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ABSTRACT

Purpose Protein therapeutics often require repeated admin-
istrations of drug over a long period of time. Protein instability
is a major obstacle to the development of systems for their
controlled and sustained release. We describe a surface
modification of nanoporous silicon particles (NSP) with an
agarose hydrogel matrix that enhances their ability to load and
release proteins, influencing intracellular delivery and preserv-
ing molecular stability.

Methods We developed and characterized an agarose surface
modification of NSP Stability of the released protein after
enzymatic treatment of loaded particles was evaluated with
SDS-page and HPLC analysis. FITC-conjugated BSA was
chosen as probe protein and intracellular delivery evaluated
by fluorescence microscopy.

Results \We showed that agarose coating does not affect NSP
protein release rate, while fewer digestion products were
found in the released solution after all the enzymatic treat-
ments. Confocal images show that the hydrogel coating
improves intracellular delivery, specifically within the nucleus,
without affecting the internalization process.

Conclusions This modification of porous silicon adds to its
tunability, biocompatibility, and biodegradability the ability to
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preserve protein integrity during delivery without affecting
release rates and internalization dynamics. Moreover, it may
allow the silicon particles to function as protein carriers that
enable control of cell function.

KEY WORDS agarose hydrogel - intracellular delivery -
nanopores - porous silicon - protein

ABBREVIATIONS

Al agarose composition 0.125%

A2 agarose composition 0.05%

Ag agarose coated

APTES aminopropyltriethoxysilane

BSA bovine serum albumin

FACS fluorescence activated cell sorting

FGF fibroblast growth factor

HPLC high performance liquid chromatography

HUVEC human umbilical vein endothelial cells
NC bare / not coated

NSPs nanoporous silicon particles

PLGA poly(lactic-co-glycolic acid)

pSi porous silicon

SDS-page  sodium dodecyl sulfate polyacrylamide gel
electrophoresis

SEM scanning electron microscope

SIN silicon nitride

VEGF vascular endothelial growth factor

INTRODUCTION

During the last few decades, protein therapeutics have
developed dramatically and gained a significant role in
many fields of medicine (1). Proteins such as growth factors,
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hormones, and cytokines are achieving widespread recog-
nition as therapeutic agents (2), while protein epitopes are
now being mapped and used for vaccination that provides
broad protection against infectious agents (3). Various
therapeutic proteins have been proposed in the literature
with a wide range of roles and functions in the body (4-7):
formation of receptor domains on the cell surface,
improvement of the intracellular and/or extracellular
molecular transport, enzymatic catalysis of biochemical
reactions, enzymatic or regulatory activity, targeting,
vaccines (8,9), and diagnostics (10-12). Protein drugs are
able to act selectively on biological pathways but often
require repeated administration, making their clinical use
even more challenging than that of conventional drugs
(13-16). The controlled and sustained release of proteins
may enhance their therapeutic efficacy and reduce the
pain and inconvenience of frequent injections. However,
intravenous administration faces a single major issue:
protein instability (17). Structurally unstable proteins are
rapidly degraded and deactivated by specific enzymes
upon systemic injection (18). Growth factors such as FGF
and VEGF, for example, have half-lives as short as 3 and
50 min, respectively (19,20). Furthermore, sustained
release (days to months) and formulation of the delivery
system often exposes proteins to harmful agents that may
disrupt their integrity and ultimately compromise their
therapeutic efficacy (21,22).

In the past few years, many drug delivery systems have
been developed. Some organic ones (e.g. liposomes,
micelles, nanoparticles) are able to deliver drugs to a
specific site and at the desired rate, yet most of these
systems are rapidly eliminated by the reticulum endothelial
system (RES). Furthermore, polymeric formulations (such
as PLGA), release acidic byproducts upon degradation and
can induce local inflammatory responses that negatively
impact protein integrity and activity (23,24).

Porous silicon (pSi) has been proposed as an ideal
biomaterial for drug delivery thanks to its biocompatibility
(25,26), tunability of the porous structure (27,28), ease and
versatility of processing through standard semiconductor
technology (29,30), and the well-established protocols for
the optimization of its surface chemistry (31,32). As a result,
pSi has been successfully used to improve drug solubility,
increase bioavailability, and modulate release rates, thus
paving a promising path for the realization of pSi drug
delivery devices (33-35). pSi has been successfully
employed for the loading and release of peptides, proteins,
and nanoparticles in a controlled and sustained fashion
(35-38). Peptides loaded into porous silicon particles have
been systemically delivered i vivo, resulting in a prolonged
effect compared to their free administration (39). Post-
synthesis modification of pSi provided controlled release
and enhanced loading of bioactive molecules (33,36,37,40).

