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ABSTRACT: In regenerative medicine, the temporospatially controlled
delivery of growth factors (GFs) is crucial to trigger the desired healing
mechanisms in the target tissues. The uncontrolled release of GFs has been
demonstrated to cause severe side effects in the surrounding tissues. The aim
of this study was to optimize a translational approach for the fine temporal
and spatial control over the release of proteins, in vivo. Hence, we proposed a
newly developed multiscale composite microsphere based on a core
consisting of the nanostructured silicon multistage vector (MSV) and a
poly(DL-lactide-co-glycolide) acid (PLGA) outer shell. Both of the two
components of the resulting composite microspheres (PLGA-MSV) can be
independently tailored to achieve multiple release kinetics contributing to
the control of the release profile of a reporter protein in vitro. The influence
of MSV shape (hemispherical or discoidal) and size (1, 3, or 7 μm) on
PLGA-MSV’s morphology and size distribution was investigated. Second, the copolymer ratio of the PLGA used to fabricate the
outer shell of PLGA-MSV was varied. The composites were fully characterized by optical microscopy, scanning electron
microscopy, ζ potential, Fourier transform infrared spectroscopy, and thermogravimetric analysis−differential scanning
calorimetry, and their release kinetics over 30 days. PLGA-MSV’s biocompatibility was assessed in vitro with J774 macrophages.
Finally, the formulation of PLGA-MSV was selected, which concurrently provided the most consistent microsphere size and
allowed for a zero-order release kinetic. The selected PLGA-MSVs were injected in a subcutaneous model in mice, and the in vivo
release of the reporter protein was followed over 2 weeks by intravital microscopy, to assess if the zero-order release was
preserved. PLGA-MSV was able to retain the payload over 2 weeks, avoiding the initial burst release typical of most drug delivery
systems. Finally, histological evaluation assessed the biocompatibility of the platform in vivo.
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1. INTRODUCTION

Nanomedicine represents a powerful tool to treat a variety of
diseases and recently has become a primary strategy in different
applications of tissue engineering.1 It has become clear that
bioactive molecules, such as growth factors (GFs) and cytokines,
play a crucial role in orchestrating tissue regeneration.2 Such a
process is led by the immune (e.g., macrophages)3 and
progenitor cells (e.g., mesenchymal stem cells),4 both of which
have been exploited as therapeutic targets.5 To deliver the
bioactive molecules with the correct kinetics it is necessary to
trigger the different stages of the regeneration in a temporally
controlled fashion.6 This ensures the right consecution of
cellular events necessary to start the healing process (e.g., cell
migration, proliferation, and differentiation).7 The ideal delivery
system for tissue engineering should be fully tunable, to allow for
the design of virtually infinite possible release kinetics.
Furthermore, it should allow for the encapsulation of a high

amount of GFs, while preserving their functionality during
fabrication. Also, it should ensure the confinement of the
bioactive molecules in the site of injection. Although a plethora
of carriers for the release of bioactive molecules have been
proposed over the past decade, these platforms displayed neither
the ideal zero-order release kinetic,8,9 nor the ability to confine
the payload in the target defect for the necessary period of time
to allow regeneration.10 The initial burst release represents a
limiting factor in the clinical use of carriers for the release of
therapeutic molecules.11 In fact, it does not allow for control
over the daily dose of molecules to be released, and has been
shown to cause major side effects.11 Thus, the ideal carrier
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should concurrently confine and retain the biomolecules over
time, to preserve the physiology of the surrounding tissues.
Poly(lactic-co-glycolic acid) (PLGA) has proven to be a

material of choice for the fabrication of delivery systems, such as
microspheres, due to its versatile properties.12−14 It is approved
by the Food and Drug Administration and European Medicines
Agency for applications of drug delivery due to its biodegrad-
ability and biocompatibility and because it also preserves the GFs
from degradation.15−18 Nanostructured porous silicon particles
have been widely used in the drug delivery field,19 for a multitude
of applications, ranging from cancer therapy20 to tissue
engineering, where they also proved to be osteoconductive.21

The main peculiarities of porous silicon particles are that size,
shape, porosity, and pore size can be finely tailored during
manufacturing.22 The ability to customize the structure of the
particles allows for the control of their biodistribution,
bioaccumulation, degradation time, and also the release kinetics.
A further degree of control can be applied to the particles’
surface: it can in fact be functionalized to include various drugs
and control cellular uptake.23 The highly porous and
interconnected structure of the porous silicon particles is
suitable to load not only small molecules but also proteins and
larger payloads. Porous silicon particles have been efficiently
incorporated in a wide range of synthetic polymers in the
attempt to introduce a further level of control on the release of
the payload.24,25

