respectively.

2.4. Chemical Characterization of the As-Synthesized PEU

The successful synthesis of CHP407 poly(ether urethane) was assessed by attenuated total
reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy and size exclusion chromatography
(SEC). CHP407 and P407 ATR-FTIR spectra were registered using a Perkin Elmer (Waltham, MA,
USA) Spectrum 100 instrument equipped with an ATR diamond crystal (UATR KRS5). Spectra were
obtained as an average of 16 scans registered at RT within the spectral range 4000-600 cm™! (resolution
4 cm™!). CHP407 molecular weight distribution was assessed by SEC using an Agilent Technologies
1200 Series (Agilent Technologies, Inc., Santa Clara, CA, USA) instrument equipped with a refractive
index detector (RID) and two columns (Waters Styragel HR1 and HR4, Waters Corporation, Sesto
San Giovanni, Italy). Analyses were conducted at 55 °C using N,N-dimethylformammide (DMEF,
CHROMASOLYV Plus, inhibitor-free, for HPLC, Carlo Erba Reagents, Cornaredo, Italy), added with
0.1% w/v LiBr (Sigma Aldrich, Milano, Italy) as eluent at a flow rate of 0.5 mL/min. Samples were
prepared at 2 mg/mL concentration in the mobile phase and filtered through a 0.45 um syringe filter
(Macherey-Nagel, Diiren, Germany poly(tetrafluoro ethylene) membrane) before analysis. The Agilent
ChemStation software was finally used to estimate CHP407 Number Average Molecular Weight (M)
and polydispersity index (D) based on a calibration curve previously constructed starting from 10
poly(methyl methacrylate) standards with M, ranging between 940 and 214,600 g/mol.

2.5. Preparation of CHP407-Based Hydrogels Carrying Cu-MBGs Loaded with Ibu

CHP407 thermosensitive hydrogels were prepared at a final PEU concentration of 15% w/v [16,21].
Cu-MBGs loaded with Ibu were encapsulated into CHP407-based hydrogels with final particle
concentration of 20 mg/mL. In detail, hybrid hydrogels were prepared by adding an aliquot of particle
suspension in ddH,O (100 mg/mL), previously sonicated for 3 min at 20% amplitude, to a CHP407-based
solution prepared in physiological saline solution (0.9% NaCl). The starting concentration of CHP407
solution was determined in order to reach the desired PEU and particle contents in the final system.
Both CHP407 solubilization and particle addition were carried out at 4 °C to avoid undesired gelation
during sample preparation. Sample mixing was conducted using a Vortex mixer for 30 s to ensure
homogeneous particle dispersion within the sol-gel systems. Particles were added to CHP407 aqueous
solutions immediately before use to avoid premature payload release before characterization tests. Pure
CHP407 sol-gel systems and CHP407 hydrogels loaded with Ibu were also prepared as control samples.
Loading of Ibu in CHP407 sol-gel systems was carried out by adding CHP407 aqueous solutions
prepared at higher concentration with a predefined volume of an Ibu stock solution (at 40 mg/mL in
ethanol) to reach an average content equal to the Ibu amount incorporated into MBG_Cu2%_SG_Ibu
and MBG_Cu2%_SD_Ibu, as assessed through TGA analysis. Based on this calculation, CHP407 sol-gel
systems were loaded with Ibu at a final concentration of 2.5 mg/mL. Hereafter, the developed sol-gel
systems will be referred to with the acronyms reported in Table 1. For all the conducted tests, hydrogels
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were prepared in Bijou sample containers (inner diameter 17 mm, Carlo Erba Reagents, Cornaredo, Italy)
at a final volume of 1 mL, to avoid geometry and volume influence on the performed characterizations.

Table 1. Compositional information and acronyms of the designed sol-gel systems.

Acronym Composition

CHP407 CHP407 poly(ether urethane) (PEU) at 15% w/v

CHP407 PEU at 15% w/v + ibuprofen at a concentration equal to
CHP407_Ibu the mean drug amount assessed in MBG_Cu2%_SG_Ibu and
MBG_Cu2%_SD_Ibu (i.e., 2.5 mg/mL)

CHP407 PEU at 15% w/v + MBG_Cu2%_SG_Ibu (20 mg/mL MBG
concentration and the corresponding amount of ibuprofen)

CHP407 PEU at 15% w/v + MBG_Cu2%_SD_Ibu (20 mg/mL MBG
concentration and the corresponding amount of ibuprofen)

CHP407_MBG_Cu2%_SG_Ibu

CHP407_MBG_Cu2%_SD_Ibu

2.6. Characterization of Hybrid Sol-Gel Systems

The thermosensitive behavior of pure CHP407 (i.e., without particle) and hybrid hydrogels (i.e.,
containing MBG_Cu2%_SG_Ibu, MBG_Cu2%_SD_Ibu or Ibu) was studied through tube inverting test
in temperature ramp mode and isothermal conditions (i.e., at 37 °C) to assess the effects of drug/particle
incorporation on hydrogel sol-to-gel transition. In view of their potential clinical application as
injectable depots for the prolonged and sustained payload release, the delivery profile of ibuprofen
and copper ion was investigated in physiological mimicking conditions. Furthermore, gel swelling
potential and residence time in watery environment at physiological temperature were also assessed.

2.6.1. Thermosensitive Behavior of CHP407-Based Sol-Gel Systems

Tube inverting test in temperature ramp conditions was carried out to estimate hydrogel Lower
Critical Gelation Temperature (LCGT). In detail, samples were subjected to a step-by-step temperature
increase within the range 540 °C at a rate of 1 °C/step. In each step, temperature was kept constant for
5 min and the samples were finally inverted for 30 s to visually inspect their sol, biphasic or gel state
(in the gel state no flow was observed within the set inversion time). The same test was carried out in
isothermal conditions at 37 °C to assess hydrogel gelation time. In this test, instead of temperature,
incubation time at 37 °C was varied from 1 to 10 min with a rate of 1 min/step. Each step consisted in
sample equilibration in the sol state for 10 min, incubation at 37 °C for the required time, inversion for
30 s and visual inspection.

2.6.2. Gel Swelling and Stability in Aqueous Media

Gel swelling and stability in physiological mimicking conditions, that is, in aqueous media and
37 °C, were investigated on the designed sol-gel systems up to 14 days incubation time [16]. Samples
(1 mL) were first incubated at 37 °C (Memmert IF75, Schwabach, Germany) for 15 min to allow a
complete gelation and then added with 1 mL of Trizma® (0.1 M, pH 7.4) previously equilibrated at
37 °C. Complete medium refresh was performed every two days. On predefined time points of 6h, 1d,
3d, 7d and 14d three samples were collected, weighted upon removal of the residual buffer, lyophilized
(Martin Christ ALPHA 2-4 LSC, Osterode am Harz, Germany) and weighted again. The collected
data were finally used to estimate sample percentage of swelling (weight change in wet state %) and
polymer weight loss (weight loss in dry state %) [16]. Samples collected on day 14 were also analyzed
by SEC to assess changes in polymer molecular weight distribution during incubation in aqueous
media at 37 °C.

2.6.3. Payload Release Studies

Payload release studies were carried out on hydrogels incorporating MBG_Cu2%_SG_Ibu,
MBG_Cu2%_SD_Ibu and simply dispersed Ibu. Tests were conducted at 37 °C up to 14 days using
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Trizma® as release medium. Complete gelation of the samples was ensured through incubation at
37 °C for 15 min; then, 1 mL of release medium (previously equilibrated at 37 °C) was added to each
sample and the release test started. Release media were collected and completely refreshed at 1h, 3h,
5h, 1d, 2d, 3d, 4d, 8d, 10d, and 14d incubation time. Released Ibu was quantified through a high
performance liquid chromatography (HPLC, Thermo Scientific, Dionex Ultimate 3000, Waltham, MA,
USA) instrument equipped with a C18 column (5 um, 120 A) according to the protocol described by
Alsirawan et al. [22]. A mixture of acetonitrile (ACN, Carlo Erba Reagents, Cornaredo, Italy, HPLC
grade) and phosphoric acid solution at 0.03% w/v concentration (pH 2.25) at 60/40 v/v was used as mobile
phase at 1.7 mL/min. Analysis were conducted with an injection volume of 20 pL, at RT and 214 nm for
5 min. In order to prepare the samples, the collected extracts were mixed with ACN at 40/60 volume
ratio and filtered through a 0.45 um syringe filter (Macherey-Nagel, Diiren, Germany, poly(tetrafluoro
ethylene) membrane). Ibu content was finally quantified with respect to a calibration curve based
on ibuprofen standards with concentration ranging between 0 and 2.5 mg/mL. The collected extracts
were also characterized by inductively coupled plasma atomic emission spectrometry technique
(ICP-AES) (ICP-MS, Thermo Scientific, Waltham, MA, USA) to measure the concentration of released
copper ions. In order to express the results in terms of released percentage, the amount of copper
initially incorporated into the MBG framework was measured by dissolving MBG_Cu2%_SG_Ibu and
MBG_Cu2%_SD_Ibu in a mixture of nitric and hydrofluoric acids (0.5 mL of HNO;3 and 2 mL of HF for
10 mg of powder) and quantifying copper concentration through ICP-AES. To compare the ion/drug
release kinetics from MBGs as such and embedded within the hydrogel, release tests from particle alone
were also conducted as follows: drug-loaded powders were dispersed in physiological saline solution
at 20 mg/mL MBG concentration and Trizma® was added as release medium at 37 °C (1:1 volume
ratio), as previously performed with the hydrogel systems. Release tests from free MBG particles were
conducted up to 24 h observation time. In order to better characterize copper ion and ibuprofen release
mechanism from the hydrogels incorporating MBG_Cu2%_SG_Ibu, MBG_Cu2%_SD_Ibu and Ibu as
such, the Korsmeyer-Peppas equation was used in the form recently reported by Boffito et al. [23] to
estimate the release exponent 1, whose value classifies the type of release. Specifically, an n value
of 0.45 or 0.89 is typical of a diffusion- or swelling/relaxation-controlled release, respectively. An n
value within the range 0.45-0.89 characterizes an anomalous release, meanwhile when 1 shows a value
higher than 0.89 other processes are ongoing in addition to diffusion and swelling/relaxation.

2.7. Statistical Analysis

Statistical analysis was performed on the data collected from swelling, stability, and payload
release tests. All tests were performed in triplicate and results have been reported as mean + standard
deviation. Comparison among results was performed through GraphPad Prism (GraphPad Software,
Inc., La Jolla, CA, USA, version 5.03, 2009; http://www.graphpad.com) using a Two-way ANOVA
analysis followed by Bofferoni’s multiple comparison tests. The degree of statistical difference among
the results was defined in accordance to Boffito et al. [21].

3. Results and Discussion
3.1. Cu-MBGs Loaded with Ibu

Morphological and Structural Characterization

FE-SEM images of MBG_Cu2%_SG_Ibu (Figure 1A) and MBG_Cu2%_SD_Ibu (Figure 1C) showed
nanoparticles with a monodispersed spherical shape (size range: 150-200 nm) and microspheres in the
range of 1-5 um, respectively. EDS spectra (Figure 1B,D) of both powders confirmed the presence of
copper inside the framework, with a Cu/Si molar ratio in good agreement with the nominal ratio for
both MBGs.
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Figure 1. Field-emission scanning electron microscopy (FE-SEM) image of MBG_Cu2%_SG_Ibu (A)
and MBG_Cu2%_SD_Ibu (C). Energy dispersive spectroscopy (EDS) spectrum of MBG_Cu2%_SG_Ibu
(B) and MBG_Cu2%_SD_Ibu (D).

FESEM observations and EDS analysis evidenced that ibuprofen incorporation did not significantly
alter the morphological features and the chemical composition of Cu-substituted MBGs, which resulted
very similar to those reported for not-loaded samples [16]. In particular, the amount of copper revealed
by EDS before and after the drug loading resulted unaffected, evidencing that the loading procedure
did not induce any copper release (data not shown).

Figure 2 shows the nitrogen adsorption—desorption isotherms and the pore size distribution of
the sample before and after drug loading. As expected, before loading, MBG_Cu2%_SG showed a type
IV sorption isotherm, according to the IUPAC classification, with a well-defined step around 0.4 (P/Py),
indicative of uniform mesopores. The specific surface area and pore volume values reported in Table 2
are characteristic of mesoporous materials with uniform pores and remarkable value of specific surface
area (SSApgr) [24]. The mesopore size distribution was centered at around 4.2 nm, thus allowing the
incorporation of ibuprofen whose molecular size is about 1 nm [25-27]. As expected, drug up-loading
induced a significant modification of the adsorption-desorption isotherm (reduction of the adsorbed
volume and presence of hysteresis loop) and a drastic reduction of the pore volume, as shown in
Figure 2. In particular, the modification of the isotherm curve upon drug incorporation suggested that
most of the mesopores were completely filled with Ibu. On the other hand, the remaining population
underwent size reduction and shape modification from cylinder to ink-bottle pores, in analogy to
the results reported by Hong et al. [28] for similar systems. In addition, the drastic reduction of
pore volume as a consequence of drug incorporation was confirmed by the disappearance of the
component centered at 4.2 nm (Figure 2B). The isotherm of MBG_Cu2%_SD was a type IV curve
(Figure 2C), with H1 hysteresis loop, typical of mesoporous material with pores larger than 4 nm.
Although the specific surface area was lower compared to that of MBG_Cu2%_SG, it resulted much
higher compared to not-templated sol-gel glasses (few m?/g), conferring increased surface reactivity to
MBGs in the biological environment [29]. The worm-like mesoporous structure was further confirmed
by TEM images, reported in Figure S1. The pore size distribution evidenced multisized pores in
the range between 8 and 11 nm (Figure 2D), which easily allows the diffusion and incorporation of
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ibuprofen molecules. A drastic reduction in SSAggT was observed in MBG_Cu2%_SD_Ibu sample,
while the pore volume reduction was lower compared to MBG_Cu2%_SG_Ibu sample (Table 2). Hence,
in MBG_Cu2%_SD the incorporation of drug molecules occurred without a full occlusion of the
available pore volume. The total amount of loaded drug was quantified by TGA analysis on both
samples after drug incorporation. As reference, TGA analysis was also conducted on not-loaded MBG
samples, proving the complete absence of residual organic species at 600 °C. TGA thermograms of
MBG_Cu2%_SG_Ibu and MBG_Cu2%_SD_Ibu exhibited a significant weight decrease between 300
and 400 °C, which can be ascribed to ibuprofen loss [30], due to the rupture of the multiple H-bonding
interactions between the drug and the hydroxyl groups of the inner MBG surface, in accordance with
Mellaerts and co-workers [26]. The weight percentage of loaded ibuprofen, based on TGA analysis,
turned out to be 12% in MBG_Cu2%_SG and 10% in MBG_Cu2%_SD. These results confirmed that the
drug loading capacity increases with the increase of MGB surface area and pore volume, according to
data reported in the literature for mesoporous silicas [31].
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Figure 2. N, adsorption-desorption isotherm of MBG_Cu2%_SG and MBG_Cu2%_SG_Ibu (A),
MBG_Cu2%_SD and MBG_Cu2%_SD_Ibu (C). DFT (density functional theory) pore size distribution
of MBG_Cu2%_SG and MBG_Cu2%_SG_Ibu (B), MBG_Cu2%_SD and MBG_Cu2%_SD_Ibu (D).

Table 2. Structural properties (i.e., specific surface area -SSAggr-, pore volume, pore size) of
MBG_Cu2%_SG, MBG_Cu2%_SD, MBG_Cu2%_SG_Ibu and MBG_Cu2%_SD_Ibu.

Acronym SSAger (m? g 1) Pore Volume (cm® g~1) Pore Size (nm)
MBG_Cu2%_SG 740 0.65 42
MBG_Cu2%_SG_Ibu 330 0.35 4-6
MBG_Cu2%_SD 226 0.24 8-11
MBG_Cu2%_SD_Ibu 54 0.081 8-9

The FTIR spectra of Cu-substituted MBGs before (curves b-d) and after ibuprofen loading (curves
c—e) are reported in Figure 3A and compared to the FTIR spectrum of ibuprofen alone (curve a). MBG
samples showed the typical adsorption bands of H-bonded hydroxyls (stretching vibration) in the
range of 3750-3000 cm™!. For what concerns drug-loaded samples, spectra showed the typical bands
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of ibuprofen molecule: the absorption bands at 2933 and 2871 cm™! ascribed to C-H stretching modes
and the signals at 1475 and 1421 cm™! attributed to C-H bending vibrations. At variance with the
spectrum of the drug alone which showed a clear adsorption band at 1706 cm™!, due to the C=0
stretching vibration in -COOH groups, for ibuprofen-loaded samples two bands appeared at 1550
and 1407 cm™!, due to the asymmetric (v4s) and symmetric (vs) stretching vibration of the carboxylate
group COO7, respectively [32], resulting from proton-transfer reactions from carboxylic moieties
to hydroxyl groups at MBG surface [33]. As widely reported in the literature [34,35], drug loading
in their amorphous form results in an increased dissolution rates and solubility. Hence, DSC and
X-ray powder diffraction (XRD) analyses of ibuprofen-loaded samples were conducted to assess the
amorphous state of the drug and exclude the presence of large crystalline aggregates. Figure 3 compares
the DSC thermograms of Ibu as such, MBG_Cu2%_SG_Ibu and MBG_Cu2%_SD_Ibu samples. A
single endothermic melting peak at 76 °C, ascribed to crystal phase melting, was observed only for
ibuprofen as such, confirming the non-crystalline state of ibuprofen loaded into the mesopores. The
amorphous state of the drug was also confirmed by XRD analysis (Figure 3D). XRD pattern of ibuprofen
powder showed several characteristic X-ray diffraction peaks, which completely disappeared upon
drug loading into the pores of Cu-substituted MBGs, which, in accordance with DSC data, strongly
suggested that re-crystallization did not occur inside the pores upon solvent evaporation during the
incorporation process. This behavior has been previously reported by Bras et al. [30], who confirmed
the amorphous state of ibuprofen confined inside SBA-15 silicas with similar pore size. The proposed
attribution is also supported by several authors [36,37] who reported that re-crystallization of the
entrapped drug molecules is suppressed below a critical pore diameter, showing that crystallization
can occur only when pore size is significantly larger (about 20 times) compared to the drug size [36].
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Figure 3. (A) Fourier transformed infrared (FTIR) spectra of ibuprofen (a), MBG_Cu 2%_SG_Ibu
(b), MBG_Cu2%_SG (c), MBG_Cu 2%_SD_Ibu (d) and MBG_Cu2%_SD (e). (B) Differential
scanning calorimetry (DSC) thermograms of ibuprofen, MBG_Cu2%_SG_Ibu and MBG_Cu2%_SD_Ibu
samples. (C) X-ray powder diffraction (XRD) patterns of ibuprofen, MBG_Cu2%_SG_Ibu and
MBG_Cu2%_SD_Ibu samples.
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3.2. Poly(ether urethane) Chemical Characterization

The successful synthesis of a PEU carrying P407 blocks in its backbone was confirmed by attenuated
total reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy (Figure 4). The appearance of
new transmission peaks in CHP407 spectrum, compared to P407 one, clearly proved the formation of
urethane bonds among PEU building blocks [16,21]. In detail, the formation of N-H bonds was proved
by the appearance of a new peak at 3342 cm™! (stretching vibration), while the signals at 1720 and
1642 cm™! could be ascribed to the stretching vibration of urethane free and bound carbonyl groups
(C=0), respectively. N-H bonds also showed a bending vibration at 1540 cm™~! concurrent with C-N
bond stretching. CHP407 showed M,, of 71,670 Da and a polydispersity index of 1.7, further confirming
the success of the polymerization reaction.
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Figure 4. Attenuated total reflectance Fourier transformed infrared (ATR-FTIR) spectra of P407 (red)
and CHP407 (blue). Dashed lines identify the characteristic signals of newly formed urethane bonds
in CHP407.

