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Abstract

A porous Si (pSi) microparticle-based delivery system is investigated, and the intrinsic
luminescence from the particles is employed as a probe to monitor the release of a model protein
payload, bovine serum albumin (BSA). The microparticles consist of a core Si skeleton
surrounded by a SiO, shell. Two types of pSi are tested, one with smaller (10 nm) pores and the
other with larger (20 nm) pores. The larger pore material yields a higher mass loading of BSA (3
vs 20%). Two different methods are used to load BSA into these nanostructures: the first involves
loading by electrostatic physisorption, and the second involves trapping of BSA in the pSi matrix
by local precipitation of magnesium silicate. Protein release from the former system is
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characterized by a burst release, whereas in the latter system, release is controlled by dissolution
of the pSi/magnesium silicate matrix. The protein release characteristics are studied under
accelerated (0.1 M aqueous KOH, 21 °C) and physiologically relevant (phosphate-buffered saline,
pH 7.4, 37 °C) conditions, and the near-infrared photoluminescence signal from the pSi skeleton is
monitored as a function of time and correlated with protein release and silicon dissolution. The
thickness of the Si core and the SiO, shell are systematically varied, and it is found that the
luminescence signature can be tuned to provide a signal that either scales with protein elution or
that changes rapidly near the end of useful life of the delivery system. Although payload release
and particle dissolution are not driven by the same mechanism, the correlations between
luminescence and payload elution for the various formulations can be used to define design rules
for this self-reporting delivery system.

Graphical abstract

Luminescence Intensity

Fraction of BSA Released

Keywords

fluorescence imaging; nanomaterials; oxidation; core—shell; quantum confinement; magnesium
silicate; protein therapeutics

Hollow, or porous nanomaterials are attractive as drug-delivery vehicles because they can
provide the advantages of sustained release, lower systemic toxicity, and tissue-specific
targeting while protecting the drug payload from degradation.1=> Inorganic materials such as
porous silicon (pSi),® nanoporous anodic alumina,® and mesoporous silica®1% have been
exploited as materials to deliver drugs via many different administration routes; of interest in
this study are intraocular, intramuscular, and subcutaneous delivery, where larger, depot-
based formulations are typically used.11-13 Controlling the kinetics of drug release from
such nanomaterials is crucial for optimal treatment, and it poses a substantial challenge due
to patient-to-patient variability and other physiological characteristics that affect release
kinetics.141° There is a particular need to monitor drug burden in developmental stages and
during clinical trials, and indirect methods of drug quantification by sampling bodily fluids
such as blood or urine are limited due to cost and complexity. Theranostic systems that are
self-reporting, such that they indicate the status of the delivery vehicle in terms of local drug
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concentration or residual drug capacity,16-18 is a poorly developed area that could provide
substantial benefits in personalized medicine.19.20

Compared to other systems, a unique dimension of pSi is that it contains intrinsic
photoluminescent domains as part of the nanostructure. It is one of few semiconductor
“guantum dot” materials that is nontoxic and degrades to nontoxic byproducts.?1-24 For self-
reporting drug-delivery applications, advantages of pSi include: (1) the photoluminescence
appears at tissue-penetrating near-infrared wavelengths;24 (2) the measurement of light
emission from pSi has little to no angular dependence or directional light scattering (unlike
photonic crystals, for example);16:25 and (3) the long-lived (micro-seconds) excited state of
pSi enables elimination of interfering background fluorescence by time-gated imaging.26:2
In this work, we explore the possibility of using this intrinsic luminescence from pSi
particles to self-report carrier degradation and drug delivery.