Recently, our group proposed a composite carrier consisting
of the nanostructured silicon multistage vector (MSV)19 and a
PLGA outer shell (PLGA-MSV), which, being of great interest in
the field of tissue engineering, was demonstrated to allow for the
release of high amounts of proteins, while ensuring their
stability.26,27

The aim of this study was to optimize a translational approach
for fine temporal and spatial control over the release of proteins,
in vivo. Hence, we proposed newly developed multiscale
composite microspheres based on a core consisting of the
nanostructured silicon MSV and a PLGA outer shell. We
investigated the influence of various formulations and fabrication
parameters, to allow for the easy translation of this platform to
applications of temporospatially controlled release of proteins,
for tissue engineering.

2. MATERIALS AND METHODS
2.1. Silicon Particles Fabrication and Surface Modification.

Discoidal MSV particles of 1, 3, and 7 μm in diameter and 400 nm
thickness or hemispherical particles of 3 μm in diameter and 600 nm
thickness were fabricated by photolithography and electrochemical
porosification of patterned silicon wafers, allowing for precise control
over particle size and shape, as previously reported.22,27 MSVs were
oxidized as extensively described elsewhere.27,28 Briefly, MSVs were
treated with a piranha solution (1 volume of H2O2 and 2 volumes of
H2SO4) with heating to 110−120 °C for 2 h with intermittent
sonication to disperse particles. The suspension was then washed in
deionized (DI) water until the pH of the suspension was ∼5.5−6. The
surface of the MSV particles was modified with (3-aminopropyl)-
triethoxysilane (APTES) (Sigma-Aldrich) as previously described.22

MSV morphology was evaluated by scanning electron microscopy
(SEM). Particles were dispersed in DI water, and a drop was deposited
on metal stubs. Samples were coated with 3 nm of Pt/Pb and imaged at
a voltage of 7 kV (FEI Quanta 400 ESEM FEG, FEI, Hillsboro, OR,
USA). Subsequently, 2 × 108 oxidized particles were suspended and
mixed in 1 mL of 4% APTES in isopropyl alcohol (IPA) solution and
10% DI in IPA. Particles were mixed at 1300 rpm for 2 h with a
thermomixer set at 37 °C and then moved to a vacuum oven for

annealing at 60 °C overnight. MSVs were labeled with 4′,6-diamidino-2-
phenylindole (DAPI).

2.2. Preparation of PLGA-MSV. MSVs were encapsulated in
PLGA particles via a modified double-emulsion method.29 Several sets
of PLGA-MSV composites were created, varying MSV content (2.5, 5,
and 10 wt % with respect to the mass of the polymer), MSV shape
(hemispherical or discoidal), and MSV size (1, 3, or 7 μm), to evaluate
their influence on PLGA-MSV size distribution.

Also, to assess the influence on microspheres’ size of the copolymer
of PLGA used for the outer shell, three different copolymers were used:
50:50, 75:25, or 85:15. The inherent viscosity of the three copolymers
used in this study was 0.55−0.75. In all of the formulations of PLGA-
MSV, the PLGA was dissolved in dichloromethane (DCM) at a
concentration of 100 mg/mL. Finally, 2 × 108 APTES-modified MSV
particles were suspended in 1 mL of the different solutions of PLGA
(LACTEL) previously dissolved in DCM, (Sigma-Aldrich). The PLGA
outer shell was fluorescently labeled by adding rhodamine B (Sigma-
Aldrich) into the PLGA in DCM solution, at a concentration of 1 mg/
mL. The organic phase was then emulsified with 3 mL of 2.5%
poly(vinyl alcohol) (PVA; Fisher Scientific; 25 mg/mL) at 3000 rpm for
6 min. The emulsion was dropped into 40 mL of a 1% aqueous solution
of PVA (10 mg/mL). The resulting phase was stirred overnight to allow
DCM evaporation; particles were then washed three times with DI
water and collected via centrifugation for lyophilization and long-term
storage.

2.3. Characterization of PLGA-MSV. Full encapsulation of MSV
microparticles in the PLGA microspheres was assessed by optical
microscopy. The effect of MSV content, shape, and size and PLGA
copolymer ratio on PLGA-MSV size was investigated by measuring the
diameter of the microspheres by an automated measuring tool of the
software NIS element (Nikon). The ζ potential of the silicon particles,
prior to encapsulation in the PLGA shell, was analyzed using a Zetasizer
nano ZS (Malvern Instruments Ltd., Southborough, MA, USA), as
previously described.26 APTES-modified MSV and the resulting PLGA-
MSV microspheres were analyzed by Fourier transformed infrared
spectroscopy (FTIR). Briefly, a KBr pellet was made by mixing KBr to
freeze-dried PLGA-MSV. The KBr chip was analyzed by a Nicolet 6700
spectrometer (Thermo Scientific). The MSV content in the composite
microspheres was characterized by thermogravimetric analysis (TGA),
while the thermal properties of PLGA-MSV were evaluated by
differential scanning calorimetry (DSC) through the Q600 TG-DSC
apparatus (TA Instruments).