3.3. Characterization of Hybrid Sol-Gel Systems

3.3.1. Thermosensitive Behavior of CHP407-Based Hydrogels

The temperature-dependent sol-to-gel transition of the developed systems was characterized
through tube inverting tests carried out in temperature ramp mode and in isothermal conditions
at 37 °C. The former test allowed the estimation of hydrogel LCGT, while the latter was conducted
to evaluate the time required for a complete gelation in physiological conditions. Table 3 reports
LCGT values and gelation time in physiological conditions of pure CHP407 hydrogel and CHP407
hybrid hydrogels.
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Table 3. Lower critical gelation temperature (LGCT) and gelation time at 37 °C of CHP407, CHP407_Ibu,
CHP407_MBG_Cu2%_SG_Ibu and CHP407_ MBG_Cu2%_SD_Ibu.

Acronym LCGT (°O) ! Gelation Time @ 37 °C (min) 2
CHP407 28 5
CHP407_Ibu 27 5
CHP407_MBG_Cu2%_SG_Ibu 29 4
CHP407_MBG_Cu2%_SD_Ibu 30 6

1 Error: + 0.5 °C. 2 Error: + 0.5 min.

The incorporation of MBG_Cu2%_SG_Ibu, MBG_Cu2%_SD_Ibu or ibuprofen as such was found to
slightly influence the transition kinetics of the designed sol-gel systems, in accordance with our previous
work [16]. Particle incorporation marginally increased hydrogel gelation temperature, suggesting that
MBG particles act as defects in the gel network, initially hindering and then slowing down the kinetics
of the sol-to-gel transition [16]. On the other hand, the slight decrease of gelation time in physiological
conditions observed for CHP407 gels containing MBG_Cu2%_SG_Ibu particles could also result from
the criterion adopted to define the “sol” and the “gel” states, that is, presence or absence of sample
flow within 30 s of vial inversion. Indeed, particle addition to the hydrogels induced an increase
in viscosity that, as a consequence, inevitably accounted for the shorter incubation time at 37 °C
requested for not observing any flow within the observation time. Similarly, the slightly lower gelation
temperature of CHP407_MBG_Cu2%_SG_Ibu compared to CHP407_MBG_Cu2%_SD_Ibu could be
correlated to their dimensional differences, which result in different hydrogel viscosity. Indeed, at a
fixed MBG concentration of 20 mg/mL, the number of MBG_Cu2%_SG_Ibu contained throughout the
gel is expected to be higher compared to MBG_Cu2%_SD_Ibu, due to the lower size of SG particles.
Regarding the addition of ibuprofen as such, no effects were observed in gelation time in physiological
conditions, while LCGT value slightly decreased. This behavior did not result from the addition of a
small volume of EtOH (used to solubilize Ibu) to the sol-gel systems (data not reported), but rather to
the intrinsic nature of the drug. In fact, being hydrophobic, ibuprofen is expected to be partly loaded
within the core of the forming CHP407 micelles, thus inducing an increase of micelle volume, which
then achieves the critical value required for the onset of thermal gelation [8] at a lower temperature.
Despite the commented slight changes in LCGT and gelation time at 37 °C, neither the addition of
MBG particles of different size nor the incorporation of a hydrophobic drug significantly affected the
gelation potential of CHP407-based hydrogels upon temperature increase.

3.3.2. Gel Characterization through Swelling and Stability to Dissolution Tests

CHP407-based gels, both virgin and hybrid formulations, were characterized in terms of aqueous
medium absorption (Figure 5A) and dissolution/degradation (Figure 5B) over time in a physiological
mimicking environment, that is, at 37 °C in the presence of a physiological-like buffer at pH 7.4. The
incorporation of ibuprofen as such within CHP407 gels did not significantly affect gel behavior in
aqueous media. Indeed, the percentage of swelling increased overtime up to 7d, followed by a drastic
decrease on day 14 for both CHP407 and CHP407_Ibu samples. This change in medium absorption
trend can be correlated to two concurrent phenomena occurring in the samples and their balance,
namely swelling and dissolution/degradation resulting from the progressive absorption of aqueous
media within the gels. The decrease in the swelling percentage observed on day 14 in CHP407 and
CHP407_Ibu is thus due to the increasing gel instability in aqueous media over time. This hypothesis
was demonstrated by the progressive increase in the percentage of weight loss (statistically significant
increase at each time point, with the exception of day 1), that reached a value of 46.9 + 0.6% and 45.8 +
1.9% for CHP407 and CHP407_Ibu, respectively, after 14 days incubation in aqueous environment.
Differently from ibuprofen, the embedding of MBGs in CHP407 hydrogels significantly affected
gel long-term stability in aqueous environment (statistical differences between particle-loaded and
not-loaded gels observed from day 3 in terms of swelling and day 1 in terms of weightloss percentage). In
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fact, both CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu showed negative swelling
percentages starting from day 7 of incubation time suggesting that dissolution/degradation had
completely prevailed on absorption phenomena. This observation was further proved by weight loss
data, with CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu being almost completely
dissolved/degraded after 14 days incubation in aqueous medium (weight loss percentage of 83.9 + 2.2%
and 68.9 + 4.7% for CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu, respectively).
The collected data confirmed the behavior previously observed for similar systems [16], with slight
differences due to the different sample geometry, that is, gel thickness and extension of the surface in
contact with the aqueous medium. More in detail, since day 1, CHP407_MBG_Cu2%_SG_Ibu and
CHP407_MBG_Cu2%_SD_Ibu showed statistically different dissolution/degradation, while swelling
percentage became significantly different from day 3 on, with hydrogel containing MBG_Cu2%_SG_Ibu
exhibiting higher destabilization induced by the progressive absorption of aqueous medium.
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Figure 5. Swelling (A) and weight loss (B) of CHP407, CHP407_Ibu, CHP407_MBG_Cu2%_SG_Ibu
and CHP407_MBG_Cu2%_SD_Ibu gels evaluated at 6 h, 1d, 3d, 7d and 14d.

129



Pharmaceutics 2019, 11, 501

SEC analysis was also performed on the residual polymer phase collected on day 14 (Figure 6).
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Figure 6. Molecular weight distribution (normalized refractive index (RI) vs. molar mass) (A) and
estimated M, and D values (B) of as synthesized CHP407 and residual CHP407 collected from CHP407,
CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu gels incubated in aqueous medium
for 14 days.

SEC revealed that the high destabilization of MBG containing gels in aqueous medium is
ascribable to a progressive polymer chemical degradation, which was almost absent in pure CHP407
and CHP407_Ibu gels. In fact, CHP407 number average molecular weight decreased of about 60% and
10% in MBG-containing and pure hydrogel samples, respectively. In analogy with data concerning
the bio-stability for poly(ether urethane)-based biomedical devices, such as pacemaker leads, this
behavior can be ascribed to the occurrence of metal ion-mediated oxidation induced by the copper
ions progressively released within the gels and the surrounding medium, which trigger the oxidative
degradation of the polymer network [38,39].

3.3.3. Ion/Drug Release Test

Ibuprofen release profile from CHP407-based gels was assessed in physiological-like conditions,
that is, Trizma® buffer at 37 °C (Figure 7).
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Figure 7. (A) Ibuprofen release (%) profile from CHP407_Ibu, CHP407_MBG_Cu2%_SG_Ibu
and CHP407_MBG_Cu2%_SD_Ibu hydrogels. (B) Comparison among ibuprofen release profiles
assessed from CHP407_MBG_Cu2%_SG_Ibu, CHP407_MBG_Cu2%_SD_Ibu, MBG_Cu2%_SD_Ibu and
MBG_Cu2%_SD_Ibu.

Figure 7A compares ibuprofen release profiles from CHP407_Ibu, CHP407_MBG_Cu2%_SG_Ibu

and CHP407_MBG_Cu2%_SD_Ibu up to 14 days observation time. A complete release of the drug
was observed from the gels loaded with ibuprofen as such, with a release of 98.6 + 5.0% at day
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10. On the other hand, MBG-loaded gels showed a sustained and prolonged release of the drug,
with a percentage release of 70.0 + 1.0% and 46.4 + 0.1% from CHP407_MBG_Cu2%_SG_Ibu and
CHP407_MBG_Cu2%_SD_Ibu, respectively, after 14 days incubation. Moreover, starting from day 8
the release profile reached a plateau value for both particle-loaded gels, thus suggesting an incomplete
ibuprofen release. However, this phenomenon cannot be avoided, being correlated to the progressive
pore occlusion due to the dissolution of silica-based MBG framework and its re-precipitation as silica
gel at the pores mouth, in accordance with observations reported by Mortera et al. [40], who, in
addition, also reported a significant change of the delivery curves as a function of the release medium
volume. To further investigate this aspect, the release profile of ibuprofen from MBG_Cu2%_SG_Ibu
and MBG_Cu2%_SD_Ibu alone was studied in the same release conditions (in term of powder/medium
volume ratio) adopted for hybrid hydrogel testing. As a matter of fact, both MBG_Cu2%_SG_Ibu
and MBG_Cu2%_SD_Ibu showed a plateau ibuprofen release of 61.3 + 3.7% and 40.6 + 1.0% after
30 and 10 min incubation time, respectively. The significant difference in the maximum amount
released can be attributed to the very high surface reactivity of spray-dried systems when soaked in
aqueous media, leading to enhanced dissolution/re-precipitation phenomena and consequent hindered
pore accessibility [16]. By comparing ibuprofen release kinetics from free MBGs and hydrogels
containing MBG particles within the first 4 h, the role exerted by the polymeric matrix in modulating
the release profile of ibuprofen was clearly highlighted (Figure 7B). In fact, a significant reduction
(0.0001 < p < 0.001) in the initial burst release upon MBG incorporation within CHP407 gels was
observed, with approx. 85% burst release reduction for both kinds of particles investigated. The release
profile of copper ions from the developed hybrid formulations was also studied, showing a trend
similar to that assessed for ibuprofen (Figure 8).
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Figure 8. Copper ion release (%) profile from CHP407_MBG_Cu2%_SG_Ibu and

CHP407_MBG_Cu2%_SD_Ibu gels.

After 14 days of incubation in aqueous medium, the 66.1 + 1.6% and 56.1 + 0.8% (corresponding to
291.5+ 7.1 ppmand 192.3 + 2.7 ppm, respectively) of the copper initially present in the MBG framework
was released from CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu, respectively.
These amounts fully agree with our previous results obtained for Cu-substituted MBGs without
ibuprofen [16], highlighting that drug loading within MBG porous structure did not suppress or
hinder the capability to release therapeutic ions through ion-exchange reactions. The incorporation
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of Cu-substituted MBGs within the polymeric phase successfully decreased the undesirable
initial burst release of Cu’" species typically observed for particles alone (0.0001 < p < 0.001).
Indeed, after 1h incubation in similar releasing conditions, CHP407_MBG_Cu2%_SG_Ibu and
CHP407_MBG_Cu2%_SD_Ibu released an amount of copper ions approximately 72 % and 61 %
lower compared to the corresponding free MBG particles. Both ibuprofen and copper ions were
released faster from CHP407_MBG_Cu2%_SG_Ibu compared to CHP407_MBG_Cu2%_SD_Ibu, in
accordance with the higher surface area of MBG_Cu2%_SG_Ibu compared to MBG_Cu2%_SD_Ibu,
which accounts for a faster molecule diffusion, either ions or drugs, through MBG porous network.

To clarify the ion/drug release mechanism, the equation of Korsmeyer-Peppas was employed
to estimate the release exponent n within the timeframe 1-5 h (being Korsmeyer-Peppas equation
valid up to 60% release). Ibuprofen delivery from CHP407_Ibu gels turned out to be a purely
Fickian diffusion-driven release, with an n exponent of 0.45 + 0.04. On the other hand,
CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu gels released ibuprofen with an
anomalous mechanism (1 value of 0.66 + 0.03 and 0.68 + 0.01 for CHP407_MBG_Cu2%_SG_Ibu and
CHP407_MBG_Cu2%_SD_Ibu, respectively), being the drug first diffused from the MBGs within the
hydrogel and then through the hydrogel in the surrounding releasing medium. Interestingly, the
release exponent clearly highlighted the coexistence of diffusion and ion exchange reactions when
copper species were released, being 1 values higher than 0.89 (1 value of 0.94 + 0.08 and 0.90 + 0.07 for
CHP407_MBG_Cu2%_SG_Ibu and CHP407_MBG_Cu2%_SD_Ibu, respectively).

Taken together the obtained data proved the ability of the developed platform to co-deliver
copper ions and ibuprofen with a sustained release profile. The final released concentration can
be finely modulated to target the required therapeutic effect with no associated toxicity, by taking
advantage of the several degrees of freedom offered by the hybrid system, such as the initial particle
concentration within the gel solution (before gelation) and the amount of ion/drug loaded inside the
MBG nanocarriers.

4. Conclusions

In this work, a first attempt toward the design of a hybrid sol-gel formulation able to simultaneously
co-release copper ions (exerting pro-angiogenic and anti-bacterial effects) and an anti-inflammatory
drug (ibuprofen) was successfully achieved. To this aim, Cu-substituted MBG (2% mol) particles were
loaded with ibuprofen through an incipient wetness technique, resulting in a high loading capacity,
and then embedded within PEU-based thermosensitive gels at the highest possible concentration
(20 mg/mL), according to an optimized incorporation protocol. Full characterization of the resulting
hybrid systems was performed to highlight the effects of particle encapsulation on gelation kinetics
as well as on ions/drug release mechanism. The incorporation of MBG particles within the sol-gel
systems did not negatively affect their capability to undergo a temperature-driven sol-to-gel transition
within a few minutes. The progressive release of Cu?* species was found to play a significant role
on the stability of the gels in an aqueous environment and catalyzed the oxidation of the PEU chains.
The co-release of copper ions and ibuprofen from hybrid formulations was sustained and prolonged
over time for up to more than one week, with a strongly reduced initial burst effect compared to MBG
particles alone (2%-4% vs. 7%-14% Cu?* release and 6%-9% vs. 38%—61% ibuprofen release from
hybrid MBG-polyurethane formulations and free MBG particles, respectively). However, the release
profile of both copper species and ibuprofen was affected by the progressive occlusion of mesopores
resulting from the dissolution and the re-precipitation of silica-based MBG framework in the form of a
silica gel at the pore entrance [40-42].

Taken together the obtained data proved the ability of the proposed hybrid thermosensitive
formulation to concentrate and maintain the MBG carriers at the pathological site and to guarantee in
situ and prolonged co-release of ions and drugs, thus opening the way to the design of multifunctional
platforms for advanced treatment of compromised tissue healing. The high versatility of the proposed
approach lies in the possibility to modulate the relative amount of the organic and inorganic components,
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by changing the initial particle concentration within the hydrogel solution (before gelation), and/or
the initial drug loading and the chemical composition of MBGs, in order to design systems able to
co-release ions and pharmaceutics with concentrations and kinetics adapted to the targeted applications
and not producing cytotoxic effects.

The versatility of the herein developed hybrid sol-gel systems could thus pave the way to the
treatment of a great variety of pathological conditions of soft (e.g., non-healing wounds) and hard (e.g.,
delayed bone healing) tissues.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/10/501/s1,
Figure S1: TEM image of MBG_Cu2%_SD.
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Abstract: Individualized long-term management of chronic pathologies remains an elusive goal
despite recent progress in drug formulation and implantable devices. The lack of advanced systems
for therapeutic administration that can be controlled and tailored based on patient needs precludes
optimal management of pathologies, such as diabetes, hypertension, rheumatoid arthritis. Several
triggered systems for drug delivery have been demonstrated. However, they mostly rely on continuous
external stimuli, which hinder their application for long-term treatments. In this work, we investigated
a silicon nanofluidic technology that incorporates a gate electrode and examined its ability to achieve
reproducible control of drug release. Silicon carbide (SiC) was used to coat the membrane surface,
including nanochannels, ensuring biocompatibility and chemical inertness for long-term stability
for in vivo deployment. With the application of a small voltage (< 3 V DC) to the buried polysilicon
electrode, we showed in vitro repeatable modulation of membrane permeability of two model
analytes—methotrexate and quantum dots. Methotrexate is a first-line therapeutic approach for
rheumatoid arthritis; quantum dots represent multi-functional nanoparticles with broad applicability
from bio-labeling to targeted drug delivery. Importantly, SiC coating demonstrated optimal properties
as a gate dielectric, which rendered our membrane relevant for multiple applications beyond drug
delivery, such as lab on a chip and micro total analysis systems (uTAS).

Keywords: electrostatic gating; nanofluidic diffusion; controlled drug release; silicon membrane;
smart drug delivery

1. Introduction

Chronic pathologies affect nearly half of the population worldwide [1,2] and represent one of
the leading causes of death and disability [3]. Management of chronic conditions is challenged by
co-morbidities [4], poor adherence to treatment [5], and a lack of therapeutic technologies suitable
to address the complexity of the disease [6]. Long-acting controlled therapeutic administration
represents a promising strategy for medical conditions requiring repeated daily dosing [7,8].
In view of this, long-acting platforms for sustained drug release have been developed, leading to
significant improvements in the management of conditions, such as hormone deficiency and infectious
diseases [9-11]. However, the pathophysiology of most chronic diseases is determined by circadian
biological cycles [12], which have a significant impact on the efficacy of treatment and associated adverse
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effects [13]. This is the case for pathologies, such as diabetes and metabolic disorders [14], hypertension,
psychiatric and neurodegenerative conditions [15], rheumatoid arthritis [16], and chronic pain [17],
to name a few, where the timing of drug administration is key to elicit the intended therapeutic effect.