Microparticles of pSi were prepared by anodic electrochemical etch of highly p-doped
single-crystal silicon wafers in an electrolyte consisting of aqueous hydrofluoric acid (HF)
and ethanol. The porous film was removed from the silicon substrate by electrochemical lift-
off and subjected to ultrasonic fracture to form irregular microparticles of sizes ranging from
15 to 110 zm (Figure S1a, Supporting Information). The thickness and open porosity
(obtained by spectroscopic liquid infiltration method, or SLIM),28 of the porous silicon
layers prior to particle formation were ~20 pm and ~60-70%, respectively. Scanning
electron microscope images revealed pores with diameters of 5-50 nm and wall thickness of
~10 nm (Figure S1b,c, Supporting Information). In the present work, three types of core—
shell luminescent Si—-SiO» structures were prepared by systematically varying the SiO shell
thickness. This was achieved by controlling the duration of thermal oxidation (25, 35, or 45
min) at 700 °C (Figure 1a), designated “thin shell”, “medium shell”, and “thick shell”.29
Because the shell was formed by partial conversion of the crystalline Si walls to oxide, the
longer oxidation times resulted in a simultaneously thicker oxide shell and a thinner Si core
for a given pore wall thickness. This depletion of the Si core was evident in the visual
appearance of the particles; the optical density progressively decreased with increasing
oxidation time, ranging from dark brown for the as-etched particles to a light ochre color for
material treated at 700 °C for 45 min. Material oxidized for 1 h at 800 °C had the pure white
appearance of silica and showed no evidence of crystalline silicon by Raman spectroscopy.
The growth of the oxide shell resulted in minimal changes in the overall pore size and
porosity, as determined by nitrogen adsorption/desorption measurements (Figure S2,
Supporting Information) and was accompanied by a shift in the emission maximum of
photoluminescence to the blue (Table 1). The photoluminescence of porous Si originates
from quantum confinement in the crystalline silicon skeleton,30 and the SiO shell serves to
passivate the Si surface, increasing the photoluminescence quantum yield of the material.
29.31-33 Consistent with extensive prior work with porous Si,33-37 the blue shift in the
photoluminescence spectrum is attributed to a reduction in size of the quantum-confined Si
features. The values of average thickness (a) of the emissive crystalline Si features in the
skeleton were estimated from photoluminescence and Raman measurements. The
photoluminescence data were fit to the inverse power law of eq 1, taken from published
theoretical calculations on Si quantum dots: 3839
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where Epand £y (&g of Si = 1.12 eV) are the energies (in eV) of the emission maximum
and of the silicon bandgap, respectively. The values of dare depicted in Figure 1a and listed
in Table 1. The reported average sizes of the particles are consistent with Raman
measurements, which displayed a shift of the 520 cm~1 band associated with the lattice
optical phonon mode of crystalline Si to lower energy by between 5 and 20 cm= (Figure S3,
Supporting Information), suggesting average Si feature sizes of 5 nm or smaller.4041
Characteristic of nanophase silicon, this band was broadened on the low energy side relative
to the porous Si starting material, indicative of some loss of crystallinity.#2 Conversion of Si
to silicon oxide was confirmed by Fourier-transform infrared (FTIR) spectroscopy (Figure
S3, Supporting Information). After thermal treatment, the vibrational stretching modes from
surface-bound Si—H species at ~2100 cm™1 were no longer observable, and an intense band
associated with Si—O stretching modes was observed at ~1100 cm™! indicating that all three
particle formulations displayed a similar oxide surface chemistry.

Next the luminescent core—shell nanomaterials were loaded with bovine serum albumin
(BSA) as a surrogate for a biologic therapeutic. Two methods of loading the model drug
payload within the pores were compared: the first was based on simple electrostatic
adsorption, and the second was based on physical trapping of the protein (Figure 2).
Adsorption loading was employed to represent a common release model, wherein the elution
kinetics display an initial burst followed by a slower steady-state release. To promote strong
electrostatic adsorption of BSA to the silicon oxide surface during loading, the solution pH
was adjusted to 4, which is lower than the isoelectric point of BSA (pl = 4.8).43 These
conditions have been shown to yield strong adsorption of BSA onto oxidized porous Si
surfaces.** In the second loading method, the loaded protein was trapped in the pores using
localized deposition of magnesium silicate. This chemistry follows a previously reported
approach involving the ability of added calcium ion to form a silicate precipitate that traps
the drug payload within the pores.® In the present case, we found that the alkaline earth
metal magnesium behaved similarly to calcium in the ability of its dication to form an
insoluble silicate salt. In this mechanism, the formation of magnesium silicate results from
reaction of a relatively high concentration (1.3 M) of Mg2* ion with silicic acid that is
locally generated by dissolution of the SiO5 shell (at pH = 9) of the porous Si-SiO, core—
shell particles (Figure 2b).#>~4" The presence of magnesium in the nanomaterials was
confirmed in the scanning electron microscope images using energy dispersive spectroscopy
EDS-SEM (not shown).

We tested both methods of protein loading (electrostatic adsorption and magnesium silicate
trapping) on two different types of pSi microparticles, one in which the average pore
diameter was ~10 nm (small pores) and another in which the average pore diameter was ~20
nm (large pores). It was found that the “small pore” (Table 1) samples loaded substantially
less BSA than the “large pore” samples (Table 2) with either loading method. For pSi
particles of a given pore size, the mass loading of BSA showed no strong dependence on
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oxide shell thickness. Both loading methods preserved the photoluminescence of the original
core-shell nanomaterial, with little change in the wavelength maximum or efficiency of
photoluminescence.