2.4. Loading of FITC-BSA into APTES-Modified MSV Particles
and Encapsulation in PLGA Shell. In order to load the selected
reporter protein, APTES-modified MSV particles were suspended in
500 μL of solution of FITC-BSA (Sigma-Aldrich) in DI (10 mg/mL).
The suspension was incubated in physiological-like conditions (PBS, 37
°C, under mild agitation). Centrifugation at 4000 rpm for 5 min allowed
for the isolation of the particles. The collected supernatant has been
used to estimate the amount of protein absorbed by mass difference
using a spectrophotometer SpectraMax M2 (Molecular Devices) at 493
nm/518 nm. The FITC-BSA-loaded particles were then lyophilized
overnight. FITC-BSA-loaded MSV were encapsulated in a PLGA shell,
as described above. BSA loading was also evaluated by imaging PLGA-
MSV by an A1 confocal laser microscopy (Nikon).

2.5. Evaluation of FITC-BSA in Vitro Release. After dispersing in
PBS (1.5 mL), 2 × 108 FITC-BSA-loaded PLGA-MSV microspheres
were divided into three aliquots: each sample contained approximately
7× 107 particles suspended in 0.5 mL of PBS. Samples were collected, at
established time intervals, for 1 month. Each sample was centrifuged
(4000 rpm; 5 min), and 10% of the supernatant (0.05 mL) was collected
and replaced with fresh PBS. The release of FITC-BSA from the
different formulations of PLGA-MSV was quantified by a spectropho-
tometer at 493 nm/518 nm. Samples were collected and analyzed at
defined time points, up to 1 month.

2.6. Biocompatibility Study. J774 macrophages were utilized for
this study (ATCC). Briefly, murine J774 macrophages (J774) were
cultured according to vendor’s protocols (ATCC), in HG-DMEM
supplemented with 10% FBS, 1% penicillin (100 UI/mL)-streptomycin
(100 mg/mL), and 0.25 mg/mL amphotericin B. J774 cells were
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subcultured by plating them into 96-well plates at a density of 5000
cells/cm2 (Millipore). After 24 h, cells were treated with PLGA-MSV
with PLGA at 50:50, 75:25, and 85:15 and fabricated with all sizes of
MSV (1, 3, and 7 μm). Five different concentrations of microspheres
were tested, ranging between 0.1 and 10 μg/mL. Viability was evaluated
at 72 h, in triplicate. Cell interaction with PLGA-MSV was initially
evaluated by SEM, and samples were prepared for imaging as previously
described (FEI Quanta 400 ESEM FEG, FEI).30 Samples were vacuum-
dried and coated with Pt/Pb and imaged by SEM under a voltage of 8
kV (Hummer 6.2 sputtering system; Anatech Ltd., Union City, CA,
USA). The toxicity of the different formulations and concentrations of
PLGA-MSV described previously was evaluated by MTT assay,
according to manufacturer’s protocol (Life Technology).

2.7. Subcutaneous Injection. Twenty-eight BALB/c mice (8−12
weeks old) were housed and fed in the animal room at The Houston
Methodist Research Institute (Houston, TX, USA) for 48 h prior to the
experiment. The study protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) and performed following
GMP standards. All efforts were made to minimize the number of
animals used for experiments and their suffering. Animals were
anaesthetized with 2−3% isoflurane in 100% oxygen at a flow rate of
1 L/min. A 1 cm2 area of skin was carefully shaved and sterilized. Mice
were injected at a dorsal subcutaneous site with 50 μL of a PLGA-MSV
suspension in PBS. Seven animals per each time point were used. In
each animal two injections were performed: one as a control (PBS only)
and one with the PLGA-MSV suspension. Mice were euthanized at 2 h

Figure 1. SEM images of hemispherical and discoidal MSV particles, including the close-up view of a single particle and of its pores (A, B respectively).
The overall sizes of the particles are the same, but the shape is significantly different. Scale bar, 1 μm; scale bar of the close up of the pores, 100 nm.
Schematic showing the steps of PLGA-MSV fabrication with the double-emulsion technique (C).