Advanced technologies enabling personalized adjustments of therapeutic administration, both in
time and dose, represent a desirable but unmet clinical need [18,19]. Ideally, these technologies should
incorporate a drug delivery mechanism that can be rapidly and easily tuned to release the required
dosage, at the right time, without requiring continuous external stimuli. Further, they should allow
for pre-programmed dosing schedules as well as remote control capabilities, to enable healthcare
providers to adjust medication through telemedicine approaches [20]. Devices with such capabilities
could eradicate treatment compliance issues and dramatically improve the therapeutic index and the
quality of life of patients, while substantially reducing healthcare expenditure.

Current approaches developed for controlled drug administration are based on modulation of
permeability of membranes via sustained external stimuli. These systems mostly rely on polymeric
membrane architectures and achieve changes in pore size and conformation via temperature variation
triggered by a magnetic field [21], near-infrared irradiation [22-24], or ultrasound [25]. Other devices use
a magnetic field to reversibly or irreversibly obstruct the pores of a membrane using microparticles [26]
or low melting temperature polymers [27]. Albeit promising, these strategies are limited by the
need for continuous external activation and associated cumbersome external equipment. Electrical
actuation offers a solution to these limitations, enabling control via miniaturized circuitry and low
energy radio-frequency (RF) communications. In this context, various technologies have been created,
either integrating gate electrodes [28] or polypyrrole (PPy) [29,30] on anodic aluminum oxide (AAO)
membranes. However, polydispersity in pore size common to AAO membranes represents a limitation
to achieve fine control of drug release [28,31].

In this study, we investigated the performance of a silicon nanofluidic membrane that uses
electrostatic gating [32] to modulate the transport of charged molecules by modifying nanochannel
permeability. Microfabricated using standard semiconductor manufacturing techniques, this membrane
features hundreds of thousands of identical slit-nanochannels geometrically distributed across the
membrane surface to maximize porosity while maintaining mechanical integrity. A buried polysilicon
layer extends over the entire nanochannel surface and acts as a single distributed gate electrode.
An outermost layer of biocompatible silicon carbide (SiC) is adopted to bury and insulate the gate
electrode and minimize leakage while providing chemical inertness for applications in vivo or in
contact with biological fluids. SiC insulation properties were studied in comparison with silicon dioxide
(5i0,), the most common gate dielectric material in metal-oxide-semiconductor field-effect transistor
(MOSFET). Further, energy consumption leakage current and gating performance were assessed at
different gate potentials. Finally, we adopted two relevant model analytes—methotrexate and quantum
dots—to assess the in vitro transport modulation performances. Methotrexate represents an important
therapeutic agent commonly used for rheumatoid arthritis [33], whereas quantum dots are adopted
for a variety of biomedical imaging applications as well as drug delivery and theranostics [34,35].
In light of the promising results and the ease of integration within implantable devices, our gated
membrane might constitute a promising step forward in the development of flexible technologies
for the treatment of chronic diseases. Further, our nanofluidic technology could be adopted in other
applications for lab on a chip [36] and micro total analysis systems (LTAS) devices for electrokinetic
separation processes [37], bio-sample sorting and analysis [38], among others.

2. Materials and Methods

2.1. Nanofluidic Membrane Fabrication

Silicon membranes fabrication was performed using standard semiconductor techniques.
The fabrication process is described step-by-step elsewhere [39]. Briefly, a dense array of nanochannels
(500 nm width, 6 um length) was obtained by vertically etching via deep reactive ion etching (DRIE)
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the device layer (10 um) of a silicon on insulator (SOI) wafer (total thickness 411 um). The etching
was stopped at the middle oxide layer (1 pm). The handle wafer (400 m) on the opposite side of the
SOI was etched using DRIE up to the oxide layer to create a hexagonal pattern of densely packed
circular microchannels. To connect the nanochannels to the microchannels, the buried oxide layer
was etched by a buffered oxide etchant solution (BOE). The resulting nanochannels size (770 nm) was
reduced by three subsequent processes. First, wet thermal oxidation generated a 175 nm layer of SiO,,
and then a 121 nm layer of polycrystalline silicon (poly-Si) was obtained via low-pressure chemical
vapor deposition (LPCVD). Plasma-enhanced chemical vapor deposition (PECVD) was then used for
the silicon carbide coating (SiC, 64 nm). Electrode pads were exposed via selective etching of SiC
via fluorine-based RIE. Wafers were then diced into individual membranes (ADT 7100 Dicing Saw,
Advanced Dicing Technologies, Zhengzhou, China), obtaining individual silicon membranes of 6 mm
X 6 mm X 411 um. Each membrane featured a total of 278,600 identical slit nanochannels 10 um long
and 6 um wide. Nanochannels were arranged in groups of 1400, where each group led to one circular
microchannel on the opposite side of the chip. Finally, microchannels were geometrically organized in
a hexagonal pattern to maximize porosity and structural integrity. In this study, membranes with a
final layer of SiO, were also used and obtained by wet thermal oxidation of poly-Si.

2.2. Assessment of Membrane Structure

Morphological assessment and characterization of the nanochannel multi-layer structure were
performed via scanning electron microscopy (SEM). A focused ion beam (FIB) system FEI 235
(Nanofabrication facility of the University of Houston, Houston, TX, USA) was used to simultaneously
create nanochannels’ cross-sections and acquire images. Gallium ion milling was performed on the
micromachine parts of the membrane and to expose the nanochannel cross-section. Imaging was then
performed at a 52° angle.

2.3. Electrode Connection

Electrical wires (36 AWG, McMaster Carr, Elmhurst, IL, USA) were epoxied to the membrane
pads using a silver-based conductive adhesive (H20E, Epoxy Technology, Inc., Billerica, MA, USA) and
cured at 150 °C for 1 h. Electrode insulation was achieved by applying a thin layer of UV epoxy (OG116,
Epoxy Technologies, Inc. Billerica, MA, USA) over the conductive pad and UV-curing (UVP UVL-18
EL Series, Analytik Jena US LLC, Upland, CA, USA) for 120 min. The correct electrode connection
was tested by measuring the resistance between the two connection pads with a Fluke 177 True RMS
Multimeter (Fluke Corporation, Everett, WA, USA).

2.4. Electrochemical Characterization

A custom dual-reservoir polymethyl methacrylate (PMMA) apparatus [39] was employed to
perform electrochemical measurements. Membranes were clamped between the two 2 mL reservoirs of
the testing apparatus, each containing two Ag/AgCl electrodes (64-1313, Harvard Apparatus, Holliston,
MA, USA). All measurements were performed in PBS, except for conductance studies, where KC1
solutions at different concentrations (from 107 to 10~! M) were used. A benchtop electrochemical
tester (CH Instruments, Inc. 660E, Austin, TX, USA) was used in either 3 or 4 electrode configurations.

Impedance was measured with a 4-electrodes configuration. A 50 mV perturbation signal was
applied through the electrochemical analyzer within a frequency window from 10 mH to 10 kH.
The measurements were performed with a superimposed DC voltage in the range =3 V to 3 V in steps
of 1 V. Fittings to a Randles cell model were performed with the CHI 660E software (CH Instruments,
Inc. 660E, Austin, TX, USA).

Leakage current was measured with a 3-electrodes configuration. Voltages were applied using
the CHI 660E between the electrode pad and Ag/AgCl electrodes in solution at a distance of ~1 cm
from the membrane. Measurements were performed in the -3 V to +3 V range in 1 V steps, and each
step lasted for 120 s, allowing for transient phenomena to resolve and obtain a stable measurement.
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For conductance experiments, we employed a 4-electrodes configuration. Measurements were
performed for KCI concentrations from 1 uM to 100 mM from the lower to the highest ionic strength.
Reservoirs were rinsed with deionized water for 1 min, and the solution was replaced after each
measurement. Steps of 400 mV were applied using the CHI 660E from —2 V to 2 V, with 30 s pauses to
exhaust possible transient effects. Conductance measurements were performed with a floating gate,
and the values calculated for each step and averaged.

Cyclic voltammetry measurements were conducted with a 3-electrodes configuration and a
scanning rate of 50 mV/s within the interval —2 V to 2 V. Electrochemical measurements were carried
out on membranes with a final dielectric layer of both SiC and SiO;.

2.5. In Vitro Release Modulation

In vitro release modulation experiments were performed employing a custom dual-reservoir device
described in detail elsewhere [40]. Nanochannel membranes were individually clamped between a
250 pL drug reservoir and a UV-Vis transparent macro-cuvette serving as the sink reservoir. Two O-rings
were used to prevent fluid leakage between membranes and the reservoir. Fluid evaporation was
prevented by sealing a drug reservoir with biocompatible silicone plugs (McMaster Carr, Elmhurst,
IL, USA).

Experiments were performed using SiC-coated membranes with ~300 nm nanochannels. To ensure
proper channel wetting, membranes were immersed in isopropyl alcohol for 1 h and then rinsed
three times in deionized HyO. Membranes were then placed overnight in 0.01 X PBS or 1 x PBS in
preparation for quantum dots and methotrexate release, respectively. Sink reservoirs (4.45 mL) were
filled with matching PBS solutions. After fixture assembly, the source reservoir was loaded with either
1 mg/mL 0.01 x PBS solution of quantum dots (CdTe core-type, COOH functionalized, 777978-10MG,
Sigma Aldrich, St. Louis, MO, USA) or 2.5 mg/mL PBS solution of methotrexate (13960, Cayman
Chemical, Ann Arbor, MI, USA). Both molecules possess a negative charge at pH 7.4, with methotrexate
presenting a stable —2q charge (-3.2 X 107 C) and quantum dots having a charge that ranges from
—5q to —15q depending on pH and ionic strength [41]. Methotrexate has a molar mass of 454 Da and an
estimated diameter of 1.6 nm [42], while quantum dots have an estimated molar mass of 200 kDa and
an estimated diameter of 4.7 nm [43]. An Ag/AgCl reference electrode (Harvard Apparatus, Holliston,
MA, USA) was used and placed in the source drug reservoir.

Absorbance measurements of every sample were performed at 5 min intervals using a custom
UV-vis spectrophotometer apparatus consisting of a robotic carousel [44] connected to an Agilent
Cary 50 spectrophotometer (Agilent, Technologies, Santa Clara, CA, USA). Sink solution homogeneity
was maintained by constant magnetic stirring (600 rpm). Methotrexate absorbance was measured
at 373 nm, while quantum dots at 240 nm. An electrical potential (0, —1.5, or =3 V DC) was applied
between the Ag/AgCl and the membrane electrodes through a waveform generator (335224, Keysight
Technologies, Santa Clara, CA, USA). Passive (0 V) and active (1.5 or —3 V) phases were alternated at
regular intervals. For methotrexate, phases were alternated every 6 h between passive and active (0
and -3 V DC, respectively). For quantum dots, 12 h passive phases were alternated with 8 h of active
applied potential (-1.5 V).

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (version 8.1.1; GraphPad Software, Inc.,
San Diego, CA, USA). Mean + SD values were calculated for all results. Further statistical significance
was assessed, adopting the two-tailed paired t-tests (** p < 0.01; **** p < 0.0001). Cumulative releases
were split into phases, and each fitted by a first-order polynomial (MATLAB® polyfit, MathWorks,
Natick, MA, USA). Slopes of cumulative release curves were normalized and displayed as a percentage
of the passive release profiles.
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3. Results and Discussion

3.1. Nanofluidic Membrane

Prior to investigating the electrical performance of the membranes, we sought to analyze the
quality of the membrane fabrication process (Figure 1). Individual silicon membranes were first
visually inspected to assess integrity. Figure 1A shows a stereomicroscope picture of a single membrane,
highlighting the conductive electrode pads at the top right and bottom left edges. The hexagonal
arrangement of microchannels allowed us to maximize packing density without compromising
mechanical robustness. By measuring transmembrane nitrogen gas flow and adopting our predictive
model for nanofluidic gas transport [45], we obtained an indirect measurement for the size of
nanochannels (~300 nm). Sample membranes were further analyzed with SEM imaging. Figure 1B
shows the tightly packed nanochannel arranged in arrays of 19 rows and 96 columns with a horizontal
pitch of 2 pm and a vertical pitch of 10 um. No macroscopic defects or pinholes were observed across
wafers, which indicated that the fabrication protocol was repeatable.

The analysis of the membrane cross-sections obtained via FIB milling was performed to evaluate
the uniformity of layer deposition at different nanofabrication steps. SiO, growth via thermal oxidation
resulted in a highly uniform layer along the whole length of the vertical nanochannels (Figure 1C).
Thermal oxidation is a slow process that enables precise control over layer thickness. Thus, it allowed
us to accurately and homogeneously reduce the size of nanochannels. The subsequent deposition
of poly-Si (Figure 1D) was used to create a gate electrode that coats the whole nanofluidic structure
with the objective of maximizing the electrostatic gating performances. Uniform poly-Si deposition
through the chemical vapor deposition-based (CVD) process in high-aspect-ratio hollow structures
can be challenging. However, our imaging analysis showed that the deposited layer was uniform
(Figure 1D), except for a slight increase in thickness at the nanochannel outlet (bottom right). Finally,
a thin layer of SiC (Figure 1E) was used to coat the conductive poly-Si and act as an insulating and
chemical inert layer. Despite the high-aspect-ratio of the slit nanochannels, the deposition of SiC was
also achieved with good uniformity (Figure 1E). Slight material accumulations at the inlet and outlet
of nanochannels were expected. While we did not generate these intentionally, we noted that a local
restriction at the nanochannel extremities could improve gating performance.

All materials used for the fabrication of the nanofluidic membrane have previously been
demonstrated to be biocompatible using ISO 10993 standards by Kotzar et al. [46]. A subset of
these materials has also been investigated in vivo in rodents and has shown biocompatibility and
low biofouling [47]. Moreover, in our fabrication protocol, silicon carbide completely encapsulates
the membrane and, therefore, is the only material exposed to the environment. Silicon carbide was
specifically chosen for this encapsulation purpose as it’s considered a versatile material for biomedical
applications where extended exposure to physiological fluids is needed [48,49]. Additionally, in vivo
biocompatibility of SiC was demonstrated by Cogan et al. [50], who subcutaneously implanted SiC
discs in New Zealand White rabbit, the histological evaluation showed no chronic inflammatory
response, and a capsule thickness comparable to controls was found.

Furthermore, silicon carbide has previously been shown to offer reduced biofouling when
compared to other biocompatible materials, such as silicon or silicon dioxide [51]. Although complete
protection against protein adsorption could not be achieved [52], we previously showed that biofouling
did not negatively affect the function of our devices. Specifically, nanofluidic membranes, similar
to the one presented in this study, have been used in-vivo in rats for up to 6 months [53] and in
non-human primates for up to 4 months [54] with no alteration of drug release from biofouling or
fibrotic tissue encapsulation.

When compared to membrane architectures previously developed in our lab [55-57],
this membrane presented a less cumbersome fabrication process, thanks to the direct alignment of
nanochannels and microchannels [58,59]. Further, a substantially higher nanochannels density [55,60]
was achieved. In contrast with other gated membrane based on porous alumina (AAO) [29], presenting
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an irregular pore size distribution [28], our structure achieved a monodispersed nanochannel size
that could aid in better control of molecular transport. In its current configuration, featuring 278,600
nanochannels, our membrane configuration was designed to achieve high mass transport rates per
unit surface area. This is typically preferable in the context of implantable drug delivery application,
where miniaturization is a requirement [39]. However, in light of its modular structure, the same
fabrication process could be employed to create alternative configurations with a different number
of channels for adoption in electrokinetic-enabled molecular manipulation or sorting applications.
For these purposes, the large gate electrode surface area might provide increased electrostatic control
of fluid molecules as compared to common Polydimethylsiloxane-glass (PDMS-glass) systems [61,62]
which feature localized gate electrodes.
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Figure 1. Nanochannel membrane structure. (A) Optical image of a silicon nanofluidic membrane,
presenting electrode pads with exposed conductive polysilicon. (B) SEM micrograph, showing the
array of nanochannel inlets. (C,D,E) Vertical cross-section image (SEM) obtained along the length of
nanochannel, showing the membrane fabrication at different stages. Micrographs were color-enhanced
for clarity of visualization. (C) Thermally grown SiO; layer (~175 nm, blue); (D) Low-pressure
chemical vapor deposition (LPCVD)-deposited poly-Si layer (~121 nm, red); (E) Plasma-enhanced-CVD
deposited SiC coating (~64 nm, gray). Images C, D, and E do not picture the same membrane location.

3.2. Solid-Liquid Interface, SiO; vs SiC

To evaluate SiC properties as a gate dielectric in contact with ionic solutions, we compared
its insulation performance to SiO,, which is a broadly used gate dielectric in solid electronics [63].
SiO; and other metal oxides, such as alumina and hafnium dioxide, owe their success to their high
dielectric constants that allow for low leakage currents. Even though these materials excel in solid
electronic manufacturing, they either lack biocompatibility or chemical inertness and durability in
aqueous environments [50].
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Leakage current measurements (Figure 2A) performed with our membranes did not show
substantial differences between SiO, and SiC, except for 3 V. However, the steep increase in leakage
observed for SiC between 2 and 3 V, emphasized by the electrolytic solution environment, suggests
that the molecular arrangement in the dielectric layer is not ideal [64]. The literature on gate dielectric
leakage in ionic solutions is scarce, and the available models for a solid-state field-effect transistor
(FET) are unable to account for the effect of the electrolyte solution environment. In aqueous solutions,
currents in the order of pA were measured for electric fields as low as 0.5 MV cm™! (Figure 2A).
In contrast, for solid-state FET, currents in the order of magnitude of pA are only expected for electric
fields greater than 15 and 2 MV cm™! for SiO, and SiC, respectively. High leakage currents are usually
attributed to the formation of conductive filaments within the oxide, whereby electrons are trapped
and form clusters within defects in the material. When clusters are at tunneling distance, a conductive
path can form, leading to high leakage currents [65,66]. The proportional increase in leakage currents
at increasing ionic strength of the solution, previously reported by this group [39], provides further
support for this phenomenon.
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Figure 2. Leakage current and cyclic voltammetry. (A) Comparison of gate leakage current for SiO,
and silicon carbide (SiC) dielectric. (B) Cyclic voltammetry comparison between SiO, and SiC.

In the voltage range between —2 and 2 V, SiC and SiO, exhibited similar values of leakage currents.
Thus, to closer investigate differences in performances, we used cyclic voltammetry (CV). As compared
to SiO,-coated membranes, lower currents were measured for SiC at each applied voltage (Figure 2B).
Interestingly, we observed a non-linear proportional relationship between voltage and current for both
materials. SiC exhibited a steep increase in current for voltages higher than 1 V in absolute value.
This suggested that for small applied voltages, no faradaic currents occurred, and the material behaved
almost as an ideal capacitor. For voltages above + 1V, electrochemical reactions between the surface
groups (C, SiO™) and reactive species in the electrolyte solution (C1~, HO™) led to increased currents.