However, the stability of the loaded/encapsulated protein
has not been guaranteed thus far.

This work describes a novel surface modification with
agarose hydrogel developed to enhance protein stability
within nanoporous silicon particles (NSP) during sustained
and controlled release and during enzymatic digestion.
Moreover, we report the coating’s control over NSP
intracellular trafficking and uptake. The enhancement to
protein delivery of this NSP surface matrix coating may
extend the use of pSi as a versatile delivery system for
enzymes, vaccine antigens, and protein therapeutics in
general. In particular, we envision two possible routes of
administration of the agarose-coated silicon particles:
intravenous injection, already largely and successfully tested
in vivo (41-43), or surgical implantation as a component of a
scaffold for tissue engineering applications. Finally, subcuta-
neous delivery of these particles might be envisioned,
although it has not been tested so far.

MATERIALS AND METHODS

Nanoporous Silicon Particles Synthesis and APTES
Modification

NSPs were designed and fabricated in the Microelectronics
Research Center at the University of Texas at Austin by
established methods (29,35). In brief, after low pressure
chemical vapor deposition of 100 nm silicon nitride (SiN),
photoresist was spun cast on a 100 mm, 0.005 Q-cm p-type
Si wafer. A pattern consisting of 2 pm dark field circles with
2 pm pitch was transferred to the photoresist by contact
photolitography. Then the pattern was transferred for
100 nm into the silicon substrate by reactive ion etching
with CF, gas. The photoresist was removed from the
substrate for anodic etch preparation by piranha clean. The
porous particles were formed by selective porosification
through the SiN mask by anodic etch. The SiN layer was
removed by soaking in HF, the substrate was dried, and the
particles were released in isopropanol by sonication.
Particles were then oxidized by piranha (solution of 2:1
vol. H2504 (96%) in H202 (30%)) for 2 h at 120°C, then
modified with aminopropyltriethoxysilane (APTES) 2% in
IPA) for 2 h at 35°C to provide a controlled positive charge
to the particle surface that enhances protein loading
capacity.

Modification of Nanoporous Silicon Particles
with Agarose Matrix

Agarose coating was performed by suspending NSPs in

warm (40°C) agarose solution for 15 min, and then the
solution was cooled at 4°C for 30 min. Agarose coating

@ Springer



1522

De Rosa et al.

solutions were prepared at different concentrations ranging
from 0.05 to 0.5%,, with low melt certified agarose
(BIORAD), used as received. To remove excess gel,
particles were washed with warm PBS (35°C) and cooled
at room temperature twice. Agarose coating of loaded
NSPs was performed after loading before any washing step.

NSP Characterization

The volume, size, and concentration of NSPs were
characterized by a MultisizerTM 4 Coulter Counter
(Beckman Coulter). Before the analysis, the samples were
dispersed in the balanced electrolyte solution (ISOTON
VR II Diluent, Beckman Coulter Fullerton, CA) and
sonicated for 5 s to ensure a homogenous dispersion. Their
surface charge before and after APTES modification and
agarose coating was measured in a PB buffer at pH 7.4
using a ZetaPALS Zeta Potential Analyzer (Brookhaven
Instruments Corporation; Holtsville, NY). The surface area
and pore size distribution of the NSPs were measured using
N2 adsorption-desorption isotherms on a Quantachrome
Autosorb-3B Surface Analyzer. To prepare the sample,
10 mg of NSPs were transferred to a sample cell and dried
in a vacuum oven at 80°C. The sample was degassed at
200°C for 12 h, and the N2 adsorption-desorption isotherm
was measured at 77 K over the relative pressure (P/PO)
range of 0.015-0.995. Nanopore size distributions and
porosities were calculated from the desorption branch of
the 1sotherms using the BJH model. NSP size and shape
were also evaluated at different timepoints during incu-
bation in PBS at room temperature by scanning electron
microscope (SEM) (FEI Quanta 400 ESEM FEG). To
prepare SEM sample, a drop of PSN IPA solution is
directly placed on a clean aluminum SEM sample stub
and dried. Ag samples were sputter-coated with gold for
2 min at 10 nm layer using a CrC-150 Sputtering System
(Torr International, New Windsor, NY). All the samples
were loaded in SEM chamber, and SEM images were
measured at 5 kV and 3-5 mm working distance using an
In-lens detector.
examined by fluorescence activated cell sorting (FACS)
(Becton Dickinson, FACSCalibur). Solution pH was
measured with pH strips (colorPHast — EMD).