Next, the photoluminescent BSA-loaded formulations were tested under aqueous dissolution
conditions. The mechanism of protein release can be split into two pathways, related to the
method used to load the protein into the nanomaterial. A schematic depicting hypothetical
release processes for the two classes of samples is given in Figure 3. For material that was
loaded by the electrostatic adsorption process of Figure 2a, release of BSA can be
considered to proceed primarily via desorption (Figure 3a). For material loaded by the
trapping method, where the protein was trapped in the pSi matrix by precipitation of
magnesium silicate (Figure 2b), we consider that BSA release is more closely tied to
degradation of the carrier matrix (Figure 3b). To experimentally probe and discriminate
these two processes, we performed accelerated dissolution experiments in 0.1 M aqueous
KOH while monitoring the concentration of free protein released into solution, the
concentration of dissolved silicon in solution, and the photoluminescence signal from the
remaining particles as a function of time. Immediately after acquisition of each
photoluminescence spectrum, the release solution was sampled and assayed for dissolved
silicon/silicon dioxide (orthosilicate ion) and protein content using the molybdenum
blue*849 and bicinchoninic acid (BCA) assays, respectively.

The adsorption-loaded, small-pore particles (Figure 2a, 3a) all displayed an initial burst
release of protein, and this was followed by a more steady and slow release with respect to
time (Figure 4a) and to fraction of silicon dissolved (Figure 4b). This result is expected
because at the high pH of the dissolution medium both the SiO, surface and BSA are
negatively charged, resulting in a strong electrostatic repulsion**0 and a relatively rapid
release of any surface-adsorbed protein. The rate of BSA release showed no statistically
significant difference as a function of thickness of the SiO, shell (Figure 4a), consistent with
the expectation that the protein is predominantly surface-bound for the adsorption-loaded
material.

In contrast to the observed time dependence of BSA release, luminescence intensity
measured from the degrading particles showed a strong dependence on thickness of the SiO»
shell (Figure S4, Supporting Information). Photoluminescence from particle samples with
the thinnest oxide shell decayed the most rapidly, and those with the thickest shell decayed
the most slowly. The wavelength maximum of photoluminescence also tracked with extent
of dissolution, with all samples displaying a pronounced blue shift with time (Figure S4e,
Supporting Information). This observed blue shift is consistent with the quantum
confinement model; as the silicon features become smaller, the emission energy of the
quantum-confined semiconductor is expected to increase.3? The amount of silicon that
dissolved per unit time, measured by molybdenum blue assay, was similar for the thin,
medium, and thick shell materials (Figure S4c, Supporting Information). Whereas the
molybdenum blue measurements represent the total amount of silicon that dissolved at a
given time, including both the silicon oxide shell and the crystalline silicon cores, the
photoluminescence measurements only report on the silicon cores. Thus the data are
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consistent with the interpretation that the thicker oxide shell takes more time to dissolve, and
so it protects the luminescent silicon core for a longer period of time.

The samples with the thin oxide shell displayed photoluminescence signals that most closely
matched the release of surface-adsorbed BSA (Figure 4c) whereas the loss of
photoluminescence was delayed substantially relative to BSA release with samples
containing the thicker oxide shells. Luminescence from samples with the thickest oxide shell
showed no substantial change in intensity until ~80% of BSA had been released into
solution (Figure 4c). Because the protein was primarily surface-adsorbed and not entrained
in the oxide matrix, this preparation released protein substantially in advance of the
degradation of the pSi matrix. This relationship is most apparent in the correlation between
dissolved silicon and BSA detected in solution (Figure 4b).

In contrast to the burst release seen with the adsorption-loaded particles, those prepared by
physically trapping BSA in the pores generated a more gradual protein release profile. In the
physical trapping method, BSA was simultaneously loaded into the pores and trapped by
formation of a magnesium silicate precipitate (Figure 2b),% and so the release of BSA is
expected to be more closely tied to the dissolution of this matrix. Accordingly, this
preparation displayed near zero-order release kinetics with respect to time (Figure 5a), with
minimal burst release compared with adsorption-loaded particles (Figure 4a). The release of
BSA also showed a more linear correlation to the appearance of dissolved silicon (Figure
5b) compared with adsorption-loaded particles (Figure 4b). The close correspondence of
BSA release with appearance of silicon in solution is consistent with the matrix dissolution
process depicted in Figure 3b.