In contrast, the significant current increase observed for the leakage currents (Figure 2A) for
voltages over 2 V was likely related to material deterioration and conductive filament formation.
The asymmetry between results obtained with positive and negative voltages provided further support
for this theory. Higher currents for negative applied voltages were observed in both measurements.
For negative voltages, positive species were attracted to the surface. The percolation model suggests
that in the presence of strong electrostatic attraction, protons can diffuse in the insulator, starting a
percolating path that can lead to the formation of a conductive filament [65]. Instead, for positive
potentials, proton repulsion may cause a reversible interruption of the conductive filament, effectively
decreasing leakage [67]. Additionally, the difference in hysteresis between the two CV profiles
(Figure 2B) was suggestive of differences in surface charge accumulation between the two materials.
A thinner CV profile usually correlates with low charge accumulation. Collectively, the results
showed that SiC suffered lower leakage currents in the —2 V to 2 V range, exhibiting better insulation
performance than SiO,.
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3.3. Electrochemical Characterization: Conductance

To further investigate the surface properties of SiC, we performed conductance measurements of
SiC-coated membranes in the ionic concentration range between 1 uM and 100 mM. We employed
a custom fixture [39] that allowed us to limit wetting to the nanochannel part of the membrane.
The results are shown in Figure 3A. At high ionic strengths (>10~* M), conductance measurements
displayed a linear dependence on the ionic strength. In these conditions, the Debye length was
significantly smaller than the size of nanochannels. Accordingly, the results were consistent with
the bulk electrolyte conductance (red dashed line in Figure 3A). In contrast, at low ionic strengths
(<107* M), we observed a plateau in conductance (in the log-log scale). This occurred when the
Debye length approached the nanochannel dimension, and the excess of counter-ions balanced the
surface charge, reaching channel electroneutrality [68]. Here, as it directly related to the conductance,
the surface charge could be calculated by fitting the results to the equation [69]:

2
y=a) -7 v

In Equation (1), E p, and X are the Faraday’s constant, ionic mobility, and the volume charge
density, respectively. Further, cy is the solution molarity, and w, h, and 1 are the nanochannels’ width,
height, and length, respectively. Using the relation zFY. = —205/h, we obtained a surface charge value
of 05 = 1.81 pC/m?, which was consistent with the previously reported data for SiC surfaces [70].
Our SiC coating exhibited a surface charge orders of magnitude smaller than SiO, (1-100 mC/m?2) [71],
which correlated with better performance in electrostatic gating control. In fact, chemically reactive
surfaces act as charge buffers. Anexternally applied electric field is quickly compensated by protonation
or deprotonation of reactive groups on the surface, limiting charge rearrangement in the electrical
double layer (EDL) [72]. Thus, to minimize surface charge, materials are often artificially treated [28].
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Figure 3. Electrochemical measurements. (A) Measured transmembrane ionic conductance.
(B) Schematic of the electric double layer and relative model. (1) Inner Helmholtz plane; (2) Outer
Helmholtz plane; (3) Diffuse layer; (4) Solvated ion; (5) Specifically adsorbed ion; (6) Molecules of
the electrolyte solvent. (C) Fitted resistance of charge transfer (Rct) of SiO,-coated membranes versus
SiC-coated membranes. (D) Fitted double-layer capacitance (Cq;) of SiO,-coated membranes versus
SiC-coated membranes.
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3.4. Electrochemical Characterization: Electrochemical Impedance Spectroscopy

To investigate dielectric/liquid interface properties with the application of an external voltage,
we performed electrochemical impedance spectroscopy (EIS) measurements. Specifically, we compared
the resistance to charge transfer and the double layer capacitance at different gate voltages.
A comparative assessment was conducted using SiC- and SiO;-coated chips. Figure 3B shows
a schematics of the electrical double layer (EDL), which described the ionic distribution that occurres
at the solid-liquid interface of a charged surface to maintain local electroneutrality. The EDL is usually
described by that Grahame model, which identifies three main layers consisting of 1) non-hydrated ions
adsorbed to the surface, ii) hydrated immobile ions, iii) free moving hydrated ions [73]. The first and
second layers of immobile ions are often referred to as the Stern layer. The EDL region is modeled by a
series of capacitors, referred to as double-layer capacitance (Cgpr.), where the Stern layer (~0.2 nm) [74]
corresponds to the most significant contribution. As current can flow across the interface upon
application of a DC potential, a resistive path is considered in parallel to the capacitance. This is usually
referred to as a charge-transfer resistance (R¢t). Ret can vary substantially depending on the material
ability to exchange electrons with the electrolyte solution. Upon application of an external DC potential,
if electrons cannot be easily exchanged, an overpotential builds up at the interface. In non-polarizable
materials, such as Ag/AgCl, small R¢; permits high currents. In contrast, polarizable materials present
high R, and the current exchange is limited.

By fitting our EIS measurements to the model described above (Figure 3B), we calculated R and
CgpL for both a 5iO;- and a SiC-coated membrane at different gate voltages (V) applied (Figure 3C,D).
Depending on the applied potential, SiC showed an Rt 1.5 to 8 times bigger than SiO, (Figure 3C).
Interestingly, both materials showed a clear dependence of Rt with the applied voltage. SiO; exhibited
a monotonic increase of R¢; with the applied voltage, where more positive voltages resulted in higher
Ret. In contrast, SiC showed a decrease in Rt proportional to the absolute value of the applied voltage.
We attributed these phenomena to the difference in surface charge between SiO, and SiC. In fact,
a higher number of available SiO~ sites on the SiO, surface allowed for increased electron exchange.

Cgpr, did not exhibit a correlation with the applied gate voltage for either material (Figure 3D).
Moreover, we unexpectedly found six times higher Cgpy, for SiC with respect to SiO,. As Cgpp. mainly
depends on the surface area and EDL thickness, our results could be explained in the context of the
material porosity [75]. By presenting a larger surface area, pores displayed increased capacity. Overall,
the low surface charge exposed by SiC and the high resistance to charge transfer qualified SiC as a
polarizable interface suitable for electrostatic gating.

3.5. Mechanism of Analyte Flow Control through Electrostatic Gating

Nanofluidic systems present high surface to volume ratios. In light of this, charged species
diffusing in nanoconfinement exhibit unique behaviors [76,77]. Electrostatic, steric, and hydrodynamic
interactions with the nanochannel walls influence local molecular concentration and effective diffusivity.
Depending on solution properties, such as ionic strength, pH, and surface charge density, the EDL can
extend from a fraction to hundreds of nm in the fluid. Both SiC and SiO, surface expose native silanol
groups, resulting in a net negative surface charge at pH 7.4 [78]. In proximity to the surface, charged
species redistribute to reach electroneutrality [73]. While counter-ions concentration increases, co-ions
are depleted following distribution with a characteristic dimension equal to the Debye length.

Once solution properties are defined, the surface charge is the only parameter that has a significant
effect on the distribution of charges in the fluid. Thus, nanochannel charge-selectivity can be altered
by controlling the channel surface charge. An applied difference in potential between a buried gate
electrode and an electrode in solution creates an overpotential at the surface. We employed this strategy
to modulate the diffusive transport of analytes through our nanofluidic membrane. With no applied
voltage, molecules diffused through the channel unperturbed. By applying a negative gate potential,
the transmembrane transport of co-ions was substantially reduced.
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3.6. In Vitro Release Modulation of Methotrexate

To investigate the effectiveness of electrostatic gating on controlling trans-membrane transport of a
small charged analyte, we performed an in vitro diffusion study using methotrexate. Methotrexate has
a molecular weight of 454 Da and is a good representative of small molecules (<900 Da) therapeutics,
which accounts for the majority of pharmaceuticals [79]. Clinically, methotrexate is used as a
chemotherapeutic agent for the treatment of various cancers, as well as in the management of
rheumatoid arthritis [33].

Figure 4A shows the normalized release rates for four consecutive cycles alternating between
passive and active phases. During the passive phases, negatively charged molecules (—2q for
methotrexate) diffused trough the nanochannels freely, largely unaffected by the low native charge of
the SiC surfaces. When a negative voltage was applied (-3 V), an increase in negative surface charge
repelled methotrexate molecules, reducing their release. The four alternation cycles between passive
and active phases demonstrated that electrostatic gating allowed for repeatability of release modulation.
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Figure 4. Electrostatically controlled release of methotrexate. (A) The normalized release rate of
methotrexate for four cycles between free diffusion (Passive) and gated diffusion (Active). (B) Release
rates grouped by phase typology (** p < 0.01).

We observed a statistically significant (** p < 0.01) difference in release rate between active and
passive phases, whereby the applied potential -3 V yielded a decrease in the release rate of ~35%.
During the passive phase, an average release rate of 10 pug/day was obtained, which was consistent
with daily doses used to treat rheumatoid arthritis in pre-clinical testing [80]. Other small molecule
therapeutics, including glucocorticoids [81], hormone therapeutics [82], and antivirals [83], present
effective daily doses in the order of micrograms. This indicates that the current membrane architecture
could, in principle, be adopted for various therapeutic applications. However, further testing with
different pharmaceutical agents is warranted.

3.7. In Vitro Controlled Release of Quantum Dots

To assess the ability of our membrane to modulate the release rate of larger molecules,
we performed an in vitro release study with quantum dots. Quantum dots possess broad applicability
in bioengineering, including imaging [84], theranostics [85], cell labeling for in vivo tracking [86], tissue
staining [87]. They have also been investigated as biomarkers for cancer detection and for targeted
drug delivery [35]. Figure 5A shows the normalized release rate of each phase, where passive (0 V)
and active phases (=1.5 V) were alternated over three cycles.

The application of the negative gate potential drastically reduced the release of quantum dots from
the membrane. Subsequent cycles demonstrated consistent and reproducible release rate reduction,
suggesting that the membrane and the gating performance were consistent over time. A statistically
significant difference (**** p < 0.0001) in the release between active and passive phases (84%) was
observed (Figure 5B). When compared to methotrexate, quantum dots clearly showed a more effective
electrostatic modulation, which could be attributed to higher particle charge and lower ionic strength
of the solution. Specifically, the high exposed charge is due to the carboxylic functionalization,
where several groups result in a negative net charge that ranges from -5 to —15 depending on pH and
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ionic strength [41]. Moreover, the low ionic strength solution (0.01 x PBS) has a Debye length 10 times
greater than the 1 X PBS. These two properties contribute to enhance the electrostatic interactions
between the wall and the solute. Thus, the application of the gate potential resulted in increased
efficacy of release modulation.
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Figure 5. Electrostatically controlled release of quantum dots. (A) The normalized release rate of
quantum dots for three cycles between free diffusion (Passive) and gated diffusion (Active). (B) Release
rates grouped by phase typology (**** p < 0.0001).

3.8. Considerations on Electrostatic Gating Performance

To achieve efficient devices for tunable molecular diffusion via electrostatic gating, various
parameters need to be optimized. Of utmost importance is the choice of dielectric material to insulate
the buried gate electrode. In this study, we investigated SiC as it conciliates the need for low leakage
currents, with a dielectric constant similar to SiO, (4.4-4.9) [88], and offers chemical inertness in
aqueous solutions [48]. Moreover, SiC offers a low native charge; therefore, it minimizes unwanted
non-linearities connected to the buffer capacity of strongly charged surfaces [72].

Further, efficient electrostatic flow modulation is strictly connected to the nanochannel size to
the Debye length ratio (/A). Our membrane was designed for medical applications, where the ionic
strength and pH were bound to physiological values. Our future investigations focus on manufacturing
membranes with smaller nanochannels to be able, in principle, to completely stop analyte diffusion.
Finally, as flow control trough electrostatic gating is mainly based on coulombic interactions, analytes
that expose high surface charges are more suitable for gate modulation. Therefore, drug encapsulation
with highly charged polymers can significantly improve administration control of small analytes.

4. Conclusions

In this work, we investigated a SiC-coated nanofluidic membrane capable of the reproducible
control of analyte transport via electrostatic gating. The application of a low-intensity electrical potential
to the gate electrode allowed us to alter nanochannel surface charge, leading to tunable membrane
charge-selectivity, and control over the release of methotrexate and quantum dots. Electrochemical
characterization showed that SiC dielectric coating exhibited low leakage current and reduced intrinsic
charge as compared to SiO,. Moreover, SiC offered chemical bioinertness, which rendered it an
ideal candidate for use in biomedical devices for therapeutic delivery based on electrostatic-gating.
In this context, our membranes could be employed as actuators for remotely controlled drug delivery
systems. The low voltage needed to modulate the release rate could be provided via small scale
and low-power circuitry. This investigation might pave the way for the development of the next
generation of drug delivery systems, enabling pre-programmed or remotely managed pharmaceutic
administration. Further, our gated nanofluidic membrane might find applicability in molecular sieving
and lab on a chip diagnostic.
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5. Patents

Grattoni, A.; Liu, X.; Ferrari, M. Gated Nanofluidic Valve For Active And Passive Electrosteric
Control Of Molecular Transport, And Methods Of Fabrication, U.S. Provisional Pat. Ser. No. 62/961,437,
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Abstract: The adhesion, proliferation, and migration of cells over nanomaterials is regulated by a
cascade of biochemical signals that originate at the interface of a cell with a substrate and propagate
through the cytoplasm to the nucleus. The topography of the substrate plays a major role in this
process. Cell adhesion molecules (CAMs) have a characteristic size of some nanometers and a
range of action of some tens of nanometers. Controlling details of a surface at the nanoscale—the
same dimensional over which CAMs operate—offers ways to govern the behavior of cells and
create organoids or tissues with heretofore unattainable precision. Here, using electrochemical
procedures, we generated mesoporous silicon surfaces with different values of pore size (PS ~ 11 nm
and PS ~ 21 nm), roughness (Ra # 7 nm and Ra ~ 13 nm), and fractal dimension (Df = 2.48 and
Df ~ 2.15). Using electroless deposition, we deposited over these substrates thin layers of gold
nanoparticles. Resulting devices feature (i) nanoscale details for the stimulation and control of cell
assembly, (ii) arrays of pores for drug loading/release, (iii) layers of nanostructured gold for the
enhancement of the electromagnetic signal in Raman spectroscopy (SERS). We then used these devices
as cell culturing substrates. Upon loading with the anti-tumor drug PtCl (O,0’-acac)(DMSO) we
examined the rate of adhesion and growth of breast cancer MCF-7 cells under the coincidental effects
of surface geometry and drug release. Using confocal imaging and SERS spectroscopy we determined
the relative importance of nano-topography and delivery of therapeutics on cell growth—and how
an unbalance between these competing agents can accelerate the development of tumor cells.

Keywords: nanoporous silicon; gold nanoparticles; drug delivery; cancer cells; theranostics

1. Introduction

Tissue engineering is a combination of techniques and materials for the fabrication of scaffolds and
devices that, interacting with the cells, can lead to the formation of an analogue of tissues and organs
that can improve, assist, or replace those already existing in the human body [1-4]. The biomaterials to
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be used in tissue engineering should exhibit the most convenient combination of mechanical properties,
macro-scale architecture, and nanoscale geometry, to influence the collective behavior of cells and
induce cells to form efficient structures. Those structures should be biocompatible, energetically
efficient, autonomous, computationally efficient, and should be organized in a way to optimize the
exchange of biochemical signals, nutrients, and oxygen between the several different parts of the
structures and the external environment [1,2,4,5]. Thus, an ideal scaffold should present details over
different hierarchical length scales to enable cell colonization, migration, and organization, and should
be preferentially porous to enable the transport of bio-molecules.

At the nanoscale, cell behavior is strongly influenced by their interaction with the surrounding
microenvironment [6-11]. Nanomaterials can interact without intermediation with the those adhesion
molecules (integrins, cadherins, selectins, the immunoglobulin superfamily of cell surface proteins)
involved in several different cell functions, including recognition, binding, adhesion, migration,
apoptosis, differentiation, survival, and transcription [7-9,11,12]. Due to this unmediated interaction,
nanomaterials can be fine-tuned to manipulate cellular function [13]. Materials with a controlled
design at the nanoscale have been demonstrated in applications such as stem cells differentiation [14],
the activation of the immune synapse [15], the shaping and signaling in neuronal networks [16],
cell adhesion [17-19] and growth [20,21], the manipulation and control of neural polarity [22].
While many of the reported works have focused on bi-dimensional geometries, recent advances in
additive manufacturing technologies [23], such as light assisted photopolymerization techniques [24],
stereolithography [25], digital light projection, and two-photon polymerization [26], allowed a smooth
transition from a 2D to a 3D design of the intended nano-structures [27]. The resulting cell culture
models have an increased degree of complexity, an increased number of degrees of freedom, and
exhibit a more faithful adherence to the 3D complex architectures of cells in living tissue and organs.
This in turn enables to reproduce with an increased level of fidelity the natural microenvironment of
cells [28].

Nevertheless, despite important advances in the production of scaffolds for tissue engineering
applications, the development of characterization techniques has lagged behind the progress of
fabrication. Recently, the demand for new devices for the analysis of the behavior of cells at the length
scale of cell receptor is increasing. Those devices may reveal the fundamental biological mechanisms
behind cell adhesion, migration, and organization at the cell-adhesion-molecule level, disclosing
precious information for those interested in designing the scaffolds in the most efficient way.

In this paper, we present a mesoporous silicon device with details over multiple scales for cell
culture, growth, and assembly. The device is functionalized with gold nanoparticle clusters that can be
exploited to amplify the Raman signal measured at the cell interface. Thanks to the pores in the silicon
matrix, the device can release drugs, growth factors, or other biomolecules to the cells over time. Thus,
the device combines the ability of a scaffold to support cell growth with the ability of a drug delivery
system to vehicle active-molecules to the cells adhering to the scaffold. The gold nanoparticles on the
device enable to examine the combined effects of surface nano-topography and the delivery of drugs
on cell adhesion and proliferation. In experiments in which we put in culture cancerous MCE-7 cells on
the device, we measured the simultaneous effect of the pore size and of the delivery of an anti-tumor
drug on the adhesive and proliferation properties of cells. Moreover, using Raman spectroscopy and a
multivariate analysis of data, we mapped the spatial distribution of receptors expressed over the cell
surface, and correlated that distribution to the nanoscale architecture of the device. We found that
cells exhibit an increased ability to grow and to form clusters on substrates with smaller pore size
(PS ~ 11 nm) and roughness (R, ~ 7 nm), compared to substrates with larger pore size (PS ~ 21 nm) and
roughness (Ra = 13 nm), in line with previous studies [29,30]. Both substrates deliver their payload
efficiently, up to 10 days from the initial release, demonstrating high anti-cancer efficacy and killing up
to 90% of cancerous cells on the smaller mesoporous substrate after 72 h from cell culture.

The multi-functional device that we developed can be used to evaluate the coincidental effects of
(i) a timely administrated drug or nutrient and of the (ii) nanoscale characteristics of a surface on the
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efficacy of a therapeutic treatment, the functionalities of a scaffold, or a combination of the two. The
device can be potentially used in applications that bridge traditional drug delivery, traditional tissue
engineering and regenerative medicine, and diagnostics.