Size variation over time was also

Protein Loading and Release

Lyophilized and fluorescein isothiocyanate (FITC)-conju-
gated bovine serum albumin (BSA) was chosen as a protein
probe, purchased from Sigma-Aldrich, and used as re-
ceived. BSA was loaded into NSPs by suspending 10° NSPs
in 200 pL of 25 mg/mL BSA (1.2% of BSA was FITC-
conjugated) aqueous solution (prepared in PBS—GIBCO
Invitrogen). The suspension was continuously mixed in dark
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at 4°C for 2 h, then spun down, and the supernatant was
removed. To remove excess of probe, three washing steps
were performed. Coated and not-coated particles under-
went the same number of washing steps.

To measure the loading efficiency of NSPs, the fluores-
cence and concentration of the BSA solution used for the
loading (as prepared for the loading procedure and as
recovered after incubation) was quantified by spectro-
fluorimetry with SpectraMax M2 spectrophotometer
(Molecular Devices). The BSA loss during coating proce-
dure was also taken into account by measuring coating and
washing solutions fluorescence/concentration.

Protein release over time from NSP (bare / not-coated
(NC)) and agarose-coated (Ag) with two agarose concen-
trations (0.05 and 0.125%,, - Al and A2) was studied by
collecting all the supernatants and replacing them with
fresh PBS at each timepoint. Release quantification was
performed, measuring protein content in the supernatant
with the Bradford method, by spectrofluorimetry and by
FACS (Becton Dickinson, FACSCalibur).

Protein Stability Analysis

NC and Ag (0.125%) NSPs loaded with BSA were treated
with trypsin (25 pg/mlL) for different times, and enzymatic
digestion was ended, adding equal volumes of bleaching
solution (20% acetonitrile-CH3CN and 4% trifluoroacetic
acid-TFA in water) at the different time points. The
structural integrity of the BSA, released after 24 h from
NC and Ag NSPs after the different trypsin treatments, was
analyzed with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-page) using Ciriterion Tris—HCI Gel
(BioRad) in non-reduced condition and high performance
liquid chromatography (HPLC) (ELITE LaChrome, Ita-
chi). Digestion products were also quantified analyzing SDS
page silver stained bars with Image].

Cell Culture and Confocal Microscopy

Human umbilical vein endothelial cells (HUVEC) were
cultured in complete Dulbecco’s modified eagle’s medium
(DMEM) at 37°C and in 5% COg using two different
systems: (a) four-chamber tissue culture-treated glass slides
and (b) circular glass coverslip of 8 mm diameter placed in
12-well plates. 120,000 and 240,000 cells were seeded per
chamber and well, respectively. Cells were allowed to settle
for 2 h before adding NSPs. On the glass slide 600,000 NC
or Ag NSPs loaded with BSA FITC-conjugated were added
directly to the cells in each chamber and incubated for 24
and 48 h. In the multi-well plate 1,200,000 NC or Ag NSPs
loaded with BSA FITC-conjugated were added in a
transwell over the cells to each well, avoiding direct contact
between cells and NSP.
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Cellular internalization of NSPs and uptake of BSA were
observed for both systems by confocal microscopy (Leica
MD 6000) after 24 and 48 h incubation with Ag or NC
particles. Cells were stained with fluorescent phalloidin
(actin filaments) and DRAQ) (nuclei) after fixation in 4%
paraformaldehyde. Cellular uptake of BSA from 1 mg/mL
BSA-FITC-conjugated solution prepared in DMEM was
also evaluated. All images used for quantification were
acquired by keeping the same acquisition setting (pinhole,
gain, laser power, optical path, line average, zoom and
image resolution) for the whole duration of the experiment.
Numerical evaluation of the fluorescence was performed
using the Nikon Elements software. The average fluores-
cence within the cytoplasm or the nuclei was measured in
different representative fields of view (at least 5 cells per
image per timepoint). Cellular uptake of BSA from protein
dispersed in solution was not numerically quantified
because by using the same confocal setting, most of the
cells appeared supersaturated, thus not allowing a direct
comparison between the two conditions.

Statistical Analysis

Reported data are the averages of at least three different
measurements, and statistical significance (p<0.05) was
evaluated with ANOVA (Origin), if not otherwise stated
in the text.