Figure 2. Optical microscopy images of PLGA-MSV with increasing amount of hemispherical MSV (A, B, C) or discoidal MSV (D, E, F). Images of
PLGA-MSV fabricated with discoidal MSV of increasing diameter (G, H, I): scale bars, 1 μm. Quantification of PLGA-MSV diameter depending on
MSV content (L) orMSV size (M). SEM and optical microscopy images (N, O, P and Q, R, S respectively) of PLGA-MSV fabricated with 50:50, 75:25,
or 85:15 PLGA coatings: scale bars ,10 μm. Bar graphs reporting the size distribution of PLGA-MSV prepared with different copolymer ratios of PLGA
(T, U, V).
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and 3, 7, and 14 days, by CO2 inhalation and subsequent cervical
dislocation.
2.8. In Vivo Release Study. One mouse per each time point was

imaged by intravital microscopy (IV), prior to being euthanized, to
follow the in vivo release of the reporter protein. Briefly, the skin was
gently dissected, flipped, and imaged at three wavelengths: 610 nm for
PLGA microsphere (labeled with rhodamine B), 460 nm for MSV
particles (labeled with DAPI), and 516 nm for FITC-BSA. Regions of
interest were created with a specific tool of the software NIS-Element
(Nikon) to evaluate the diffusion of BSA from the microspheres and to
verify the confinement of the carriers over 2 weeks.
2.9. In Vivo Degradation of PLGA-MSV. The tissue surrounding

the injection site was collected (0.5 cm × 0.5 cm) and fixed for SEM
images in 2.5% glutaraldehyde and prepared for SEM evaluation. The
tissues were dehydrated in increasing concentration of ethanol (EtOH),
as described elsewhere.29 Samples were sputter-coated with 25 nm of
Pt/Pb and imaged with a voltage of 10 kV, to evaluate the in vivo
degradation of the carriers.
2.10. Biodistribution. The mice organs and the tissues surrounding

the injection site (0.5 cm × 0.5 cm) were collected and homogenized in
20% EtOH in 1MNaOH and incubated under mild agitation for 24 h at
room temperature, to further verify confinement of the microspheres.
Weighed organs (lungs, liver, kidneys, and spleen) and the tissue
surrounding the site of injection were then centrifuged at 5000 rpm for
30 min and supernatant was collected, filtered using 0.45 μm nylon
centrifugal filter microfuge tubes (VWR), and diluted with DI for
elemental analysis by ICP-OES (Varian 720 ES, Varian Inc., Walnut
Creek, CA, USA) as previously described.23

2.11. Histological Evaluation. At each time point, the tissue
surrounding the site of injection (PLGA-MSV), or PBS for the control
sample, was collected and fixed in OCT mounting media (Tissue Tek,
SAKURA) for histology. Briefly, samples were cut 10 μm thick, and
sections were washed twice in fresh xylene for 8−10 min and rehydrated
sequentially with decreasing ethanol concentrations (100%, 95%, 90%,
80%, and 70%) and DI water (8−10 min for each step). Histological
visualization of collagenous connective tissue fibers in tissue sections
was achieved using a commercially available kit for Trichrome stain
(Abcam; ab150686), according to the manufacturer’s instructions. The
air-dried slides were then mounted with Cytoseal XYL (Thermo
Scientific) mounting medium and then analyzed by Nikon histological
microscope.
2.12. Statistical Analysis. Statistics were calculated with Prism

GraphPad software. Statistics for experiments were performed using a
two-way ANOVA followed by a Tukey’s multiple comparison test. In all
cases * was used for p < 0.05, ** for p < 0.01, and *** for p < 0.001, and
**** for p < 0.0001. All experiments were performed at least in
triplicate. Data are presented as mean ± SD.

3. RESULTS AND DISCUSSION

3.1. Morphological and Chemical Characterization of
PLGA-MSV. The ability to finely control the shape and size of a
carrier for bioactive molecules is crucial to ensure a tight control
over the physicochemical properties of the system, its loading
efficiency, and ultimately its ability to control spatially and
temporally the release of its payload. In this study, we
investigated the tunability of a composite carrier based on a
MSV core and an outer PLGA shell. Both components are fully
tunable and can be tailored to address any clinical need. The
main aim of this study was to elucidate the role of several
fundamental variables during PLGA-MSV synthesis (e.g., shape,
size, and amount of MSV, and PLGA copolymer ratio), to make
it a user-friendly platform and clinically translational.
First, we investigated the influence of MSV shape on PLGA-

MSV’s morphology and size distribution. Thus, we fabricated
hemispherical and discoidal MSV (Figure 1A,B), with a diameter
of 3 μm. MSVs were synthesized through an optimized
lithographic method,22 resulting in particles with a porosity of