2. Methods

2.1. Fabrication of Mesoporous Silicon Surfaces

A detailed scheme of the fabrication of the Au-functionalized substrates is reported in Figure 1.
Silicon substrates were electrochemically etched to obtain porous silicon. Porous silicon is a form
of silicon with arrays of pores penetrating through its structure [31]. The average pore size (PS)
determines the class of the porous silicon material: substrates with PS <2 nm, 2 < PS < 50 nm, or
PS > 50 nm are classified as nanoporous, mesoporous, macroporous silicon substrates, respectively [31].
In this work we produced mesoporous silicon substrates with two different non-overlapping values of
pore size: MeP; silicon substrates with PS; ~ 11 nm and MeP; silicon substrates with PS; ~ 21 nm.
We used P-type, 100 silicon wafers as a substrate. We cut the originating silicon wafers into regular
square chips with a side of 1 cm. We then positioned the chips in an impermeable electrolytic cell
where samples were exposed to a solution of hydrofluoric acid (HF) and ethanol or methanol, under
the action of an external electric field [30]. As a result, hydrogen ions in solution were accelerated
towards the silicon substrate etching the pores. Substrates with a different pore size were obtained
by tuning the parameters of the technique: the intensity of etching current, the concentration of HF
in solution, the type of neutral component in solution (ethanol or methanol), and the time of the
process. MeP; silicon with an average pore size of PS ~ 11 nm was obtained using a mixture of HE, D.I.
(de-ionized) water and ethanol in a proportion of 1:1:1 in volume. In the process, a value of current
density of I = 20 mA/cm? was applied for 5 min at 25 °C. MeP; silicon with an average pore size of
PS ~ 21 nm was obtained using a mixture of HE, D.I. water, and methanol in a proportion of 5:3:2 in
volume. In the process, a value of current density of I = 4 mA/cm? was applied for 5 min at 25 °C.
In all cases, the thickness of the porous layer is of some tens of micrometers. Since porous silicon is
intrinsically hydrophobic [32], samples were oxidized in an oven at 200 °C for 2 h before use. The
photoluminescence of mesoporous silicon was verified by imaging the light emission of the samples
under UV radiation (365 nm).

2.2. Electroless Deposition of Gold Nanoparticles Clusters

Clusters of gold nanoparticles were deposited on the porous sample surface using electroless
deposition techniques. In the technique, metal ions in solution are reduced on an autocatalytic surface
to form solid deposits of that metal [33]. Following the methods reported in [34], we treated the porous
silicon samples in a solution of HF and gold (III) chloride (AuCls) in a concentration of 0.15 M (HF)
and 1 mM (AuCls) for 3 min at 50 °C. In solution, the ions of gold react with the exposed silicon surface
yielding gold nanoparticles with an average particle size d ~ 20 nm. Samples were then rinsed in D.IL.
water at room temperature for 30 s.
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Figure 1. (a) An initial silicon chip of approximately 1 X 1 cm is electrochemical etched using a Teflon
cell containing a solution of hydrofluoric acid (HF), D.I. (de-ionized) water, and methanol/ethanol in
different ratios. (b) Upon activation of an external controlled voltage, positive ions in solution are
accelerated towards the silicon substrate, creating pores within its structure. (c) Depending on the
parameters of the process, including etching time, current and voltage intensity, and the concentration
of the reagents in solution, one can obtain porous silicon surfaces with a tailored morphology. (d) The
porous silicon sample is then placed in a baker along with a solution of hydrofluoric acid (HF) and
gold(III) chloride (AuCl3). (e) The resulting electroless process enables the deposition of gold ions in
solution on the autocatalytic porous-silicon surface. (f) By varying the parameters of the electroless
process, including temperature, concentration, and time, one can produce substrates with controlled
gold-nanoparticles shape, size, and density.

2.3. SEM Sample Characterization

SEM (Scanning Electron Microscopy) analysis was conducted with a Zeiss GeminiSEM 500 at
Dresden Center for Nanoanalysis (DCN), TU Dresden, Germany. Two types of porous silicon samples
were analyzed: mesoporous 1 (MeP;) and mesoporous 2 (MeP,). Both samples were provided with
and without gold nanoparticles deposited on their surface. Samples were fixed on stubs with a long
pin and then mounted on a carousel 9 X 9 mm sample holder. In order to fix the samples, a small
amount of silver paint was applied between the edge of the silicon substrate and the stub. A further
copper lever was screwed in order to secure the sample on the stub. Several images of the samples
were acquired in High Vacuum mode at 3 kV, a magnification factor of 300,000, and a working distance
of about 3 mm with an InLens Detector (ZEISS) for secondary electrons. In order to reduce the drift,
a frame integration (N = 14) was performed. In this way, every frame was scanned and averaged
14 times.

2.4. AFM Sample Characterization

Sample nanotopography was verified using atomic force microscopy (ICON Atomic Force
Microscope, Bruker, Coventry, UK). We measured the surface profile over a sampling area of
1 x 1 um?, in a dynamic tapping mode in air. All measurements were performed at room temperature.
During image acquisition, the scan rate was fixed as 0.5 Hz, while images were discretized in
1024 x 1024 points. We used Ultra-sharp Si probes (ACLA-SS, AppNano, Mountain View, CA, USA)
with a nominal tip radius less than 5 nm to assure high resolution. Multiple measurements were done
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in different scan directions to avoid artefacts. At least four images were recorded per sample to reduce
uncertainty. After acquisition, images were analyzed using the methods developed in [17] to determine
the average surface roughness (Ra) and fractal dimension (Df) for each sample.

2.5. Contact Angle Characterization of Samples

The wettability of the samples was verified using an automatic contact angle meter (KSV CAM
101, KSV Instruments Ltd., Helsinki, Finland). A drop of 5 uL of D.I. water was gently positioned on
the sample surface at room temperature. After 5 s from deposition, the contact angle of the drop at the
interface with the substrate was measured.

2.6. MCF-7 Cell Culture and Staining

Breast carcinoma MCEF-7 cells were grown on the porous silicon surfaces. Cultures were carried
out at 37 °C in a humidified 5% CO,/air atmosphere in a Dulbecco’s modified eagle’s medium
(DMEM, Euroclone) supplied with 10% heat-inactivated fetal bovine serum (Euroclone, Pero (Mi),
Italy), streptomycin (0.2 mg/mL) and penicillin (200 IU/mL). When cells on the petri dishes reached 90%
confluence, they were dissociated: medium was removed and MCF-7 were treated with a solution of
0.25% Trypsin-0.53mM EDTA (Euroclone) for about 5 min at 37 °C. Trypsin was deactivated by adding
medium and completely removed after centrifugation of the cell suspension (1300 rpm, 5 min, 18 °C).
Then, trypsin/growth medium solution was removed. Single sterilized porous Si wafer specimens with
and without loaded drugs, having a size of around 15 X 15 mm, were individually placed into each
well of a 6-well plate (Corning Incorporated) and washed with phosphate-buffered saline solution
(PBS, Invitrogen). After that, cells were seeded in complete cell medium and cultured up to 15 days in
a humidified incubator at 37 °C with 5% of CO,. After the incubation period, cell culture medium
was removed and the MCF-7 cells were washed twice in PBS, fixed with 4% PFA (paraformaldehyde),
and left for 30 min at room temperature (RT). Subsequently, cells were washed twice in PBS and
permeabilized with 0.05% triton (Invitrogen, Milano, Italy) for 5 min at RT. Fixed and permeabilized
cells were stained with 100 pL. DAPI (40, 6-Diamidino-2-phenylindole, Sigma Aldrich, Milano, Italy)
solution for 10 min at 4 °C in dark environment. In the end, the DAPI solute ion was removed and each
sample was washed with PBS. The total number of cells ny; initially seeded in each well for incubation
was approximately not = 10°. Cells were sub-confluent for the duration of the experiment. MCF-7 cells
were chosen as a cell-model because they are characterized by a moderate expression of the integrins.
As previously reported [35], the change in the intensity and type of expression of integrin is the basis
of the cancer disease progression. Notably, MCF-7 are a secondary cell line. The choice of another cell
line, perhaps a primary cell line, while could possibly enhance clustering, may not have—at the same
time—the same effect on the expression of integrins in the system.

2.7. Imaging Cells on the Substrates

An inverted Leica TCS-SP2® laser scanning confocal microscopy (Wetzlar, Germany) system was
used to image cells adhering on the substrates. All measurements were performed using ArUv laser
(Leica, Wetzlar, Germany). The pinhole was set to ~ 80 um (1.5 Airy units) and the laser power to 80%
of the maximum, these values of the parameters were maintained constant throughout each acquisition.
Confocal images of blue (DAPI) fluorescence were acquired using a 405 nm excitation line and a 10x
dry objective, so that several cells could be simultaneously imaged in the region of interest, that was of
1174 x 882 um?, resulting in a pixel size of ~ 1.72 um. For each substrate, a large number of images
was taken for statistical analysis. Each image was averaged over four lines and 10 frames to reduce
noise. Images were acquired with a resolution of 1024 x 768 pixels, and were exported to a computer
for processing and analysis.
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2.8. Image Analysis and Topological Characteristics of Cell Networks

Confocal images of cell nuclei stained with DAPI were analyzed with Matlab® to extract the cell
positions. Images were preprocessed to enhance contrast and low-pass filtered to remove constant
power additive noise. Each image was partitioned into k = k different segments (going gradually from
bright, k =1, to dark, k = k) by k-means segmentation algorithms [30]. The information content of the
image was thus associated with a gray level k = t and all the segments brighter than a certain threshold
t were considered as background and shifted to 0. The values of the remaining segments, representing
the cells, were shifted to 1. After that, the resulting image (g) was downsampled: if f was the average
operator, f was shifted over g by steps of size r, where 12 was the expected area of a cell nucleus in pixels.
The pixel intensity (ranging from 0 to 1) of the resulting image indicated the probability that a pixel is a
cell. If this probability is greater than a threshold, that pixel is considered being a node of the graph in
a bi-dimensional grid. At this point, the links between the nodes can be established using the Waxman
model [36], according to which the probability P(i,v) of being a connection between two nodes u and v
exponentially decays with their Euclidean distance d. If L is the largest Euclidean distance:

P(u,v) = e (o) /BL (1)

where d is the Euclidean distance between nodes u and v, and L is the largest possible Euclidean
distance between two nodes of the grid. In the equation, o and {3 are the Waxman model parameters.
According to « and (3, which have to be chosen between 0 and 1, the density of links in a graph changes.
In particular, low values of these parameters result in a low number of connections. For our study, & =1
and 3 = 0.025. The probability P ranges between 0 (if the distance between the pair of nodes is ideally
infinite) and 1 (if the distance between the pair of nodes is zero). The connectivity information of a
graph is described in the adjacency matrix A. A is a square matrix in which each element a;; indicates
whether two nodes 7 and j are connected (a;; = 1) or not (a;; = 0). In the analysis, diagonal elements
were all zero, since links from a node to itself were not allowed. Moreover, graphs were considered
being undirected, so that information could bidirectionally flow from i to j. As a consequence A was
symmetric and a;; = a;;. As the Euclidean distances d;; in the networks were extracted, we could decide
if a pair of nodes is connected by the subsequent formula

ae”%i/PL _R >0 )

in which R is a constant that we chose as 0.1 so that the probability of being a connection is P = 0.9. Once
established the connections between the nodes, the network parameters including clustering coefficient,
characteristic path length, and small-world-ness can be extracted. The definition and significance of
these terms may be found in influential textbooks [37] and papers [38—41]. Once obtained the Cc and
Cpl values, we found a precise measure of ‘small-world-ness’, the ‘small-world-ness’ coefficient (SW),
based on the trade-off between high local clustering and short path length as described in [42]:

_ chraph CPZ graph

SW =
Ccmnd Cplrund

3
where Ccgrapn and Cplgraph are the clustering coefficient and the characteristic path length of the graph
G under study, and Ccyang and Cplyang are the equivalent values for a random Erdos-Rényi graph with
the same number of nodes and edges of G.

2.9. Raman Analysis of Samples

MCEF-7 cells fixed on the Au-mesoporous sample surface were analyzed by a WITec Raman
microscope Alpha300 AR equipped with a 50x/0.7 N.A. (Numerical Aperture) objective. The signal
was excited by a 633 nm laser, set to a power of 1 mW. For each sample, SERS (Surface Enhanced
Raman Spectroscopy) maps of a portion of a cell were acquired in the x-y plane with a 0.5 pm stepsize,
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with the aim to analyze the SERS spectra coming in particular from the cell membrane, searching
the different biochemical composition of each point to evidence the possible presence of adhesion
proteins [43]. The Raman spectra were collected in the spectral range from 700 to 3250 1/cm, with an
integration time of 1 s.

2.10. Principal Components Analysis of Raman Spectra

Spectra were pre-processed to minimize the effect of the fluorescence of samples by normalization
on the total spectrum area. A principal component analysis (PCA) and a clustering analysis were
performed on the spectral collection to highlight the chemical differences between the membrane’s
points [44]. The first five principal components (PCs) accounted for nearly 90% of the total spectral
variation and they were then used to implement the clustering analysis by the Kmean method, imposing
anumber of five classes. All the pre-processing steps, the PCA, and the clustering analysis were carried
out using the free software package Raman Tool Set (available on http://ramantoolset.sourceforge.net).

2.11. UV Characterization of Drug Release

To assess the drug-delivery capability of the device we verified the release over time of the
anti-tumor drug PtC1(O,0%-acac)(DMSO). PtCI(O,0’-acac)(DMSO) is a platinum(II) complex containing
acetylacetonate (acac), characterized by a high toxicity both in immortalized cell lines, as human cervical
carcinoma (HeLa) cells or human breast cancer (MCF-7) cells, and in primary cultured human breast
epithelial cells [45]. In this work, we incubated the mesoporous silicon samples in 30 uM/50 pM
solutions of PtCl(O,0’-acac)(DMSO) in D.I. water for 60 h to load the drug. The release kinetic was
tested over time up to 15 days, by immersion of the loaded sample in DI water and monitoring the
drug concentration at different time, through the analysis of drug in solution by a spectrophotometer
UV/Vis (LAMBDA 25 UV/Vis PerkinElmer), after standard calibration procedures of the samples.

2.12. Statistical Analysis

Data in the article and in the figures are represented as mean + standard deviation. We used a
Student’s t-test statistics (two-tailed, unpaired) to perform comparison between means of different
groups, where we assumed that elements in each group are normally distributed. In performing the
test, the null hypothesis is that the means between pairs of samples are equal. Everywhere in the text
and the figures the difference between two subsets of data is considered statistically significant if the
Student’s t-test gives a significant level p (p value) less than 0.05.

3. Results

3.1. Producing Gold-Functionalized Mesoporous Surfaces

Using electrochemical etching techniques described in Section 2, we produced porous silicon
surfaces. Tuning the parameters of the electrochemical etching, we obtained two different pore
morphologies: (i) mesoporous silicon samples with a pore size that oscillates around the central
value PS = 11 nm (MeP; silicon with a pore size in the lower nanometer range) and (ii) mesoporous
silicon samples with an average pore size PS = 21 nm (MeP; silicon with a pore size in the higher
nanometer range). Scanning electron micrographs (SEM) of MeP; and MeP, samples taken at different
magnifications reveal the morphology of the porous surface at different scales (Figure 2a—f). Pores
on the surface of MeP; silicon are less uniformly distributed, are less dense, and result in a porosity
of the sample of about P ~ 12% (Figure 2a—c). The porosity or void fraction is a measure of the void
spaces in a material, it is a fraction of the volume of voids over the total volume, expressed here as a
percentage between 0% and 100%: it was calculated following the image analysis algorithms reported
in the Supporting Information 1 of Supplementary Materials. Differently, pores on the surface of MeP,
silicon are more uniform and are more densely packed compared to the pores found in the MeP;
morphology: for this category, the porosity of the sample soars to P ~ 40% (Figure 2d—f).
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Figure 2. (a—c) SEM micrographs of MeP; substrates at different levels of magnification, the pores are
less uniformly distributed over the sample surface with an average pore size of PS ~ 11 nm. (d-f) SEM
micrographs of MeP, substrates at different levels of magnification, the pores are uniformly distributed
over the sample surface with an average pore size of PS ~ 21 nm. (g—i) SEM micrographs of clusters of
gold nanoparticles deposited over the porous sample surfaces, the particles follow the profile of the
samples without occluding the pores, the average particle size is *8 nm.