RESULTS AND DISCUSSION

Characterization of Nanoporous Silicon Particles
NSPs used in this work were quasi-hemispherical shells of

3.2 um diameter and 600 nm shell thickness (Fig. 1A and a)
designed for drug delivery application (44). Pore size is

15 nm with 51% porosity as estimated from the desorption
branch of nitrogen adsorption/desorption isotherms.
APTES modification altered particles’ surface charge (zeta
potential from —23 mV to +1 mV) and allowed the loading
of about 10 pg of BSA per million of NSP (7 pg). BSA is
negatively charged and could not be loaded in oxidized
particles (loaded particle zeta potential was —28 mV). This
specific NSP structure, successfully employed in an i vivo
delivery study (41), was chosen to investigate the NSP
assembly and functions. It is worth noting that throughout
the same fabrication process, NSPs of different size, shape,
and porosity but with same chemical-physical properties,
(29) could be used as substrate for the herein proposed
agarose surface modification.

The agarose coating was developed and optimized to
assure a protective function against harmful agents during
long-term release. SEM images (Fig. 1B—E) indicated that
the resulting agarose coating was uniform and density
increased with agarose concentration. Agarose hydrogel
matrix filled the pores and covered the particles’ surface
completely but did not alter appreciably the size and charge
of the NSP (zeta potential was +2 and —30 mV for not-
loaded and loaded NSPs, respectively).

Agarose coatings appeared to be uniform and smooth
for all conditions considered. At the highest agarose
concentrations (0.25 and 0.5%) hydrogel residues and
particle aggregates appeared (see Supplementary Material).
To assure stable uniform coating and good dispersion of the
particles, 0.05 and 0.125% agarose concentrations (Al and
A2, respectively) were selected for further analysis, together
with bare (not-coated (NC)) NSPs for comparison.

Degradation process of NC NSP as observed at SEM i1s
shown in Fig. 2. SEM images show the progressive
degradation of NSPs (into orthosilicic acid as assessed by
ICP, data not shown (35,45,46) during degradation while
their size slightly decreased. Degradation rate of exposed

Fig. | Agarose modification of nanoporous silicon particles (NSP): NSP observed with SEM at low (lowercase letters) and high (uppercase letter) magnification:
(@ and A) bare NSP and (b, ¢, d and e) agarose coated NSP with different agarose concentration (0.05, 0.125, 0.25 and 0.5%, respectively).
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Fig. 2 Silicon particles (NSP) degradation: SEM observation at different times of NSP: bare NSP after (a) 2 h, (b) 4 h, (c) 8 h, (d) 12 h, (e) | day, (f)

2 days, (g) 3 days, and (h) 4 days of incubation with PBS. Scale bar is lum.

silicon was uniform across the entire particle. As previously
reported, we observed higher degradation in the outer rim
because of the higher surface area and porosity of this
structure (43).

NSP degradation over time was also monitored with
flow cytometry (FACS) (Fig. 3a), quantifying NSP size
variation through the change in the forward scattering

intensity (Fig. 3b). Polystyrene beads of given size were used
as calibration standards (Fig. 3c).

FACS data showed that NSP size reduced in three days
from about 3 to almost 2 um, as was observed also at the
SEM. FACS analysis reveals no significant differences
between NC and Ag NSP with cither agarose concentrations
(Al and A2).

" = NC
34 |= . Al
& A2
13
324 ‘%
304 .
E 284
2 L\
@
LETE *
g
24 A
% .
224 .
. = %
20 |
0.5 09 05 1.0 15 0 25 30 5 40
t[days]
c:o_ - .
X
Lingar Fit of X
254 »
20
g -
§ 154
g [Eausien yEaeba
104 L [Waigha Instrumanal
- |Resatual Sem asaz
- of Squares
A RSquam 00091
kR Vakm  Sunswd B
becept G832 081482
= Sope sAses  0MT

Fig. 3 Particles degradation as measured through FACS: (a) Forward and side scattering data analysis and (b) size measurements over time of bare (NC)
and agarose-coated nanoporous silicon particles with two agarose concentrations (0.05 and 0.125%, Al and A2, respectively).
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Quantification of Protein Release

To assess protein release from Ag NSPs, fluorescent BSA
was used as model. Loading and release of BSA from Ag
NSPs with two agarose concentrations (Al and A2) and NC
NSPs were quantified by fluorescence spectroscopy. Load-
ing efficiency was about 70% for both NC and Ag NSPs
(Fig. 4a); hence, the agarose coating did not affect protein
loading. FACS and spectrometric BSA release data are
shown in Fig. 4b and c, respectively.