51%. This process is scalable and reproducible, giving MSVs of
uniform shape and size, which is crucial in ensuring control over
the loading and release of the payload. A modified double-
emulsion method was followed to fully encapsulate the MSV in
the PLGA microspheres (Figure 1C), creating composite
microspheres. PLGA was chosen to synthesize the outer shell
of the composite microspheres, as it is commercially available in
a wide range of copolymer ratios, molecular weights, and
viscosities, which influence the degradation rate of the polymer
in vitro and in vivo, by modulating its hydrophilic properties.31,32

By varying the content of MSV (hemispherical, Figure 2A−C;
discoidal, Figure 2D−F) during the synthesis (2.5, 5, and 10 wt
%), we observed similar morphology and an increase in the
diameter of the resulting PLGA-MSV composite microspheres:
5.103 ± 0.373 ) μm for the 2.5 wt % MSV in PLGA, 6.435 ±
1.494 μm for the 5 wt % MSV in PLGA, and 9.013 ± 3.230 μm
for the 10% MSV in PLGA. Similarly, by utilizing discoidal MSV
of increasing diameter (1, 3, and 7 μm) the mean size of the
resulting microspheres increased accordingly, as well (Figure
2G−I). The mean diameter of all of the previously mentioned
formulations of PLGA-MSV are reported in the bar graphs in
Figure 2L,M. The formulation that produced PLGA-MSV with
the lowest standard deviation was the 2.5 wt % 1 μm discoidal
PLGA-MSV; thus as a proof of concept we continued our study
with 1 μm discoidal MSV. However, we emphasize how all
formulations were characterized by relatively low standard
deviations, showing the ability to produce homogeneous batches
of PLGA-MSV.
After investigating the effect of different shapes, amounts, and

sizes of MSV, on the overall morphology and size distribution of
the resulting PLGA-MSV, we wanted to study the influence of
the formulation of the PLGA shell on the resulting composite
microspheres.
We tested three copolymer ratios of PLGA: 50:50, 75:25, and

85:15. At higher copolymer ratios the overall size of PLGA-MSV
increased (Figure 2N−P) and resulted in the microspheres
shown in Figure 2Q−S. PLGA-MSV fabricated with 50:50 and
85:15 copolymers displayed a superior size distribution with
respect to those made with 75:25 PLGA, which appeared to
include three distinct subpopulations of microspheres; thus, we
selected 85:15/1 μm discoidal PLGA-MSV for further character-
ization, as a proof of concept. Overall, this first part of our study,
demonstrated how our PLGA-MSV composite delivery system is

Table 1. ζ Potential Values Measured by DLS, of Oxidized
MSV (Negatively Charged) and APTES-Modified MSV
(Positively Charged)

run ζ potential rel residual

Oxidized MSV
1 −30.313 0.019
2 −30.113 0.014
3 −30.772 0.022

mean −30.393 0.018
SD 0.343 0.004

APTES-Modified MSV
1 6.825 0.006
2 6.82 0.008
3 6.593 0.009

mean 6.737 0.008
SD 0.127 0.001
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advantageous in that it can be fully customized to match the
user’s needs.
In order to diminish the hydrophobicity of the particles and

enhance their loading efficiency, the particles’ surface was first
oxidized by etching.19 This step allowed for the introduction of
hydroxyl groups on the surface of the silicon particles, which

were further functionalized with primary amine groups by
surface modification with APTES. ζ potential analysis showed a
mean surface charge of 6.737 mV after APTES modification,
versus the initial value of −30.39 mV (Table 1). The surface
charge affects the loading efficiency of bioactive proteins.26 BSA,
in fact, had a negative charge and the electrostatic interaction

Figure 3. FTIR spectra of PLGA microspheres, APTES-modified MSV, and PLGA-MSV composite microspheres. The peaks corresponding to the
major chemical species identified in the samples were labeled. (A) Thermogravimetric analysis determining the weight loss of organic fraction from the
tested samples, to characterize the amount of MSV in the three formulations of composite microspheres (B). Differential scanning calorimetry showing
the melting process of the three formulation of PLGA-MSV, made with a decreasing amount of MSV, compared to empty PLGA microspheres (C).
While the PLGA microspheres displayed the typical degradation process, the composite microspheres had a very different melting process, as more
energy was needed to degrade the PLGA-MSV with higher amounts of MSV.