Thus, the room potentially available to accommodate drugs or other molecules is significantly
larger for MeP; silicon than for MeP; samples. After porosification, MeP; and MeP, samples were
functionalized with gold nanoparticles using electroless deposition techniques. Electroless deposition
is a technique that enables the reduction of metal ions on a solid surface as bulk metal without the
application of external electric fields or forces [33]. Samples were treated with a solution of gold
chloride and hydrofluoric acid for 3 min at 50 °C (Section 2). The process resulted in the homogeneous
deposition of clusters of gold nanoparticles on the surface of the porous samples. SEM images of
the sample surface (Figure 2d—f) and a convenient analysis of data (Supporting Information 2 of
Supplementary Materials) indicate that the average diameter of the gold nanoparticles is spp = 8 nm,
with a small deviation around the mean o(snp) & 1 nm. In no case do the gold nanoparticles occlude the
pores, therefore, preventing the correct release of drugs of molecules from the porous matrix. Porous
surfaces functionalized with gold nanoparticle were verified using atomic force microscopy (AFM).
AFM imaging enabled to resolve the structure of the samples at the nanoparticle level for both MeP;
(Figure 3a) and MeP; (Figure 3c¢) silicon. Fast Fourier transform of AFM data enabled to derive the
power spectrum associated to MeP; (Figure 3b) and MeP; (Figure 3d) silicon functionalized with gold.
The power spectrum reports the change of information content as a change of size in a bi-logarithmic
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scale thus indicating how much of the originating complexity is maintained by changing the degree
of detail of a surface [46]. Upon analysis of AFM data we found the values of roughness (Ra) and
fractal dimension (Df) of the samples as RaM’! = 7 + 2 nm and DfMeP! = 2.48 + 0.4 for MePy, and
RaMeP2 = 13 + 3 nm and DfMeP2 = 2.15 + 0.2 for MeP; silicon. Thus MeP; samples exhibit values of
roughness and fractal dimension larger than the corresponding values found for MeP; silicon. For
comparison, nominally flat silicon surfaces, used as a control, have significantly smaller values of
roughness (Ra% =1 + 0.1 nm) and fractal dimension (DfS' = 2.1 +0.2) (Figure 3h). The luminescence
properties of porous silicon samples were verified under UV light (Figure 3e). The intense luminescence
emission from MeP; samples, compared to the low emission of MeP; and to the no-emission from simple
silicon, indicates that MeP; samples may have—in the long tail of their pore size distribution—pores
with a size smaller than 2 nm [31]. The wettability of mesoporous silicon samples was verified using
contact angle measurements. Before oxidation, porous silicon samples as made exhibit a marked
hydrophobicity with values of contact angles (CA) approaching 120 (Figure 3f). After treatment
(Section 2), contact angle values measured on the sample surface shift to smaller values (CA ~ 35°)
typical of a hydrophilic surface.
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Figure 3. (a) Atomic force microscopy (AFM) profile of MeP; substrates functionalized with gold
nanoparticles imaged over a sampling area of 1 X 1 um, the height values of the profile fall within
the 0-25 nm range. (b) Power spectrum density function associated to the topography of the MeP;
substrate, the slope of the function in the linear regime is indicative of the fractal dimension of the
samples. (c) AFM profile of MeP, substrates functionalized with gold nanoparticles imaged over a
sampling area of 1 x 1 um, the height values of the profile fall within the 0-50 nm range. (d) Power
spectrum density function associated to the topography of the MeP, substrate. (e) Luminescence of
MeP; and MeP, samples under UV light, compared to the light emission of silicon. Contact angle of a
drop of D.I. water measured on the porous surfaces before (f) and after (g) sample oxidation. (h) Values
of porosity, pore size, roughness, fractal dimension, and characteristic size of the gold nanoparticles of
the porous surfaces determined through analysis of SEM and AFM images of samples.
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3.2. Controlling Cell Organization on Au-Mesoporous Silicon Surfaces

The substrates that we produced exhibit different values of pore size (PSMT! ~ 11 nm,
PSMeP2 21 nm), gold nanoparticles size (snp = 8 nm), roughness (RaMePl = 7 nm, RaMe™? x 13 nm),
and fractal dimension (DfMeP! ~ 2.48, DfMeP1 » 2.15). To examine whether the nano-topographical
characteristics of the surfaces have the ability to direct cell behavior on the substrate in a controlled
way, we put in culture on both Au-MeP; and Au-MeP; silicon MCEF-7 breast cancer cells. We then
examined the topological characteristics of the networks that cells formed 24 h from seeding and we
correlated them to the topography of the surface. We used nominally flat silicon substrates as a control.
Figure 4 shows the spatial layout of cell-nuclei on flat silicon, Au-MeP; and Au-MeP; silicon imaged
24 h after culture. The initial number of cells deposited in each well for incubation was the same for
all the substrates (Section 2). Fluorescence images in Figure 4 show that cells are homogeneously
distributed on flat silicon surfaces, showing no preferential points of accumulation. Differently, cells
on mesoporous surfaces form complex structures of those cells with a correlation length, cluster size,
and topological characteristics that seem to vary from Au-MeP; to Au-MeP; silicon.

Si

Au
MeP1

Au
MeP2

Figure 4. Fluorescence images of MCF-7 cancer cells over MeP;, MeP,, and silicon surfaces after 24 h
from seeding.

We used image analysis algorithms and the methods of networks analysis, described in [30,40,47,48]
and Section 2 of this article, to measure the characteristics of cell-networks quantitatively. Starting from
the fluorescence image of a cell configuration, we segmented that image to find the cell-centers. Then,
we routed cell-centers using the Waxman algorithm (Figure 5a). The algorithm selected the cell pairs
to be connected basing on their distance: cells that were closer than a threshold were connected as
described in Section 2. We analyzed more than 30 images per substrate. For each image, we extracted
from the resulting network the number of cells in a region of interest (N), the clustering coefficient
(Cc), the characteristic path length (Cpl), the small-world-ness (SW). N measures the adhesion strength
of cells to a substrate [17]. The clustering coefficient, characteristic path length, and small world
coefficient are a quantitative measure of the characteristics of the networks that cells form on a surface.
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The clustering coefficient is the ratio of active links to the total combinations of connections that
cells, around a reference node, can possibly establish, averaged all over the cells of the network [37].
The characteristic path length is the mean shortest distance between nodes of network [37]. The
small-world coefficient, found as a combination of the Cc and the Cpl [42], is a metric that tests
whether the distance between nodes grows with the logarithm of the number of nodes in a graph:
Cpleclog(N). Typically, small-world-networks are characterized by a few clusters with a high number of
elements for a cluster, the identification of small-world networks is of interest because networks with
small-world-characteristics communicate more efficiently than equivalent random or ordered graphs
of the same size [48,49].
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Figure 5. (a) Image analysis of fluorescence images: the original images were segmented with a
watershed algorithm to identify individual cells, and cell nodes were then connected using the Waxman
algorithm to obtain the equivalent graph for each sample. (b) Values of adhering cells, (c) clustering
coefficient, (d) characteristic path length, and (e) small-world-ness determined for the cultures of MCF-7
cell on MeP;, MeP;, and silicon surfaces 24 h from seeding.

After network analysis of cell images, we found that the number of adhering cells in a region
of interest of 1174 x 882 um is N ~ 663 on flat silicon, N ~ 884 for the Au-MeP; substrate, N ~ 544
for the Au-MeP; substrate (Figure 5b). The maximum number of adhering cells is found for the
Au-MeP; substrate with intermediate values of roughness and higher values of fractal dimension, in
line with previous reports [17,29,30,48,49]. Notably, the difference between the number of cells found
on Au-MeP; and Au-MeP; silicon is statistically significant (p < 0.05). For the same sets of images,
we found that the values of clustering coefficient reach a maximum for the Au-MeP; substrate, with
Cc ~0.74, while the clustering coefficient is lower for the Au-MeP; substrate (Cc ~ 0.65), and significantly
lower for simple silicon (Cc ~ 0.58) (Figure 5c). At the same time, the values of characteristic path
length are nearly identical for the Au-MeP; (Cpl = 2.43) and Au-MeP, (Cpl = 2.15) substrates, and they
are statistically different from the values found on flat silicon with Cpl ~ 8 (Figure 5d). The resulting
small-world-coefficient of cell networks on mesoporous substrates is SW ~ 1.29 and SW ~ 1.35 for
MeP; and MeP;, respectively, while SW = 0.35 for flat silicon. Thus, cell networks on nanostructured,
mesoporous surfaces passed the small-world test, differently from cells on flat silicon that settle on a
surface without any appreciable large- or small-scale structure.

3.3. SERS Analysis of Cell Adhesion on Au-Mesoporous Silicon Surfaces

The substrates that we produced induce cell clustering. The increased susceptibility of cells to
condensate into compact structures is in turn ascribed to the intermediate values of roughness and
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large values of fractal dimension of mesoporous silicon compared to flat silicon substrates [17,30].
Since cell clustering and condensation is a side effect of the of the increased adhesive properties of a
substrate [48,49], we performed a chemometric analysis of cells cultured on MeP; and MeP, substrates
to examine whether cell adhesion molecules are preferentially expressed from cells on nanostructured
surfaces. We mapped the Raman intensity of MCE-7 cells cultivated on MeP; and MeP; silicon
functionalized with gold, compared to the same cells on silicon sputtered with a continuous layer of
gold, used as a control (Figure 6a). Raman spectra of cells were acquired following the procedure
reported in Section 2 36 h after seeding, that is a sufficiently long time to assure complete adhesion
of cells on the substrate. In each point, the Raman maps reported in Figure 6a are proportional to
the intensity of the spectra measured at 1569 1/cm, that is typical of integrins as explained in the
following of this section. Raman spectra were then subjected to a principal components analysis (PCA),
and the principal components resulting from the analysis were in turn clustered into groups using
classical k-means algorithms. This allowed to identify in the cell under analysis of five different regions,
where points in a region have similar chemometric characteristics (Figure 6b). Moreover, since the
principal components are sorted in order of decreasing information content and variance [50], regions
in Figure 6b define the portions of the cell that exhibit the more intense and the more vibrantly varying
Raman signal.

Integrins are one of four principal cell adhesion molecules families, they play a major role in the
process of adhesion of cells to the extracellular matrix (ECM), and especially in tumor cells where
they are overexpressed during the process of adhesion [51]. a531 and «331 are integrins specifically
expressed by tumour and epithelial cells. In particular, x331 is overexpressed in tumours spreading
in ECM with a high content of collagen and laminin, so that an elevated concentration of x3f31 is
a hallmark of cell proliferation and migration [52]. While each of those adhesion molecules have
their own distinctive features, nonetheless they exhibit a certain number of peaks that do not vary
from spectrum to spectrum representing a fingerprint for those molecules. Those peaks are found at
(i) 1126 1/cm related to C-N bond, (ii) 1175 1/cm associated to Tyrosine or Phenylalanine, (iii) 1306 1/cm
attributable to amide III, (iv) 1506 1/cm related to Phenylalanine or Hystidine, (v) 1569 1/cm originating
from tryptophan, (vi) 1645 1/cm due to the amide I signal [53]. The Raman analysis that we performed
on cells on different surfaces was enhanced by the interaction of the electromagnetic (EM) field with
gold nanostructures, which amplify the Raman signal by several orders of magnitude in a SERS
(surface enhanced Raman spectroscopy) effect [54]. SERS analysis of cells enabled the identification of
adhesion markers that are otherwise inaccessible to classical spectroscopy techniques. The Raman
intensity profile in Figure 6a for MeP; and MeP; follows a characteristic and distinguishable spatial
distribution. Points in the map with higher values of Raman intensity may be indicative of the
expression of integrin cell-adhesion-molecules suggesting that in those spots adhesion is established.
The map relative to simple silicon with gold shows less preferential points of adhesion, indicating
that smoother unstructured surfaces impair cell adhesion and proliferation. Moreover, SERS maps
of cells measured on MeP; and MeP; substrates show a very high correspondence to the principal
components distribution in Figure 6b, and especially to the first two components PC; and PC;. Regions
in the maps with greater overlap are at the borders of the cells (Figure 6a,b), with their membrane
actively involved in the process of adhesion. The diagram in Figure 6¢ reports the loading associated
to the first principal component measured for the MeP;, MeP,, and Si substrates. The loading is a
statistical measure of how much different frequencies contribute to a certain principal component. The
curves in Figure 6¢ indicate that the frequency that above all is responsible for the signal is 1569 1/cm
for the MeP; substrate, while the signal content associated to 1569 1/cm is gradually weaker for the
MeP; and the simple silicon substrate. Recalling that 1569 1/cm is the distinctive frequency for the
integrins, the form of the diagrams of Figure 6¢ suggests that cell adhesion molecules are preferentially
expressed for the foremost on MeP; substrates, followed by MeP, substrates and by flat silicon. For
each substrate we calculated the ratio » between the value of loading intensity measured at 1569 1/cm
and the loading averaged over the entire spectral range (Figure 6d). r is a quantitative measure of the
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relative abundance of integrins at the interface of a cell with a surface. Values of r much larger than one
for MeP; (r = 4.53) and MeP; (r ~ 4.34), compared to the lower value of r measured on silicon (r = 1),
show that the multiscale architecture of mesoporous substrates, with meso-pores functionalized with
metal nanoparticles, facilitate cell adhesion compared to flat geometries. The values of r determined
for the MeP; and MeP; substrates are significantly different from that determined for silicon, with
p <0.05.
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Figure 6. (a) Raman maps of MCF-7 cells acquired over a region of interest of 10 x 10 um for MeP,
MeP;, and silicon surfaces, the maps show the Raman intensity measured at 1569 1/cm. (b) We show,
for each of the considered surfaces (MeP;, MeP,, and Si), the first five principal components extracted
from the Raman maps, and the spatial distribution of the principal components correlate with the
Raman intensity maps previously reported. (c) The loading associated to the first principal component
measured over MeP;, MeP,, and Si surfaces. (d) Ratio between the maximum and the mean intensity
of the PC1 loading correspondent to MCEF-7 cells cultivated over MeP;, MeP;, and Si samples.

3.4. Kinetics of Drug Release from the Mesoporous Silicon Matrices

The devices that we produced incorporate networks of nano-pores penetrating deep within their
structures. We verified the capability of the device to accumulate and consequently release drug
molecules over time using UV spectroscopy techniques as described in Section 2. We incubated MeP;
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and MeP; silicon substrates with the antitumor drug PtC1(O,0’-acac)(DMSO) for 60 h. We used two
different concentrations of the originating drug during the loading process: ¢; = 30 uM and ¢ = 50 uM.
We then measured the release of the drug in D.I. water up to 10 days from the activation of the process.
The diagram in Figure 7a shows the cumulative dose-response curves for different substrates and
different initial values of the loading concentration. The dynamics of release from the MeP; silicon
system is faster compared to MeP; silicon, consistently with the fact the pores in MeP; silicon are larger
(*21 nm) than those contained in MeP; silicon (*11 nm). Wanting to approximate the curves of release
with a function of time of the form c(t) = ¢, + cs(l —et/ 7), we found after nonlinear fitting of data the
following solutions for ¢s and T: (i) cs ~ 4.94 uM and T ~ 46 h for MeP; silicon loaded with an initial
concentration equal to ¢y, (ii) ¢s = 2.81 uM and T ~ 50 h for MeP; silicon with an initial ¢, concentration,
(iii) cs = 6.7 uM and T = 38 h for MeP; silicon with an initial ¢; concentration, cg ~ 7.2 pM and t = 20 h for
MeP; silicon with an initial ¢, concentration. cs is the steady state value of the concentration increment
with respect to a zero reference value. 7 is the time constant of the drug delivery system, i.e., the time
necessary to the system to reach 66% of its final value of concentration. The values that we found for cs
and T for the different combinations of substrate morphology and initial loading concentration that we
used in our study, indicate that the rate of drug release (1/t) increases moving from MeP; to MeP;
and, for the same substrate, it is higher for an initial higher concentration of the loaded drug. This
behavior can be easily described by the first law of Fick, ] = —Ddc/dx, where the intensity of the flux
(J) is proportional to the gradient of concentration from the substrate to the external environment, and
the absolute number of molecules transported through the system per unit time depends on the area of
the surface actively releasing the drug. In the equation D is the molecular diffusion coefficient [50].
Moreover, the values of ¢s and T and Figure 7a indicate that the total amount of drug released in a
system (cs) is higher for MeP; silicon, that has a higher porosity compared to MeP;, and is higher for
an initial higher concentration of the loaded drug. In the neighbor of f = 0, the drug release profile can
be expanded in a Taylor series yielding, neglecting higher order terms of the expansion, c(t) ~ cs/: this
approximate formula enables calculation of the velocity of release (v) at the early stage of the delivery
process. Using data from the model fit, we obtained v ~ 0.06 uM/h (MePy, c;), v = 0.11 uM/h (MePy, c3),
v ~ 0.17 uM/h (MeP», c1), v = 0.37 uM/h (MeP,, ¢5). Thus, the kinetics of initial release can be varied in
the 0.06-0.37 uM/h interval by changing the parameters of the process. Figure 7b displays the drug
released from the systems over time, normalized to the initial concentration of the loaded drug. Values
in the figure are a measure of the efficiency of the drug delivery system. Data show that the maximum
efficiency of release varies between ~0.12 for MeP; silicon with an initial loading concentration c;,
and ~0.23 for MeP; silicon with an initial loading concentration c;. While the efficiency of delivery is
still larger for MeP; silicon with higher values of pore size and porosity, it decreases for increasing
values of initial loading concentration, possibly because for larger amounts of initial payload the losses
associated to the process are also larger. Thus, one of the points of strength of this bio-chip, is that
it can artificially increase the half-life of a drug. The half-life (t1) is the time required to change the
amount of a drug in the body by one-half during elimination. Drug clearance from the body is the
result of elimination by renal excretion and by non-renal pathways, the latter most often represent
clearance by the liver. Remarkably, the characteristic half-life—the duration of action—of anticancer
drugs is, on average, small. Clinical studies and reports [55] indicate that the mean half-life of more
than 140 small-molecule drugs approved for oncology indications is ~15 h, with an even smaller value
of median of about x5 h. The drug delivery system set-up in this study enables the active release of
drugs for more than ~50 h, depending on the configuration. Thus, the chip that we produced can
possibly increase the half-life of most anticancer treatments by 300% on average.
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Figure 7. (a) Absolute and (b) normalized release profile of the anti-tumor drug
PtCI(O, O’ —acac) (DMSO) measured for MeP; and MeP; substrates up to 15 days from the beginning
of the delivery.

3.5. Timely Delivery of Drugs Impairs Tumor Cells Adhesion

The theranostics device presented in the work has the ability to deliver over time the antitumor
drug PtCl (O,0’-acac) (DMSO) for several hours from the initial release. We examined the effects of
a controlled release of drugs on the adhesion and growth of tumor MCE-7 cells on the mesoporous
substrates. MCF-7 cells were cultured on MeP; silicon and MeP; silicon functionalized with gold
nanoparticles and on flat silicon surfaces used as a control. Half of the mesoporous substrates used in
this study were loaded with PtCl (O,0’-acac) (DMSO) in a concentration of 50 uM. We then imaged
cell-nuclei on different substrates and at different times from incubation. The different number of
cells adhering on the substrates is the effect of a combination of factors: (i) the drug released from the
system and (ii) the different nano-topographical characteristics of the substrates. Visual examination
of samples reveals that already 6 h from culture the number of adhering cells on flat silicon is lower
than that observed on MeP; with gold, that is in turn different from the number of cells on MeP;
silicon loaded with drugs (Figure 8). This difference is exacerbated by time. In Figure 9a we report the
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bar-chart of the number of cells (N) measured on different substrates 36, 48, and 72 h from incubation.
N was estimated from more than 20 images per substrate and five technical repeats per sample.

Si (ctrl) Au MeP1 Au MeP1+ Drug

12h - -

Figure 8. Fluorescence images of MCF-7 cancer cells growing on Au-MeP; substrates with and without
the delivery of the antitumor agent PtCl(O,0’-acac)(DMSO), at different time frames. In the experiments,
unfunctionalized silicon was used as a control.

A total of 36 h after culture, the number of cells on MeP; and MeP; silicon without drug is
not statistically different from that measured on flat silicon, with Nygep; & 1871, Nyepz = 2100, and
Ng; ~ 1951. Diversely, N is significantly lower for the mesoporous substrates loaded with drug, being
Nper1 48 = 675 and Nyepy 98 ~ 424. A total of 36 h from incubation the effect of topography is
negligible compared to the release of drug.

A total of 48 h from incubation, the number of cells on MeP; silicon without drug increases to
Npep1 ® 2928, significantly larger than the number of cells measured at the same time on simple MeP;
and flat silicon, with Nyfep2 ~ 1983 and Ng; ~ 2090. At this time step, the number of cells measured on
the mesoporous substrates loaded with drug falls to Npep1 38 ~ 451 and Nyjepy 918 ~ 255, that are
significantly different from the values measured for the unloaded substrates. A total of 48 h after cell
culture, the improved adhesive characteristics of MeP; silicon over simple MeP, and simple silicon
become apparent, while the delivery of drugs from MeP; silicon achieves maximum effects.
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Figure 9. (a) Number of adhering cells on Au-MeP; and Au-MeP, substrates under and without
the influence of the antitumor agent PtC1(O,0’-acac)(DMSO), at 36, 48, and 72 h from cell seeding,
compared to plain silicon used as a control. All p values less than 0.05 are summarized with two
asterisks. Efficacy of the antitumor drug on the cancer cells at different times from the initial release, for
the (b) Au-MeP; (c) and Au-MeP; substrates.