FACS results (Fig. 4b) showed that NSP fluorescence
exponentially decreased (y = AP _R?2 > 0.91) in
three days. Moreover, there was no significant difference
between NSP NC and Ag with both agarose concentra-
tions. Spectrofluorimetry data (Fig. 4c) also showed that all
the loaded protein was released with a logarithmic profile
(y = A*In(x) + B — R? > 0.98) within three days for NSP
NC and Ag with both agarose concentrations. FACS and
spectrofluorimetry data agreed showing that while the BSA
was released from NSPs, the particles’ fluorescence de-
creased accordingly (see Supplementary Material for fitting
curves and parameters); after three days almost all BSA was
released (~90%) and NSPs were almost not fluorescent
anymore (~5%). Protein release study results indicated that
agarose coating does not affect protein release from NSPs.

Released Protein Integrity Analysis

To assess the protection of protein integrity provided by
agarose coating, BSA-loaded NSPs were treated with
trypsin for 10, 30, 60 and 120 min, and released BSA
solution analyzed with SDS page. Resulting gel for NC and
Ag (composition A2) NSPs is shown in Fig. 5.

The gel analysis showed several protein fragments,
digestion products, together with BSA and trypsin (when
added), and no aggregates (see Supplementary Material).

The concentration and number of fragments appeared
higher in the solutions released from the NC NSPs.
Moreover, the presence of protein fragments increased
with trypsin treatment time, while trypsin and BSA
amounts were about the same in all the samples.

To better quantify protein, enzyme, and digestion
products the SDS result was also analyzed with Image]
(see Supplementary Material) and the three most abun-
dant digestion products plotted as function of trypsin
treatment duration (Fig. 5). The quantitative analysis
showed that solution recovered from NC NSP samples
contained a higher concentration of digestion products’
than the one recovered from Ag NSPs for all treatment
conditions. The samples not treated with trypsin showed
no difference between NC and Ag NSPs. The amount of
BSA and trypsin was the same in all treated samples. The
amount of fragments increased with trypsin treatment
time for the NC NSP samples but was almost constant in
the Ag NSPs.

HPLC analysis performed on BSA solution recovered
after 24 h from NSPs not treated and treated with trypsin
for 15 min, 2 h, 4 h, 8 h and 18 h is shown in Fig. 6.
Graphs show an increase of digestion products, concen-
tration and number with duration of trypsin treatment.
There were more digestion products in the solution
released by NC particles, especially for longer trypsin
treatment time, as evidenced especially for the three
species indicated by arrows. These results are in
agreement with the SDS-page analysis and confirm the
protective function of the agarose coating from enzymatic
digestion.

Cellular Internalization of NSP and Uptake of Protein

Cellular uptake of protein was studied using fluorescent
BSA and evaluating the fluorescence within HUVEC by
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Fig. 4 Protein load and release: (a) Amount of BSA loaded in bare (NC) and agarose coated particles with two agarose concentrations O.125 and 0.05%
(Al and A2, respectively); (b) fluorescence of agarose coated (Al and A2) and NC nanoporous silicon particles (NSP), as measured at FACS, and (c) BSA
released from agarose coated (Al and A2) and NC NSP as measured with spectrofluorimetry.
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Fig. 5 Gel electrophoresis: (a) SDS-page of protein solution released after 24 h from bare (NC) and agarose-coated (Ag) nanoporous silicon particles treated
for different times with trypsin (treatment duration in minutes, printed in white on each column). I, 2 and 3 indicate the most abundant digestion products. (b, ¢,
d) SDS-page relative intensity quantification with ImageJ of trypsin (Tryp), BSA and the three most abundant digestion products (Dig. |, 2 and 3) detected in the
protein solution released after 24 h from bare (NC) and agarose-coated (Ag composition 0.125%) silicon particles after different trypsin treatment duration.
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Fig. 6 Released protein solution chromatography (HPLC): HPLC analysis of BSA solution released after 24 h by (a) NC and (b) Ag particles not treated
(blue) and treated with trypsin 15 min, 2, 4, 8 and 18 h (green, light blue, brown, light green and pink respectively). Arrows point to three digestion products
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confocal microscope imaging after 24 and 48 h. Particle
internalization and BSA uptake after 48 h of incubation
with NC and Ag (composition A2) NSPs added into the
media with the cells or in a transwell on top of them are
shown in Fig. 7. After 48 h of incubation with cells, both
NC and Ag NSPs were completely internalized, and BSA
was released within the cells. Confocal microscopy showed
that the internalization process was not affected by the
agarose coating, and NSPs accumulated in the lysosomes in
less than 1 h, as previously reported (47).