Figure 4.Time-dependent release of FITC-BSA from PLGA-MSV. Nine different formulations of PLGA-MSV were prepared and were loaded with the
reporter protein, and the mean fluorescence of their supernatants was measured over time: 50:50, 75:25, and 85:15/(1 μm PLGA-MSV) (A); 50:50,
75:25, 85:15/(3 μm PLGA-MSV) (B); 50:50, 75:25, 85:15/(7 μm PLGA-MSV) (C). The release was expressed as a percentage of the total amount of
the payload released from the microspheres. Bar graph reporting the daily mass of BSA released from the 85:15 per 1 μm PLGA-MSV (D). This PLGA-
MSV formulation allowed for the release of an interestingly consistent daily dose of protein, as desired.
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between amine groups of APTES and acidic moieties of BSA
intensified the ability of FITC-BSA to be loaded into the pores of
MSV particles, allowing for an average loading efficiency over
80.33 ± 3.19% (Supporting Information Figure S1).
Second, we verified the formation of a real composite between

the inorganic (MSV) and organic (PLGA) phase: FTIR spectra
revealed a stretching of the carboxylic groups of amide I of
PLGA-MSV (1735−1750 cm−1), and a broadening of the peaks
in the ranges 1580−1650 cm−1 (N−H bend of primary amines)
and 665−910 cm−1 corresponding to N−H wag of primary and
secondary amines, suggesting an ionic interaction of the carbonyl
groups on the surface of the PLGA with the amine groups of
APTES-modified MSV (Figure 3A). The most important
advantage of composite delivery systems is related to their
unique degradation mechanism, as it is slower and more
sustained. The byproducts produced by the degradation of MSV
and PLGA act as a buffer, producing a neutral pH, avoiding
protein degradation.27 Thus, by blending MSV and PLGA
(inorganic/organic composite), it is possible to obtain a
composite that is more stable when exposed to the fluctuation
of the microenvironment of tissues, better protecting the
payload.29 TGA analysis was performed for 85:15/1 μm
discoidal PLGA-MSV with different amounts of MSV (2.5, 5,
and 10 wt %) and resulted in 2.674, 4.660, and 7.427 wt %,
respectively (Figure 3B). From DSC analysis an increase in the
Tm of PLGA-MSV was observed with respect to that of empty
PLGA microspheres (used as a control) of approximately 15 °C,
proving the existence of a chemical interaction between MSV
and the polymer, thus further proving the formation of an actual
composite. Also among the three formulations of PLGA-MSV,

the heat flow value of those endothermic reactions that resulted
progressively decreased at higher contents of MSV (Figure 3C).

3.2. Evaluation of FITC-BSA Release Kinetics in Vitro.
The release of FITC-BSA was assessed over a month (Figure 4).
Evidence resulting from the release study demonstrated that the
increase of the copolymer ratio of the PLGA coating enabled the
progressive reduction of the initial burst release (higher R2) and
a slower release rate (lower angular coefficient of the trendline
interpolating the release curves). This was further supported by
the fact that FITC-BSA was found to be secured in
correspondence with the MSV core, and thus protected from
the environment, avoiding massive burst release (Supporting
Information Figure S2).
Also, we found that the bigger the size of the MSV

microspheres utilized in the preparation of the PLGA-MSV,
the slower the release of the reporter protein. It is possible to
observe that both 85:15/1 μm PLGA-MSV and 85:15/7 μm
PLGA-MSV allowed for almost zero-order release kinetics.
However, with the bigger size of MSV (7 μm), there was a higher
variability in the amount of protein released daily (Figure 4A,C).
Thus, the 85:15/1 μm PLGA-MSV formulation allowed for the
most sustained, controlled, and consistent release (lowest
standard deviations, lower slope, and higher R2; see Supporting
Information Figure S3), with an almost zero-order kinetic,
releasing approximately 12.845 ± 0.987 ng/day (Figure 4D).
The release kinetics of BSA from PLGA-MSV synthesized

with 1 μm MSV were the most affected by the copolymer ratio
utilized in the preparation of the composite microspheres. The
PLGA-MSV prepared with the 50:50 copolymer had the fastest
release rate and an evident burst release. Similarly, PLGA-MSV
made with the 75:15 PLGA copolymer had a notable initial burst