A total of 72 h from incubation, the number of adhering cells on MeP; silicon with drug hits a
minimum, Nyjep1 98 ~ 362, while N surges to Nyep1 = 3962 for simple MeP; silicon without drug.
These values are significantly lower and significantly larger than the control: Ng; ~ 2697. At this time
of the analysis, the MeP, morphology does not enhance significantly adhesion with respect to the
control, with Nyeps = 2462, while the release of drug from MeP; silicon still bears appreciable effects,
with Nyep2 978 ~ 1355 significantly lower than the number of cells measured on flat silicon.

Thus, the efficacy of the drug delivery system depends on both of the substrate morphology
and the time of the process. For each time, we calculated the efficiency of delivery as the number
of adhering cells on the substrate loaded with drug, to the number of cells measured on the same
substrate without drug (Figure 9b,c). We observe that the efficiency of the system gradually increases
for MeP; silicon, varying from ~0.64 at 36 h, to ~0.84 at 48 h, to ~0.90 at 72 h from incubation. For
this substrate, more than 90% of cells are killed compared to the same substrate in absence of drug
delivery. The curve of efficiency for the MeP; silicon is different. For this system, the efficiency of
delivery is sufficiently large already 36 h from the initial release (~0.80), it attains a maximum value at

169



Pharmaceutics 2020, 12, 481

48 h (=0.87), to subsequently drop to ~0.45 at 72 h from incubation. The different efficiency measured
for MeP; and MeP; silicon reflects the different kinetics of release measured for those devices and
reported in previous sections of this work.

4. Discussion

The theranostics substrates that we produced are akin to the cell culture glass coverslips used to
plate cells for research and analysis—with the notable exception that they enable the targeted delivery
of therapeutics to the cells and cell sensing, simultaneously. Moreover, thanks to the fabrication process
capability to attain maximum control over surface morphology at the nanoscale, the substrates can
be designed to guide cell adhesion, proliferation, and organization. For these characteristics, this
bio-device—and its more sophisticated evolutions that will be developed over time—can be integrated
into conventional cell culture dishes or multi-wells to test the adhesion and growth of cells against
different external factors, including substrate geometry and a controlled delivery of drugs. Researchers
can plate cells over several different replica of the device, each of them with its characteristic topography
and drug release profile. Then, the researchers will find the combination of surface topography and
device payload that guarantees maximum/minimum cell adhesion and proliferation, depending on
whether the aim of the research is optimize a structure for tissue engineering or the effects of a drug for
personalized medicine. The search for the optimal values of surface topography and kinetics of release
should be possibly conducted within the bounds identified by this and other similar works: where the
roughness of the surface and the pore size is varied in the 0-30 nm interval, while drugs are released
with a maximum initial rate of ~0.4 tM/h. The output of the experiment—i.e., cell colonies—can be
verified at different time steps from seeding using either confocal microscopy or Raman spectroscopy
that is, notably, made possible by the distinctive design of the device. While the first technique provides
information about cell adhesion, growth, and clustering, Raman analysis of samples describes the
conditions of a cell at the level of its adhesion molecules. Thus, the combination of techniques gives
a picture of the evolution of a cell over different scales, bridging the divide between the behavior
of cells being observed in isolation (individual behavior of cells) or in-group (collective behavior
of cells). Consistency between results may indicate that the substrate operates efficiently towards
either improving or impairing cell adhesion and organization. Thus, the device can potentially be the
basis for a test campaign aimed to optimize the characteristics of biomaterials for tissue engineering,
regenerative medicine, or in-vitro-model applications. After identification of the optimal surface
characteristics and drug dosage that assure the wanted effect, these values should be copied to the
scaffold intended to support cell-growth, or to the implantable device that will release drugs to a
disease, for real-life applications. Nonetheless, this implies a process of engineering of the device,
aimed to overtake those complications that can possibly emerge when similar devices are used outside
of a research context. A list of possible caveats is identified as follows:

(1) Transition from a 2D to 3D geometry. Results of the work and the way the device operates are
restricted to 2D geometries. Cells themselves are plated on a surface and cell clusters are described
using bi-dimensional variables. Future research that will be conducted over time shall have to
clarify whether, and to which extent, cell behavior changes moving from 2D to 3D scaffolds.

(2) Understanding whether the delivery is active. As demonstrated in the work, the delivery of
the drugs from the porous matrix does not last indefinitely. Additionally, there could be cases
in which, because of unpredictable leakages or occlusions of the pores, the process of release
terminates before the expected time. Thus, the substrate should incorporate a sensor sensitive to
the released drug, indicating the rate at which release proceeds, warning of possible malfunctions
of the device before cells react to the alterations of delivery.

(3) Switching between on-off delivery states of the device. In this configuration, the release of drugs
is always active, being driven by the gradients of concentration in the system—and described by
the Fick’s laws. In a more sophisticated evolution of the device, one should be able to switch
between on-off states: i.e., an active (on) state, in which drug molecules are allowed to flow in the
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system, and an inactive (off) state, in which release is temporarily paused. This can be possibly
accomplished by varying, in a controlled fashion, the levels of pH and temperature of the system,
having previously conjugated the drug with a pH-sensitive cleavable linker as described, as for
an example, for injectable nanoparticle generators in [56].

(4) Increasing the efficiency of drug loading, either in terms of pore-capacity and total amount of drug
loaded in the pores, and in terms of loading time. The time necessary to load the drug into the
device (more than 60 h for the present configuration) is unacceptably long for real life/industrial
applications of the device.

(5) Integration. While the device offers complementary ways to measure cell performance, using the
bio-chip alternatively in a confocal-microscope or in a Raman setup can take time, and slow down
the pace of a test campaign, a trial, or a biology/medicine application of the device. The method
can take advantage from the integration of the chip in an automatic multi-well plate reader, where
different imaging techniques (confocal imaging and Raman spectroscopy) are combined in the
same platform.

(6) Optimization. The device can be especially useful in cancer theranostics. While the results
obtained in this work are based on an initial cell density of about 105 cells per substrate, this value
can be optimized: the total number of cells for which the device has some measurable effects
may be significantly lower than the 10° limit. Miniaturization has as principal consequence the
possibility to use the devices in all those cases in which, because of the early stage of a disease,
conventional biopsies are ineffective. For the same reason, the device can be used to perform
liquid biopsy. Liquid biopsy is based on the detection and isolation of cancer cells directly from
the peripheral blood of the patient [57]. The limit of the method is that, often, cancer cells are too
few to be detected. Liquid biopsy could realistically benefit from multi-drug array panels based
on mesoporous silicon substrates, designed to evaluate the sensitivity of circulating tumor cells
to a test drug.

(7)  Generality. Further to the end of liquid biopsy: results of the paper suggest that this theranostics
device is also effective towards more aggressive cancer cells, such as triple negative breast cancer
cells. The integrin expression that we chose to analyze in this work is believed to be a hallmark of
more aggressive forms of breast cancer [58]. In particular, the expression of 1 integrins on the
cell surface is a predictive marker of triple negative breast cancer. Since the substrates that we
produced induce, for certain configurations, an increased production of integrins on the MCF-7
surface, it is legitimate to hypothesize that this theranostics procedure is effective also in the
case of triple negative breast cancer cells. Regarding the impact on normal cells, it has been
demonstrated in several studies—some of which have been cited throughout the article—that
both the porosity and roughness of nanoscale surfaces affect the adhesion, proliferation, and
clustering of cells, depending on their degree of differentiation and replication speed. Thus, the
method that we developed is general in scope and can be realistically adapted to several different
cell types for different applications.

5. Conclusions

Using electrochemical etching, we produced mesoporous silicon substrates functionalized with
gold nanoparticles. Due to their porous structures, the substrates behave as a drug delivery system,
where drugs or other agents loaded in the matrix are released over time with a first order kinetics and
a time constant that can be varied by tuning the characteristics of the pores. Due to its nanostructure,
the device can amplify by several orders of magnitude the signal generated by molecules in the cell
membrane during the process of adhesion and migration. These nanodevices combine therapy and
diagnostics effects in the same device, with the primary advantage of not being limited to therapy or
sensing, as they provide coincident diagnostic information plus delivery of therapeutics. For their
capabilities to drive cell growth and high capacities of therapeutic loading, these devices can be
possibly used in tissue engineering, regenerative medicine, and nanomedicine. In these fields, the
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ability to assemble cells together has to be associated with the ability of deliver therapeutics accurately
to achieve maximum control over cell fate. The ability of the system to measure adhesion at the
nanoscale, is an extra feature that makes this theranostics device the ideal candidate for those who
want to design substrates for cell growth and proliferation or, vice versa, induce apoptosis in tumor
cells with unprecedented control.

In this work, by varying the parameters of the process we obtained substrates with different
values of pore size, porosity, and roughness. MeP; substrates exhibit smaller values of pore size
(PS = 11 nm) and roughness (Ra ~ 7 nm), but have a larger fractal dimension (Df ~ 2.48) compared to
MeP; substrates, with PS ~ 21 nm, R, = 13 nm, and Df ~ 2.15. Adhesion of MCEF-7 cells was accelerated
on MeP; substrates with larger value of fractal dimension compared to MeP; substrates and flat silicon
used as a control.

When we considered the effect of the release over time of an anti-tumor drug, we observed that
the maximum reduction of cell growth is found for MeP; substrates 36 and 48 h after seeding, with
a decrease in the number of adhering cells up to 87% with respect to the same substrates without
drug. A total of 72 h from cell culture, the therapeutics efficacy of MeP; substrates falls to 44%, and is
overtaken by MeP silicon, with a cell number contraction of 90%, reflecting the different morphological
characteristics of surfaces.

Results suggest that the adhesive properties of mesoporous substrates, the kinetics of drug
delivery, and the effects that a combination of the two may have on the adhesion and proliferation of
cells, can be conveniently modulated by changing the pore size and roughness in the narrow intervals
of PS ~ 11-21 nm and Ra ~ 7-13 nm.
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Abstract: Mesoporous materials are structures characterized by a well-ordered large pore system
with uniform porous dimensions ranging between 2 and 50 nm. Typical samples are zeolite, carbon
molecular sieves, porous metal oxides, organic and inorganic porous hybrid and pillared materials,
silica clathrate and clathrate hydrates compounds. Improvement in biochemistry and materials
science led to the design and implementation of different types of porous materials ranging from
rigid to soft two-dimensional (2D) and three-dimensional (3D) skeletons. The present review focuses
on the use of three-dimensional printed (3DP) mesoporous scaffolds suitable for a wide range of
drug delivery applications, due to their intrinsic high surface area and high pore volume. In the
first part, the importance of the porosity of materials employed for drug delivery application was
discussed focusing on mesoporous materials. At the end of the introduction, hard and soft templating
synthesis for the realization of ordered 2D/3D mesostructured porous materials were described.
In the second part, 3DP fabrication techniques, including fused deposition modelling, material
jetting as inkjet printing, electron beam melting, selective laser sintering, stereolithography and
digital light processing, electrospinning, and two-photon polymerization were described. In the last
section, through recent bibliographic research, a wide number of 3D printed mesoporous materials,
for in vitro and in vivo drug delivery applications, most of which relate to bone cells and tissues,
were presented and summarized in a table in which all the technical and bibliographical details were
reported. This review highlights, to a very cross-sectional audience, how the interdisciplinarity of
certain branches of knowledge, as those of materials science and nano-microfabrication are, represent
a growing valuable aid in the advanced forum for the science and technology of pharmaceutics
and biopharmaceutics.

Keywords: drug delivery; three-dimensional porous scaffolds; electron beam melting; selective laser
sintering; stereolithography; electrospinning; two-photon polymerization; osteogenesis; antibiotics;
anti-inflammatory

1. Introduction

Recently, one of the main thrusts of the micro and nano technologies application in the
biomedical and clinical field has certainly been observed in the pharmaceutical drug delivery
technologies optimization. Whether it is based on active or passive drug delivery, the way in which
drugs are delivered substantially impact their efficacy and toxicity affecting their biocompatibility,
pharmacokinetics, and pharmacodynamics. Drugs and active molecules can be introduced into the
body via a number of administration routes such as buccal/sublingual, nasal, ocular, oral, pulmonary,
anal/vaginal, transdermal and parenteral drug delivery [1-3]. Since a high percentage of the active
pharmaceutical ingredients settled by the pharmaceutical production are precluded for a classical
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administration route, due to their low bioavailability [4], novel technologies assist modern drug
delivery. As a result, an increase is observed in the effectiveness and reduction of side effects of the
formulations in relation to patient compliance and costs reduction. In the past years, many drug
delivery systems as organic and inorganic micro- and nanoparticulated systems as nanoparticles,
micelles, liposomes, extracellular vesicles, nanotubes, metal-organic frameworks (MOF) and hydrogels
have been used to deliver drugs at their therapeutic concentration to specific cell types and tissues [5-8].
Both material and design should be taken into account when optimizing a drug delivery carrier able
to guarantee tuneable release (sustained, controlled, or pulsed), to act as a temporary reservoir, to
increase the solubility of hydrophobic formulations, to float in the gastrointestinal tract and to protect
the biological cargo from degradation [9].

Porous carriers have been successfully used as drug delivery matrices for their surface properties,
high surface area and tuneable pore dimensions [10,11]. According to their pore sizes, porous materials
are classified into three different categories, namely microporous, mesoporous, and macroporous [9,12].
Microporous materials such as MOFs and zeolites, are characterized by a well-interconnected network
of pores less than 2 nm in size and high thermal stability and catalytic activity [13]. In macroporous
materials, pores dimension ranges between 50 and 1000 nm [14] while in mesoporous materials
pore size is between 2 to 50 nm [15]. In more details, mesoporous materials with a narrow pore
dimension distribution and high surface area can be considered valuable candidates in drug delivery
applications [16,17]. In the wide category of mesoporous, many materials are included such as
mesoporous silica, hydroxyapatite and carbon, hydrogel and nanogel, metal and metal-doped
nanoparticles. These materials have great versatility since their actions can be regulated by tuning
the chemical environment optimizing the loading and consequent release of the chosen drug [18-20].
The drug incorporation into a mesoporous material is usually carried out by embedding the matrix
in a concentrated solution of the drug and by a successive drying step. The size of the absorbable
molecule (from small active molecules to proteins) is related to the dimension of the pore, and generally,
a pore/drug size ratio >1 allows the adsorption of active molecules inside the pores. By using polymeric
structure-directing agents, varying the chain length of surfactant or solubilizing supplementary
substances into micelles, mesopores sizes can be adjusted from some nanometres to several tens of
nanometers [21].

Recent advancement in micro/nano-fabrication techniques, materials science, chemistry and
pharmacology has allowed the development of a number of mesoporous materials for drug delivery
application characterized by evident structural advancement such as tuneable pore sizes, different
grade of skeleton rigidity and two/three dimensional (2D-3D) architectures arrangement [22-26].

Hard (nanocasting) or soft templating approaches are applied to produce ordered mesostructured
porous materials. The templated synthesis usually requires three successive steps: template preparation,
template-directed synthesis and template removal. Hard templating leads to very robust structures
containing several constituents as carbon, and metals (oxides, nitrides and sulphides) [27,28]. Itis a
synthetic method based on the deposition of the targeted materials into the narrowed spaces of the
template, resulting in a reversed copy of the mold. The pores of these templates are soaked with
a precursor of the looked-for product (e.g., a metal salt for metal oxides) which is in situ thermally
transformed to the final product. When the template is removed, mesoporous material remains as the
negative replica of the hard template [29].

Soft-templating techniques allow direct synthesis of porous materials through block copolymers
including blocks of ionic and non-ionic oligomers, amphiphilic surfactants employed as
structure-directing agents (SDAs) and through the addition of precursors as metal salts for metal oxide
nanomaterials and organosilanes or triethoxysilane for SiO,-based nanomaterials. Soft-templating
techniques are those in which small sub-units self-assemble to define the final structure, which is an
aggregate of these starting units, which are not embedded in other matrices or removed as in the
techniques described above. Upon self-assembly in a solvent, a micellar structure is realized by the
fact that the hydrophobic sides of the molecules of the amphiphilic surfactants point inward and
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the hydrophilic ones outward in case the solvent is polar, while the opposite occurs if the solvent
is non-polar. After this step, micelles are functionalized on their external corona structure using
functional groups, frequently polymeric oligomers. Finally, it is the cross-linking of these external
terminations which assemble the micelles in a mesoporous superstructure [30].

Producing porous hierarchical materials by integrating macropores in mesoporous tools manifestly
increases their practical drug delivery applicability since macropores increase mass transport decreasing
diffusion restraints characterizing purely mesoporous materials, while the mesopores empower great
surface area [31,32].

Many methodologies have been optimized to engineer the hierarchically structured mesoporous
solutions. The dual-templating synthesis method, applying colloidal crystal (opal) hard-templating and
soft-templating techniques, is employed for realizing, as schematized in Figure 1, 3D macro/mesoporous
materials for a wide range of applications, including the drug delivery ones [33,34].

Silica sol impregnation

B
Aging and calcination

silica opal mesoporous
silica/opal

Precursor | Material
soaking | deposition

Template removal

macro-lmes_oporous material filled
materials mesoporous silica/opal

Figure 1. Schematic representation of 3D macro/mesoporous materials preparation reproduced with
permission from [34], Chemistry of Materials, 2018.

2. 3D Printed (3DP) Mesoporous Scaffolds Fabrication Technique

The idea of realizing a macroscopic object via a bottom-up approach has been attractive for a
long time but recently, the advancement of both the materials to be used and the techniques to be
exploited have made possible the fabrication of 3D printers able to produce any shape in many different
natural [35], synthetic, plastic and metallic materials, at variable size scales and with potentially very
high accuracy in positioning [36-38]. This has pushed some researchers towards the idea to explore the
possibility to use these techniques to realize solutions with different designs, characterized by being
made of different types of mesoporous materials [21]. 3D porous substrates, used with or without
further functionalization or engineering, are used more and more frequently in in vitro and in vivo
drug delivery studies to assist cell growth or tissue regeneration ensuring the right degree of asepticity
and differentiation [39-41].

2D and 3D printing tools are appealing for drug delivery applications since state-of-the-art
equipment allows the deposition of liquid, gel, and solid constituents enclosing a wide range of
pharmaceutics according to predefined schemes. The layer-by-layer assembling mode to print scaffold
allows exact control of the design and of the geometry of the internal pores system, which consequently
leads to tune the strength of the final products [42,43].