As seen with the adsorption-loaded material, photoluminescence intensity from the
magnesium silicate-trapped material degraded as a function of time exposed to the
dissolution medium (Figure S5, Supporting Information). However, degradation was delayed
by the presence of the silicate coating. This was particularly apparent in the data from the
pSi samples that contained the thinnest oxide shell; whereas photoluminescence intensity
began to decay immediately upon immersion in the aqueous dissolution medium for the
adsorption-loaded material (Figure S4a, Supporting Information), loss of photoluminescence
intensity from the magnesium silicate-coated material was not apparent until after 2 h of
immersion (Figure S5a, Supporting Information). As with the adsorption-loaded particles,
photoluminescence was more persistent with increasing thickness of the SiO5 shell. The
half-life for loss of photoluminescence intensity, defined as the time at which
photoluminescence intensity reached half of its initial value during exposure to the aqueous
dissolution solution, also scaled with thickness of the SiO» shell for the magnesium silicate-
trapped pSi particles: it was ~3, ~4, and ~6 h for the thin, medium, and thick SiO5 shell,
respectively (Figure S5a, Supporting Information).

The functional form of the protein release vs photoluminescence intensity relationship
differed depending on the particular protein loading method employed and on the thickness
of the SiO5 shell surrounding the Si skeleton of the pSi particles. Although decreases in
photoluminescence intensity were related to protein release in all the formulations studied,
the trapping-loaded core—shell particles yielded a relationship that could potentially be
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useful as a predictive tool in a drug-delivery system. Degradation of the photoluminescence
signal was a direct result of dissolution of the SiO»-shell portion of the material, because
photoluminescence originates from the quantum-confined silicon skeleton. The magnesium
silicate matrix served to delay this process. In addition, the magnesium silicate coating
suppressed the burst release of protein, substantially extending its release under the
accelerated degradation conditions employed in this portion of the study. The correlation
between photoluminescence intensity and BSA detected in solution showed that loss of
photoluminescence was delayed relative to release of protein (Figure 5¢). With the
magnesium silicate-trapped particles, the relationship tended to follow a sigmoidal curve
with respect to BSA released, where a pronounced drop in photoluminescence intensity was
observed after a particular fraction of the BSA payload had been released. The inflection
point of the curve scaled with the thickness of the SiO, shell on the Si skeleton. Thus the
material that had been prepared with the thin SiO5 shell had released 40% of its protein
payload when the intensity of photoluminescence reached half of its initial value; material
with the medium thickness SiO, shell had released 50% of the protein at the half intensity
point; and material with the thick SiO, shell had released 70% of the protein at the half point
(Figure 5c). The photoluminescence intensity measurement could therefore be used as a
surrogate indication of the fraction of protein remaining in the nanomaterial. The emission
wavelength also varied systematically with protein release, blue shifting with time (Figure
S5h, Supporting Information) and with fraction of protein released (Figure 5d).

For the magnesium silicate trapping chemistry, the kinetics of photoluminescence loss and
of protein release are almost certainly dictated by separate mechanisms. Whereas the loss of
photoluminescence is related to dissolution of the electronically passivating SiO» shell, the
release of protein is probably more closely tied to the dissolution of the magnesium silicate
phase that seals the protein in the pores. This can be inferred from the very rapid release of
protein observed in the absence of the magnesium silicate chemistry (with the adsorption-
loaded material). However, the SiO, shell appears to influence the nature of the magnesium
silicate sealant and its ability to load protein. It is noteworthy that, for the small-pore
samples, protein loading using the magnesium silicate chemistry was approximately half
that of the adsorption-loading process. This suggests that the dissolution of SiO, needed to
form the magnesium silicate sealant released surface-bound protein, reducing the total
amount of protein that was trapped in the pores. In addition, the presence of the magnesium
silicate sealant clearly influenced the rate of degradation of the photoluminescence signal.
This is to be expected; the SiO, shell should dissolve more slowly if it lies underneath an
insoluble magnesium silicate coating. Although the photoluminescence decay kinetics
depended on the thickness of the SiO, shell, the kinetics were also influenced by the
presence of the magnesium silicate sealant. We conclude that the rate of photoluminescence
intensity loss from the silicon skeleton comprising the particles relies on multiple factors,
although controlling the thickness of the SiO, shell appears to be a convenient (if somewhat
phenomenological) means to control the correlation between photoluminescence and protein
release.