Figure 5. SEM images of J774 interacting with PLGA-MSV fabricated with MSV 1 (A), 3 (B), and 7 μm (C). Depending on the size of PLGA-MSV the
cells behaved differently; in particular J774 were easily able to interact and internalize PLGA-MSV fabricated with 1 and 3 μm MSV. However, it
appeared that J774 were not able to engulf PLGA-MSV fabricated with MSV 7 μm, but rather surrounded them. Viability study by MTT assay of J774
incubated with increasing concentrations of 50:50, 75:25, 85:15 PLGA-MSV with 1 μm, 3 μm, and 7 μmMSV (D, E, F): scale bars, 5 μm. No significant
differences in the viability of cells were found among the tested groups of PLGA-MSV, with MSV 1 and 3 μm. On the contrary, the viability of J774 was
slightly decreased when cells were incubated with PLGA-MSV 7 μm.
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release, but the release rate slowed down after day 7. No
significant differences were found among the different
formulations of PLGA-MSV prepared with 3 μm MSV, in
terms of kinetics; however, we can observe that the higher the
copolymer ratio, the slower the release. Similarly, at higher
copolymer ratios the release was slower for PLGA-MSV 7 μm.
The temporal control over the release of the payload is

fundamental to guarantee the proper therapeutic effect, for the

necessary window of time. In fact, the tight regulation of the dose
of bioactive molecule released daily allows for the avoidance of
side effects due to overdoses or the progression of the
pathological state due to an insufficient amount of drug. For
these reasons, as a proof of concept, we chose the 85:15/1 μm
PLGA-MSV formulation to be tested for its release in a mouse
subcutaneous model, in the attempt to verify if the zero-order
release was preserved in in vivo conditions.

Figure 6. Intravital microscopy images of FITC-BSA-loaded PLGA-MSV, showing the in vivo release of BSA, in a subcutaneous model in mice (FITC-
BSA, green; MSV, blue; PLGA microspheres, red) (A). Site of the injection of PLGA-MSV, in the back of the mouse (B). As expected, BSA is
progressively released in the surrounding of the PLGA-MSV signal. MSV and PLGA fluorescent signals appeared to remain colocalized over time.
Release kinetic of FITC-BSA in vivo, over 2 weeks, confirming the zero-order release kinetics (C). Amount of MSV particles and PLGA microspheres
localized in the site of injection, over time, showing that PLGA-MSV remains localized in the desired site (D).

Figure 7. SEMmicrographs at 0, 3, 7, and 14 days after injection, of the PLGA-MSV in the mice subcutaneous model, showing in vivo degradation of the
microspheres (A): top images scale bars, 100 μm; insets scale bars, 20 μm. The white arrows in the insets indicate single PLGA-MSV. Biodistribution of
MSV in lung, liver, kidney, spleen, and tissue surrounding the injection site, in mice, up to 30 days (B), showing that most of the PLGA-MSV remains in
the site of injection.
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3.3. Biocompatibility. Macrophages have been demon-
strated to be one of the first types of immune cells to intervene at
the site of injury.33 Thus, we simulated the in vitro response to
the PLGA-MSV by incubating murine macrophages with
increasing concentrations of PLGA-MSV fabricated with MSV
1, 3, or 7 μm (PLGA-MSV of increasing size) (Figure 5A−C).
The viability of macrophages was not significantly compromised
by increasing concentrations of PLGA-MSV made with 1 and 3
μm MSV (Figure 5D, E). We observed that with PLGA-MSV
made with 7 μm MSV, macrophage viability slightly decreased
by increasing the amount of PLGA-MSV in the media, but
remained above 80% (Figure 5F). We verified that the biggest
PLGA-MSVs were not internalized but rather surrounded by the
macrophages (Figure 5C), as extensively reported.32,34

3.4. In Vivo Spatially Controlled Release. Ultimately, we
wanted to assess if the ability to control the spatial and temporal
control over the release of FITC-BSA accomplished in vitro was
preserved in vivo. The release of the reporter protein was
followed over 14 days, in a mouse subcutaneous model, by
intravital microscopy. In Figure 6 the images acquired by
intravital microscopy are presented. The panel shows that both
PLGA (red) and MSV (blue) signals overlap for all of the

windows of time considered. This was further demonstrated by
the fluorescence intensity plot, in which the fluorescence signals
of the three components of the carrier not only overlap, but
show that the outer layer of the system is the PLGA (red), the
middle one is MSV (blue), and the inner component is the
FITC-BSA (green) (Supporting Information Figure S4).
Concerning FITC-BSA, it is possible to identify a slight diffusion
of the protein outside the area where PLGA-MSVs were
localized. However, the BSA diffused in the immediate
surroundings of the microspheres (distributed over an area of
1.148 mm2) over a maximum area of 4.778 mm2, thus
demonstrating the ability of PLGA-MSV to retain FITC-BSA
at the earliest time point, avoiding the initial burst release in vivo,
as characterized in vitro.
After intravital microscopy analysis, the tissue surrounding the

injection site was imaged by SEM, to better evaluate the
morphology and degradation of PLGA-MSV. Figure 7A depicts
the microspheres after injection, at day 3, 7, and 14. At all time
points it is possible to identify PLGA-MSV microspheres, as
indicated by the white arrows.
If internalized by phagocytes (see section 3.3), PLGA-MSV