NSP internalization was inhibited using the transwells,
and BSA was first released in the media and then
incorporated into the cells. Images show that uptake of
BSA released from NSPs in the transwell or from BSA
solution was not uniform within the cells, and the protein
probably accumulated within the lysosomes. The fluores-
cence within the cells receiving BSA from the transwell
was comparable with that of the cells that internalized
NSPs. The cellular uptake of BSA from protein dispersed
in solution (1 mg/mL) appears higher than the one
achieved by NSP release (to avoid pixel oversaturation,
different confocal settings were used to acquire Fig. 7f).
This can be attributed to less BSA being released from
NSPs resulting in a lower overall BSA concentration in the
media.

A difference in the cellular uptake of BSA between
internalized Ag and not-coated particles was observed. We
hypothesized that the agarose coating was able to induce a

change of pH within the lysosomes and influence the
cellular uptake. To assess if the agarose coating matrix
would affect the pH within the lysosomes, different volumes
of pH 5 solution and agarose coating solution were mixed
at room temperature, and the change of pH was measured
(Fig. 8).

pH increased from 5 to 6 or more, depending on the
ratio of agarose coating solution (AG), while no change
of pH was observed if agarose was prepared with DI
water instead of PBS. This experiment revealed that the
agarose solution used to coat the particles had a
buffering capacity which could have been instrumental
for the local modification of the pH in the small acidic
lysosomal environments.

The progression over time of the uptake process relative
to HUVEC incubated with NC and Ag NSPs is shown in
Fig. 9. After 24 h of NSP incubation, cellular uptake of
BSA was visible but still not evident especially for NC
NSPs. BSA accumulated in the cells where the NSPs,
both NC and Ag particles, were internalized. The
protein escaping from the lysosomes was uniformly
distributed throughout the nuclei and the cytoplasm of
the cells. We hypothesize that the agarose coating
affected lysosome pH once NSPs were internalized and
hence facilitated protein escape.

To better quantify the BSA uptake within the cells, the
average green fluorescence intensity of confocal images
within the cytoplasm and the nucleus of the cells was

Fig. 7 In vitro confocal study of cellular internalization of silicon particles (NSP) and protein uptake: cells (HUVEC) incubated for 48 h (a—control) without
NSP; (b) with BSA-loaded NSP added into the media; () with agarose-coated BSA loaded NSEs added into the media; with (d) NC and (e) Ag BSA-
loaded NSP placed in a transwell on top of the cells, or in (f) BSA solution. White scale bar is 50 um in a, b and ¢, and 10 um in d, e and f.
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Fig. 8 pH measurement of acid solution change due to agarose coating
solution.

quantified with Elements (Nikon) and correlated with the
number of NSPs internalized in each cell (Fig. 9). Data
showed a higher uptake of BSA within cells incubated with
Ag NSPs than with NC NSPs. Uptake of the protein was
also proportional to the number of particles internalized.
Uptake of BSA released from Ag NSPs increased more
rapidly with the number of internalized NSPs than from
NC NSPs. Additionally, protein accumulated within the
nuclei more than within cytoplasm.

100

i

These data suggested that agarose coating increases
cellular uptake of the protein and avoids extended
entrapment in the lysosomes.

CONCLUSION

In this work we successfully modified with hydrogel
NSPs, designed and fabricated for drug delivery
application, to improve their efficacy for intracellular
protein release. We verified that the agarose coating
protects the payload from enzymatic digestion, while it
does not affect its release from the NSPs. We also
showed that the hydrogel coating increases cellular
uptake and influences intracellular trafficking of the
protein in comparison with what was observed from
proteins dispersed in solution. Furthermore, the agarose
coating is able to improve intracellular protein delivery
and increases the accumulation of the protein within
the nuclei. Thus, the agarose coating of NSPs may
extend the use of pSi as versatile delivery system for
enzymes, vaccine antigens, gene therapy, and other
protein therapeutics. Additionally, it may act effectively
in combination with other controlled release systems (e.
g. PLGA encapsulation) to preserve protein stability
during controlled drug delivery formulation and long-
term release.
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