While the study described up to this point established some design principles that may be
useful for self-reporting drug-delivery systems, it has several drawbacks that limit its
translational relevance: (1) the loading of protein using either of the methods was quite low
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(2-5%) for most therapeutic applications; (2) the use of very high concentrations (>1 M) of
Mg?2* in the magnesium silicate trapping method is likely to denature some proteins,
reducing their therapeutic efficacy; and (3) the release kinetics measurements were
performed under accelerated conditions using a very high pH that is physiologically
unrealistic. In order to address these issues, we performed a set of studies using porous Si
particles that had been engineered to load more drug under milder conditions, and we
performed a longer-term (30 day) release study under more pysiologically relevant in vitro
conditions. In order to increase the mass loading of protein in the microparticles, the
electrochemical conditions for particle preparation were modified! to approximately double
the average pore diameter (Table 2, Figure S1 and S2 Supporting Information). These
particles are referred to as the “large-pore” samples. The large-pore particles displayed
significantly greater mass loading of BSA for both the adsorption and the Mg silicate
trapping methods (~17 and ~30 wt %, respectively, Table 2), compared to the small-pore
particles (~5 and ~3 wt %, respectively, Table 1). For the trapping chemistry, the Mg2* ion
concentration was lowered to 200 mM.

The long-term protein release study was carried out in phosphate-buffered saline (PBS)
solution at pH 7.4 and a constant temperature of 37 °C. The data for magnesium silicate-
trapped materials are presented in Figure 6 and the data for adsorption-loaded material are
given in Figure S6, Supporting Information. Similar to the accelerated release study
performed in alkaline solution, photoluminescence decayed more slowly from samples with
the thicker oxide shells (Figure 6a and Figure S6a, Supporting Information). The magnesium
silicate-trapped material demonstrated minimal burst release of BSA, and release of protein
tracked fairly linearly with dissolution of silicon for all oxide shell thicknesses (Figure 6e).
By contrast, the adsorption-loaded formulation displayed a pronounced burst that released
20% of the protein within the first 5 days of the 30-day experiment (Figure S6e, Supporting
Information).

The long-term release studies showed that the magnesium silicate-trapped samples with a
thin oxide shell released protein more rapidly (Figure 6b) and dissolved more rapidly
(Figure 6c) than either of the medium- or thick-oxide shell materials. This difference was
not apparent in the accelerated dissolution experiments that were performed in strong KOH
solution (Figure 5a and Figure S5c, Supporting Information). Thus particles with a thin
oxide shell appear to form the least stable construct with the magnesium silicate-trapping
chemistry. By contrast, adsorption-loaded samples dissolved at the same rate under these
conditions, regardless of the thickness of their oxide shell (Figure S6c, Supporting
Information). Overall, the long-term release study performed under more physiologically
relevant conditions showed more consistent tracking of photoluminescence intensity with
BSA release for both loading types and across all oxide thicknesses, compared with the
accelerated release study.

To be used as a self-reporting drug-delivery system, the luminescence signature would need
to be monitored in vivo. Fluorescence methods in general do not lend themselves to in vivo
monitoring due to the low optical transmittance and high optical scattering of live tissues.
However, materials administered via subcutaneous, intramuscular, or intraocular injection,
or via trans-dermal patch could conceivably be monitored by optical fluorescence. To assess
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the potential for such remote monitoring, the degradation/dissolution of empty pSi particles
was monitored in vitro using a low-cost NIR imaging camera and a UV diode excitation
source. Particles were subjected to accelerated dissolution conditions, and luminesecence
intensity was quantified as integrated intensity as a function of time (Figure 7). The decay in
luminescence intensity with time followed a similar trend as was observed with either
adsorption-loaded (Figure S4a, Supporting Information) or magnesium silicate-sealed
(Figure Sba, Supporting Information) particles.

In conclusion, the present work demonstrated the use of intrinsic photoluminescence of
porous silicon microparticles as a self-reporting feature for the degradation of the porous
scaffold and the release of a protein payload into aqueous solution. We found that the time at
which photoluminescence disappears can be predetermined by controlling the thickness of
the protective SiO, sheath surrounding the quantum-confined Si features. We compared
these temporal profiles for particles that were loaded with protein via two different loading
schemes—either by simple adsorption or by physical trapping. For protein that was trapped
in the porous particles (via a magnesium silicate precipitation reaction), we found that the
temporal profile of the decay in photoluminescence can be used to indicate the time at which
the amount of protein remaining in the particles has reached a predetermined level. The
magnesium silicate chemistry also suppresses burst release of protein, and it yields a zero-
order release kinetic that can be tracked by the photoluminescence signal. We expect that the
results of this work will be useful for remote monitoring of payload release for a variety of
drug delivery or other controlled release applications.