would be transported to the spleen, or the kidney. We finally

Figure 8. Trichrome histological evaluation at 0, 3, 7, and 14 days of the in vivo reaction to the PLGA-MSV, injected subcutaneously in mice. Control
mice were injected with PBS and compared to the mice injected with PLGA-MSV. Scale bars of low magnification images, 300 μm; insets, 50 μm. The
images of the controls present fibers and a minor accumulation of cells, which resolved over the 2 weeks. In the tissue surrounding the injection site of
PLGA-MSV (P), the accumulation of fibers (in blue) and of a few cells was observed, similarly to what was found in the control samples. The PLGA-
MSV (red) were identified at each time point, to still be in the site of injection, further confirming the spatially controlled release.
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evaluated the spatial control over the payload by evaluating the
confinement of MSV in the tissue surrounding the injection site.
ICP analysis of the content of Si in the organs of the mice
showed that at day 1 more than 85% of Si was found in the site of
injection, while progressively decreasing over a month (54% at
14 days and 18% at 30 days), mirroring the sustained release of
the protein in vitro (Figure 7B).
However, it has been extensively demonstrated that MSV

degradation in biological conditions occurs faster in cancer
therapy35,36 than what is needed for tissue engineering
applications, inciting the need for the inclusion of MSV in
polymer shells or scaffolds.
Panels in Figure 8 show the histological evaluation of the

tissue surrounding the injection site up to 14 days after injection,
compared to the control. The images of the controls
immediately after injection of saline solution presented fibers
and a minor accumulation of cells, which resolved over the 2
weeks evaluated. At day 0, in the tissue surrounding the injection
site of PLGA-MSV, the accumulation of fibers (blue) and of a
few cells was observed, similarly to what was found in the control
samples. Within 2 weeks the outer polymeric shell (TRITC-
labeled) started to slowly degrade, and release part of the dye, as
evidenced by the more intense red color of the slides. Altogether
these data confirm the controlled process of degradation of
PLGA-MSV in vivo, which is reflected in a slow and sustained
release of the reporter protein, within the tissue surrounding the
injection site.
Drug delivery systems, alone or combined with tissue

engineering devices and scaffolds, are promising approaches
for the treatment of a multiplicity of damaged tissues.37,38

However, their clinical use has been limited by a number of
challenges, including the inability to accurately control the
spatial and temporal release of GFs in vivo. In fact, the initial
burst release of drugs from the currently available systems and
devices represents the most limiting factor in their clinical use.11

A notorious controversy spurred over the release of GFs in tissue
engineering applications, whenMedtronic developed INFUSE, a
collagen sponge impregnated with a solution of recombinant
human bone morphogenic protein-2 for bone augmentation.
Although the market leader for years, this product has been
associated with several disruptive patients’ complications (e.g.,
osteolysis, heterotopic ossification, and even cancer).39,40

With the recent advances in biology, chemistry, and materials
science, polymeric materials can now be synthesized from a
combinatorial array of monomers, oligomers, and polymers with
tunable chemical, mechanical, and geometrical properties to
create new, biocompatible substances.41,42 In our study we
proposed a composite polymer/silicon delivery system that was
demonstrated to be fully tunable, with a slow and controlled
degradation process which allows for a long-term release, in vivo.
Also, our platform is highly reproducible, and not toxic, as shown
by the biocompatibility study and biodistribution (very little
PLGA-MSV was transported to the filtrating organs for
excretion). Remarkably, for the first time it was demonstrated
that it is possible to obtain a zero-order release of proteins in vivo,
with our PLGA-MSV.

4. CONCLUSIONS
In summary, we have demonstrated the full tunability of PLGA-
MSV composite microspheres. This kind of composite carrier
combines the advantages of mesoporous structures which can be
loaded with a high amount of proteins, due to their high surface
area, and the plasticity and tailorability of polymers. In this study

the formulation which accomplished a zero-order release
(85:15/1 μm PLGA-MSV) was tested in a mouse subcuta-
neously, to demonstrate the ability of this platform to
accomplish the temporal and spatial control over the release of
its payload. It is possible to envision the use of the different
formulations of PLGA-MSV for the staged release of multiple
factors, to closely mimic the natural temporal gradients of
biomolecules. It is greatly advantageous that PLGA-MSV are
injectable, which allows for easy administration of the payload,
once a month, with low toxicity. These results demonstrated in
vivo that PLGA-MSV represents a robust, reproducible, and
scalable platform to be translated in the clinic, for applications of
tissue regeneration.
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