3DP technology can successfully assist engineers, pharmacologists and clinicians in the design
and realization of 3D mesoporous scaffolds to be used for different medical applications such as tissue
engineering and regenerative medicine implants characterized by the adjustable loading and unloading
activity of pharmacologically active substances such as, antibiotics, growth and differentiation factors
(Figure 2) [44].
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Figure 2. Schematic layout summarizing pre-loading and direct loading 3DP porous substrate
fabrication for in vitro and in vivo drug delivery applications.

These active substances can be incorporated inside the mesoporous 3D structures in two different
main steps: during the manufacturing process (pre-loading, PL) by mixing the substances with the
printable material and then proceeding with the 3DP technique in mild conditions (i.e., electrospinning
or inkjet printing), or at the end of the printing step (direct loading, DL), by soaking the 3D-printed
scaffold in a solution of the molecule to be loaded as reported for bone morphogenetic protein-2 (BMP-2)
mesoporous calcium silicate (MesoCS) 3D-printed scaffold [45]. PL methods are usually applied for
the production of scaffolds able to locally deliver antibiotiotics [46], but unfortunately, antibiotics such
as those of the cephalosporin family have significantly reduced efficiency when exposed to heat and,
consequently, the DL method is definitely applied to sensitive molecules when the 3DP process is
carried out at high temperatures or pressures [47].

There are many 3DP strategies available to the scientific community that allow the realization
of mesoporous scaffolds under computer aids combining different processes and materials like
carbon nanotubes, nanoparticles, nanofibers, polymers with active biomolecules with or without
live cells. These 3DP fabrication techniques, as summarized in Figure 3, include fused deposition
modeling (FDM), material jetting as inkjet printing (IP), electron beam melting (EBM), selective laser
sintering (SLS), stereolithography (SLA) and digital light processing, electrospinning, and two-photon
polymerization (TPP).

2.1. Fused Deposition Modeling

FDM is one of the most inexpensive nozzle-based deposition systems that allows direct printing
of 3D CAD designed layer by layer objects. Thermoplastic degradable (polylactic acid, PLA,
poly(e-caprolactone), PCL, polyvinyl alcohol, PVA) and non-degradable (acrylo-nitrile butadiene
styrene, ABS, ethylene vinyl acetate, EVA, poly methyl methacrylate, PMMA) polymer filament are
pushed into the heater block to melt before extruding from a high-temperature nozzle solidifying onto
the previous layer on the build plate [48].

The easiest method of loading target drugs into the thermoplastic polymer filament is the
impregnation obtained leaving the just printed device in a concentrated drug solution (mostly ethanol
or methanol) followed by a drying step [49,50].

2.2. Inkjet Printing

The inkjet-based non-contact printing technology reproduces digital patterns with tiny ink drops
through thermal, piezoelectric and magnetic approaches. The thermal stimulation, reaching until
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100-300 °C, nucleates a bubble and directly leads to droplet expulsion from the printhead. The size of
droplets is related to the temperature gradient and ink viscosity employed. Likewise, the ink drop
generation can be produced by the pulse strain and acoustic waves generated from a piezoelectric
actuator and larger size ink droplets can be produced by means of electromagnetic filed [51-53].
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Figure 3. Schematic illustrations of the most diffused 3D printing fabrication techniques for porous
scaffolds manufacturing: fused deposition modeling, inkjet printing, electron beam melting, selective
laser sintering, stereolithography, electrospinning, two-photon polymerization.

2.3. Electron Beam Melting

EBM is a modern fast solution to manufacture metal parts on a layer-by-layer basis through
an electron beam that, bombarding the metal powders, melts them, constructing 3D geometries.
This technique compared with ones using a laser, are characterized by high energy utilization and
material absorption rate, improved stability, and reduced maintenance fees [54]. Although this
technique is successfully used for the realization of porous orthopedic and dental implants made of
metallic biomedical alloys as Ti6Al4V [55], to date, there are no applications of EBM for the production
of 3D printed mesoporous devices for drug delivery application. This is due to the fact that these kinds
of scaffolds are characterized by large surface roughness since EBM microfabrication accuracy ranges
from 0.3-0.4 mm.

2.4. Selective Laser Sintering

SLS operates without a mold through a computer-controlled laser beam, powder bed, a piston
assuring a vertical movement, and a roller to spread continuously powder layers [55]. This technique
allows the realization of polymeric, metallic, and ceramic parts. SLS implies solid and semisolid
consolidation procedures at a sintering temperature usually lower than the melting point. In the
semisolid process suitable for treating low melting point polymer, as PCL, polyglycolide, PLA and
poly(r-lactic) acid (PLLA), partially melted powder particles produce a certain volume of the liquid
phase, which glues other solid elements. Microsphere-based hydroxyapatite (HA)/PCL scaffolds
realized by SLS, shows a highly ordered porous structure [56]. Polyamide/HA composite platforms
with porosities ranging from 40% to 70% and with a maximum tensile strength of 21.4 MPa were
obtained by SLS [55,57]. Although the low near-infrared laser absorptivity of oxide ceramics, the direct
SLS of ceramics throughout powder coating adds to the low melting point or composites ceramics
has been done [58]. Many sacrificial binders as waxes, thermoplastics, long-chain fatty acids or
sometimes a combination of binders as thermoset/semi-crystalline PA-11 or wax/PMMA are used for the
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realization of porous 3D structured materials as graphite and composite ceramic Al,O3-ZrO,-TiC [59-61].
A high-energy laser beam increasing the temperature on the surface promotes the particle interaction
to each other before sintering together, while the material on the grain borderline continues to diffuse
into the pores, stimulating densification activities. Since SLS is characterized by a high heating rate
and short holding time, it results as an excellent alternative in producing scaffolds supported by
low-dimensional nanomaterials such as graphene and carbon nanotubes [62].

2.5. Electrospinning

Nanodimensional high specific surface area devices can be fabricated with bioactive loaded
polymer through the electrospinning technique [63]. In a conventional electrospinning system,
generally comprising of a high-voltage power supply, syringe, pump and a collector, polymeric
nanofibers, inorganic nanofibers, and composite nanofibers are ejected into a sequence of droplets
forming steady fiber [64,65].

2.6. Stereolithography and Digital Light Processing

Stereolithographic (SLA) and Digital Light Processing 3DP allow the layer by layer realization
of 3D mesoporous stuff by cross-linking photo-sensitive materials using laser light or digital light
projection technique, respectively [66]. The curing stereolithographic step, both in single-photon and
two-photon polymerization, is actuated by tuning the incidence, the intensity, and the duration of
near-infrared, visible or UV light.

2.7. Two-Photon Polymerization

While single-photon polymerization requires one-photon absorption, in TPP, the molecule
simultaneously absorbs two photons. By employing a focused femtosecond near-IR, TPP
stereolithography, processing biocompatible synthetic or natural hydrogels or polymers, grants
the ultra-fast production of 3D structures with submicron resolution [67].

3. Applications of 3DP Mesoporous Material for Drug Delivery

Doing a search on the Web of Science and on Pubmed at the beginning of June 2020, resulted that
in the last decades a fair number of publications are strictly related to the specific topic covered in this
review and, more in details, related to mesoporous 3D printed materials for drug delivery applications.
As highlighted in Table 1, most of the results focalized on the application of these 3D porous materials
for tissue engineering bone substitute realization. Their porosity, by mimicking the bone structure,
allows nutrient transport, waste removal, cell migration, angiogenesis and differentiation phenomena,
assisting bone regeneration in bone defects related to traumatic events or pathologies.

3.1. Bone Regeneration

3.1.1. Growth Factors and Peptides

Several FDA approved growth factors as BMP-2 have been used in clinics for bone and cartilage
regeneration. In a mesoporous bioactive glass (MBG) covered silicate 1393 bioactive glass scaffolds
candidate for bone repairing application, BMP-2 release was higher than that of DNA and dexamethasone.
MBG successfully physically absorbed and released the active molecule without upsetting its
pharmacological activity [68]. Fish hydrogel-based mesoporous strontium-doped calcium silicate
scaffolds were proved to be efficient BMP-2 carriers for in vitro human Wharton jelly mesenchymal
stem cell differentiation [69]. Customized 3D-printed osteoinductive implants were realized integrating
porous silicon BMP-2 carriers within a 3D-printed PCL patient-specific implant [70]. FDM 3D MesoCS
scaffolds combined with PCL were presented as odontoinductive biomaterial with efficient BMP-2
delivery capability [71]. In vitro tested BMP-2 pre-loaded mesoporous calcium silicate/PCL scaffolds,
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even if not suitable for clinical applications, exhibited high biocompatibility and sustained drug delivery
pattern compared to the ones directly immersed with BMP-2 after the FDM fabrication [45].

As some authors reported some relevant side-effect related to the use of BMP-2 [72],
3D dipyridamole-coated hydroxyapatite (HA)/beta-tri-calcium phosphate (3-TCP) scaffolds were
successfully used to promote bone regeneration in critical bone defects as well as BMP-2 [73].

Since vascularization is a key step of the osteogenesis process, 3DP dimethyloxallyl glycine loaded
MBGs and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) polymers scaffolds and results showed that
dimethyloxallyl glycine was effectively released improving angiogenesis and osteregeneration in the
bone faults [74]. Vascular endothelial growth factor (VEGF), was well encapsulated in chitosan/dextran
sulfate microparticles and mixed into a calcium phosphate paste for the 3D plotting of growth factor
loaded calcium-phosphate-based scaffolds applicable for bone tissue engineering [75].

Materials for tissue regeneration can be functionalized with engineered peptides able to regulate
bone healing and regeneration. In vitro tests with naringin and calcitonin gene-related peptide-loaded
3DP MBG/sodium alginate/gelatin scaffolds showed that their high porosity assure efficient sustained
drug delivery [76]. Peptide osteostatin and Zn?* ions loaded meso-macroporous 3D scaffolds based on
MBGs, exhibited a synergistic effect improving human mesenchymal stem cell growth, promoting their
osteogenic differentiation [77]. SLS 3DP poly(3-hydroxybutyrate) scaffolds, when post-printing loaded
with osteogenic growth peptide, exhibited the ability to support cell growth and tissue restoration [78].

3.1.2. Anti-Inflammatory and Antibiotics

Since any bone loss such as that following trauma, bone diseases and surgery, potentially provides
suitable conditions for the onset of chronic infections or biofilm, it is highly desired the realization
of anti-inflammatory and antibiotic-eluting scaffolds for sustained release without side effect in
osteointegration, osteogenesis and osteoconduction processes. Dexamethasone loaded mesoporous
CaSiOs/calcium sulfate hemihydrate (MCS/CSH) cement scaffolds have been realized by 3D printing.
Compared to the tissue culture plates control, MCS/CSH scaffolds exhibited a good in vitro OCT-1
cells response, an extra balanced degradation rate and capacities to slowly release the uploaded drug
in targeted sites [79].

3DP high porosity dual-drug delivery layered MBG/sodium-alginate (SA)-SA scaffolds were
successfully fabricated enriching the printing step with SA cross-linking. They resulted able to stimulate
proliferation and osteogenic differentiation of human bone marrow-derived mesenchymal stem cells,
furthermore, bovine serum albumin (BSA) and ibuprofen were successfully loaded in SA layer and
the MBG of MBG/SA layer, respectively, resulting in a quite fast BSA release due to the macroporous
network of SA, and in a constant release of ibuprofen due to the retention effect of the mesoporous
channels of MBG [80].

It is well-known that inflammation phenomena thwart bone regeneration in transplanted loci
and the local effect of short-term corticosteroid administration increase the effectiveness of bone tissue
engineering [81]. Dexamethasone-loaded polydopamine-functionalized MBG was incorporated into
polyglycolic acid/poly-1-lactic acid (PGPL) to fabricate a 3D mesoporous scaffold via laser additive
manufacturing able to stimulate cell differentiation, biomineralization [82]. Loaded dexamethasone
electrospun fibrous scaffolds of PCL-gelatin, incorporating MBG nanoparticles (MBGn), were presented
excellent valid 3D platforms for bone tissue engineering [83].

In the case of dexamethasone-loaded 3DP strontium-containing MBG scaffolds the mesoporous
matrix with enhanced mechanical strength to ensure great bone-growing bioactivity together with
marked drug delivery capability [84]. 3DP scaffolds realized by using MBG and concentrated alginate
pastes efficiently delivered dexamethasone in an in vitro test with human bone marrow-derived
mesenchymal stem cells thanks to their matrix characterized by a well-ordered network of
nano-channels and micro and macro-pores [85]. Poly(1,8-octanediol-co-citrate) and B-tricalcium
phosphate (3-Ca3(POy),), together with ibuprofen-loaded SiO, were made-up by micro-droplet jetting
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3DP technique. Their hierarchically macro/mesoporous extremely interconnected pore matrix made
them a valid antimicrobial bioengineered solution for bone regeneration [86,87].

The antimicrobials local application usually provides higher drug delivery than those attained
with the intravenous application [88,89] and many 3DP macro/meso-porous composite scaffolds, are
at the moment used to support a reproducible safe a better and well-regulated in situ antibiotics
delivery. Some doxorubicin-loaded 3DP magnetic Fe30,4 nanoparticles containing mesoporous bioactive
glass/polycaprolactone composite scaffolds enhanced osteogenic activity also assured sustained local
anticancer delivery coupled with magnetic hyperthermia treatment [90].

Multidrug-loaded scaffold undoubtedly improves the applicability of 3D rapid prototype implants
to ward off biofilm growth and drug resistance. Antibiotics are usually locally delivered via PMMA bone
cement spacers [91,92] compatible with a restricted number of antibiotics and characterized by having
low release profiles. Mesoporous bioactive glass/metal-organic framework and macro/meso-porous
composite bioactive ceramics bound with poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) scaffolds
loaded with high dosages of isoniazid and/or rifampin, anti- tuberculosis drugs, had good
biocompatibility and bioactivity when tested for long-term therapy after osteoarticular tuberculosis
debridement surgery. Hierarchical 3DP multidrug scaffolds built with nanocomposite bioceramic and
PVA were coated of gelatin-glutaraldehyde (Gel-Glu). Levofloxacin was loaded into the mesopores
of the bioceramic part, vancomycin was packed into the biopolymer portion while rifampin in
the external layer of Gel-Glu. The early delivery of rifampin followed by a sustained release of
vancomycin and levofloxacin, represented an excellent and encouraging alternative for bone infection
management [93]. 3DP rifampin- and vancomycin-loaded calcium phosphate scaffolds, used in a mouse
model implant-associated staphylococcus aureus bone infection, proved that the concomitant local
delivery of rifampin and vancomycin significantly improves the outcomes of the implant compared to
PMMA spacers which cannot carry rifampin [94]. Gelatine and Si-doped hydroxyapatite porous 3D
scaffolds were successfully loaded with vancomycin since they were rapidly prototyped fabricated at
room temperature and apart from by increasing in vitro pre-osteoblastic MC3T3-E1 cell differentiation
they also inhibit bacterial growth [95].

3.1.3. Metallic Ions and Trace Elements

Recently, many metallic ions such as zinc, copper, silver, cerium, strontium and cobalt, were
combined with bioactive glasses to improve osteogenesis and angiogenesis [96-98]. Silver, among all,
is the one that stands out for its strong antibacterial qualities. Silver/graphene oxide homogeneous
nanocomposites were modified on 3DP -tricalcium phosphate bioceramic scaffolds leading to a
bifunctional scaffold with, just test in vitro, antibacterial and osteogenic activity were realized and
in vitro tested [99].

In addition to the direct effect that a drug-loaded on a scaffold can have at the implantation
site, several authors highlighted that also the integration of trace elements such as strontium, zinc,
magnesium, calcium, copper, boron and cerium in 3DP mesoporous bioactive glass scaffolds enhance
in vitro and in vivo osteogenic and differentiation activity [100-102].

3.2. Other Applications

Apart from the numerous applications in the bone regeneration field, mesoporous 3DP scaffolds
including also mesoporous elastomer characterized by ordered and aligned nanofibrillar architecture
that can be rapidly managed into multifaceted objects are starting to be more and more widespread
even in other branches of biomedical research and medical clinic [103].

Coaxial electrospinned silk fibroin-based scaffolds are successfully tested as a potential brain-derived
neurotrophic factor and VEGF delivery carrier in nerve repair and reconstruction applications [104].

Anti-HIV-1 drugs, including emtricitabine, tenofovir disoproxil fumarate and efavirenz were
successfully loaded in a 24-layered rectangular prism-shaped 3DP controlled release fixed-dose
combination tablets able to control the intestinal release of the active molecules [105].
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4. Conclusions

For many years, 3D devices have been assisting research in very different areas, ranging from
simple cell cultures to tissue engineering and drug delivery applications. 2D cell culture represents a
chief tool in molecular and cellular biology due to its fast, ease, reproducibility and cheap distinctive
characteristic. However, it is now universally accepted that 2D cell culture methods understate the live
cells in vivo setting unlike reported for last-generation 3D biomaterials which, on the contrary, are able
to mimic in a much more realistic way the environment required for a whole range of biomedical and
clinical applications. The development of three-dimensional supports has even greater resonance in
tissue engineering and regenerative medicine applications since, in those cases, the function of tissues or
organs must be restored ensuring the spatial and functional interconnection between different cell types,
in order to guarantee the exchange of gas, nutrients or drugs and the elimination of waste products. In
this review, we wanted to highlight how these characteristics can be optimized by merging together
the need to provide solid supports capable of assisting cell growth at the level of tissue and organ and,
at the same time, the right degree of porosity of the materials that in the specific case of 3D biomaterials
offers a whole series of drug delivery capabilities worthy of study and implementation. The way an
active molecule is carried to a specific region or cellular type can impact on its interaction efficacy.
Each drug has a therapeutic window in which health benefits must be maximized and side effects
minimized. This need has materialized in the ever-stricter demand of a multidisciplinary approach for
the implementation of new materials and methods for an effective in vitro and in vivo drug delivery.
Materials science, chemistry and micro/nanofabrication offer both original and effective solutions
applicable in research and clinical areas. The rapid and often inexpensive fabrication of 3DP structures
enhances the performance of devices no longer used only as structural supports for tissue regeneration
and differentiation thanks to the optimization of their intrinsic and tuneable porosity. 3DP mesoporous
devices allow an effective drug delivery of personalized therapy, customizable both from the geometric
point of view and from the point of view of pharmacological requests for each individual patient. With
the topics covered in this review, we want to highlight how 3D printing techniques allow the production
of CAD designing structures that fully correspond to the request of each patient in response to needs
following trauma or pathologies. The future implementation of new biodegradable biopolymers and
of multi-step etching processes for post-printing functionalization/modification, will also allow more
efficient drug delivery application of scaffolds as the 3D EBM produced ones, by conferring them the
not-yet optimized degree of mesoporosity.
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