EXPERIMENTAL SECTION

Materials and Chemicals

Silicon wafers, polished on the (100) face, boron-doped (p-type), resistivity <1.5 mQ-cm
were obtained from Virginia Semiconductor, Inc. or from Siltronix. Absolute ethanol (200
proof) was obtained from Rossville Gold Shield Chemicals. Potassium hydroxide (ACS
grade) and sodium sulfite (ACS grade) were obtained from Fisher Scientific. Ammonium
molybdate tetrahydrate (crystal, ACS grade) was obtained from Spectrum Chemicals.
Magnesium chloride (6-hydrate, crystalline, ACS grade), concentrated sulfuric acid (ACS
grade), and hydrofluoric acid (48% aqueous, ACS grade) were obtained from Macron
Chemicals. Micro BCA protein assay kit (No. 23235) was obtained from Thermo-Fisher
Scientific. Bovine serum albumin from porcine gastric mucosa (lyophilized powder,
32004500 units/mg protein), 4-(methylamino)-phenol hemisulfate salt (ACS grade, 99%),
and oxalic acid dehydrate (ACS grade, >99%) were obtained from Sigma-Aldrich
Chemicals.

Fabrication of Luminescent Porous Silicon (pSi) Micro-particles

Porous Si microparticles were prepared by electrochemical etch of highly boron-doped
single-crystalline Si wafers as previously described.>! A wafer was mounted in a sealed
etching cell that exposed a circular area of 60 cm2. The cell was fitted with a copper slab
that served as a back contact for the Si wafer. For the small (~10 nm) pore formulation, a 3:1
(v:v) 48% aqueous HF:absolute ethanol electrolyte was used and the wafer was etched at a
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constant current density of 70 mA/cm? for 600 s. For the large (~20 nm) pore formulation, a
1:1 (v:v) 48% aqueous HF:absolute ethanol electrolyte was used and the wafer was etched at
a constant current density of 30 mA/cm? for 720 s. These conditions generated a porous Si
layer of thickness approximately 20 pym and porosity approximately 60% or 70% for the
small-pore or large-pore formulations, respectively. The electrolyte was replaced with an
electrolyte consisting of 1:20 (v:v) 48% aqueous HF:absolute ethanol, and the porous Si film
was removed from the wafer by an electropolishing step consisting of a current density of
4.17 mA/cm? applied for 550s. The freestanding porous Si layer was rinsed with absolute
ethanol three times, removed by gentle agitation, and the fragments were placed in a sealed
vial containing absolute ethanol (20 mL). The vial was suspended in an ultrasonic bath (1.9
L Ultrasonic Cleaner, No. 97043, VWR, inc.) and the porous layer was subjected to
ultrasonic fragmentation for 20 min, resulting in a suspension of nano and microparticles.
The nanoparticles were removed from the suspension by removing the supernatant after the
microparticles were allowed to settle for 20 min in the vial. The microparticles were dried
under vacuum for 1 h and then placed in a ceramic boat and inserted into the hot zone of a
preheated tube furnace at 700 °C for 25, 35, or 45 min (for small-pore samples) or 15, 20, or
30 min (for large-pore samples) to activate photoluminescence. After heating for the desired
times, the boat containing the particles was moved to the edge of the tube furnace to cool for
2 min, and it was then removed to a ceramic surface and allowed to cool to room
temperature.

Characterization of pSi Particles

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were collected
using a Thermo Scientific Nicolet 6700 FTIR instrument with a Smart iTR diamond ATR
fixture. Raman spectra were collected using a Renishaw inVia Raman microscope with a
100 mW 532 nm laser excitation source. Nitrogen adsorption/desorption isotherms were
recorded with a Micromeritics ASAP2020.

Adsorption Loading of Bovine Serum Albumin (BSA)

Porous silicon particles (5 mg) were placed in 5 mL Falcon tubes (Corning, inc.) and soaked
ina 1.5 mL solution of BSA (8 mg/mL) in acetate buffer (pH 4) for 16 h while agitating on a
spinning wheel. The particles were washed 5 times with 1 mL of acetate buffer and dried
under vacuum for 1 h.

Loading by Silicate Trapping

Bovine serum albumin was loaded into the pSi particles from aqueous solutions containing a
magnesium salt. The loading solution was adjusted to pH 9 with potassium hydroxide
(KOH) and consisted of 1.0 mL of 12 mg/mL BSA in Tris buffer and 0.5 mL of 4 M (for the
small-pore samples) or 600 mM (for the large-pore samples) MgCl, in deionized water. The
loading solution (1.5 mL) was added to 5 mg of particles in a Falcon tube (5 mL). The
mixture was agitated on a spinning wheel for 16 h. After the particles were loaded, they
were washed 5 times with 1 mL of Tris buffer and dried under vacuum for 1 h.
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BSA Release and Luminescence Decay Studies

Loaded pSi particles (1-2 mg) were immersed in 0.1 M KOH (1.5 mL) in plastic cuvettes.
Luminescence spectra (Aqy: 365 nm, 375 £ 5 nm band-pass filter) were collected hourly
with an Ocean Optics QE-Pro TE cooled CCD spectrometer using a 515 nm long pass filter.
The cuvettes were stirred constantly (via magnetic stir bar) during spectral acquisition to
disperse the particles. The stirring was stopped after spectral acquisition, the particles were
allowed to settle for 55 min, the supernatant release medium (1 mL) was collected for Si and
protein assays, and the cuvette was then replenished with fresh 0.1 M aqueous KOH
solution. The study was carried out until the photoluminescence spectrum was no longer
detectable. After the last time point for data collection, the sample was left overnight to
ensure complete dissolution of silicon prior to final assay. Concentration of protein was
quantified using the commercial micro BCA assay kit following the protocol described by
the vendor. Dissolved Si was quantified using molybdenum blue assay (see below). The total
mass loading of BSA and mass of Si were quantified by summing the amounts measured at
each time point during the release assay and the final measurement, after all pSi particles
had been dissolved. The long-term (30 day) release studies were performed using the same
protocol but using aqueous PBS at pH 7.4 as the dissolution medium, maintaining the
temperature at 37 °C, and sampling/replacing 1.2 mL every 1-3 days.

Molybdenum Blue Assay

Dissolved silicon content was determined using the published molybdenum blue assay.*?
Two solutions (A and B) were prepared for this assay. Solution A consisted of 16.2 mM
ammonium molybdate and 0.72 M HCI. Solution B consisted of 0.16 M oxalic acid, 7.7 mM
of 4-(methylamino)phenol hemisulfate, 6.3 mM of sodium sulfite, and 1.8 M of sulfuric
acid. To quantify the silicic acid concentration, 100 £L of Solution A was added to 400 yL
of each sample (prediluted by a factor of 100-1000) and allowed to react for 15 min. Then,
500 £ of Solution B was added to each sample and the mixture was allowed to react for 1
h. The optical absorbance at 810 nm of each sample was quantified with a UV-vis plate
reader (Spectra Max Plus 384, Molecular Devices). A standard curve was prepared from a
serially diluted standard silicon solution (Sigma-Aldrich Si Standard for ICP, TraceCERT,
1000 mg/mL), and the working range was 0.5-20 ppm in water and 1-10 ppm in PBS at pH
7.4 (diluted from stock 10 times).

In Vitro Imaging Studies

Luminescent porous silicon particles (35 min oxidation) were treated in 2 M KOH (2 mg
pSi/200 pL KOH) in a 96-well plate (UV-transparent). A higher concentration of base was
used in these accelerated aging experiments relative to the other experiments described in
this paper in order to reduce the time duration of the experiments. Luminescence images
were collected as a function of time using a Point Gray IR camera fitted with a 600 nm long
pass filter and a 240 mm lens (Aey: 365 nm). The automatic exposure settings on the camera
were disabled to maintain constant image acquisition parameters during the experiment. The
images were processed with ImageJ software (NIH) to quantify the luminescence intensity.
Intensity of pixels was integrated within a selected square frame. The frame included the
image of the entire well.
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Figurel.
Thermal oxidation decreases the size of the Si skeletal core and increases the thickness of

the SiO, shell. (a) Top: Photographs of thermally treated porous silicon microparticles as a
function of thermal oxidation time. The brownish color observed derives from the crystalline
Si core, which is completely oxidized when the material is treated at a temperature of 800 °C
for 1 h (“Full Oxidized”). Middle: The particles illuminated with UV (365 nm) light display
differing degrees of luminescence intensity. Only the partially oxidized particles displayed
detectable photoluminescence. Values of ds; indicate average size of the luminescent Si
features, estimated from eq 1. Bottom: A schematic depicting the proposed nanostructural
changes is shown below the relevant images; the crystalline Si core decreases in diameter
and the SiO, shell increases in thickness with increasing extent of oxidation. (b) Relative
photoluminescence spectra of the pictured samples (1o = 365 nm, 500 nm long-pass filter).
The photoluminescence spectra exhibit a blue shift as the Si core oxidizes, corresponding to
a reduction in average size of the crystalline Si domains in the sample.
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Figure 2.
Schematics depicting the two approaches used to load the test protein bovine serum albumin

(BSA). (a) Adsorption loading is performed at pH 4, which is lower than the isoelectric
point of BSA. The cationic charge on the protein displays a strong electrostatic attraction to
the negatively charged surface oxide of the particles. (b) Trapping of BSA is accomplished
by loading the protein in the presence of high concentration of magnesium ion at pH 9. The
orthosilicate product of SiO, dissolution reacts with magnesium ions to form a stable silicate
that immobilizes the protein within the pores.
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Figure 3.
Schematics depicting the two proposed mechanisms for protein release from (a) adsorption-

loaded porous Si-SiO, particles and (b) matrix-trapped porous Si-SiO, particles. Images
depict cross sections of the mesopores with bovine serum albumin (BSA) protein depicted
with red spheres. (a) With adsorption-loaded porous Si— SiO», the protein is weakly bound
to the matrix and it is released prior to degradation/dissolution of the photoluminescent Si
core. A burst release is observed, and photoluminescence from the Si skeleton degrades on a
slower time scale. (b) With matrix-trapped porous Si— SiO», the protein is embedded in a
magnesium silicate matrix. Because the protein is trapped in this insoluble magnesium
silicate phase, the release of protein is more closely tied to degradation of the carrier. A more
controlled release is observed, and photoluminescence from the Si skeleton degrades on a
similar time scale.
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Figure 4.

Correlations between protein released, silicon dissolved, and photoluminescence from the Si
skeletal core for adsorption-loaded core-shell porous Si-SiO» particles as they undergo
dissolution in aqueous base (0.1 M KOH). Experiments for three core—shell porous Si-SiO,
structures are displayed in each plot: Traces designated “thin oxide shell”, “medium oxide
shell”, and “thick oxide shell” correspond to pSi particles oxidized at 700 °C for 25, 35, and
45 min, respectively. These samples were all “small-pore” microparticles, prepared to
contain ~10 nm pores (Table 1). (a) Fraction of bovine serum albumin (BSA) released as a
function of time. (b) Fraction of BSA released as a function of silicon dissolved. (c)
Integrated photoluminescence intensity (in range 650-800 nm) from particles as a function
of BSA released. (d) Wavelength of maximum photoemission from the Si cores as a function
of fraction of BSA released.
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Figure5.
Correlations between protein released, silicon dissolved, and photoluminescence from the Si

skeletal core for core—shell porous Si-SiO, particles loaded with BSA via magnesium
silicate-trapping chemistry as they undergo dissolution in aqueous base (0.1 M KOH) at
room temperature. BSA protein was trapped in the porous Si-SiO5 particles by means of
precipitation of magnesium silicate concomitant with protein loading as described in Figure
2. Traces designated “thin oxide shell”, “medium oxide shell”, and “thick oxide shell”
correspond to pSi particles where the skeletal core was oxidized at 700 °C for 25, 35, and 45
min, respectively, prior to protein/magnesium silicate loading. These samples were all
“small-pore” microparticles, prepared to contain ~10 nm pores (Table 1). (a) Fraction of
bovine serum albumin (BSA) released from the particles as a function of time. (b) Fraction
of BSA released as a function of silicon dissolved. (c) Integrated photoluminescence
intensity (in range 650-800 nm) from particles as a function of fraction of BSA released. (d)
Wavelength of maximum photoemission from the Si cores as a function of fraction of BSA
released. Error bars represent standard deviation (n = 3).
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Figure 6.

Correlations between photoluminescence from the Si skeletal core, protein released, silicon
dissolved, and time for trapping-loaded core- shell porous Si-SiO» particles as they undergo
dissolution in aqueous PBS (pH = 7.4) at 37 °C. The porous Si-SiO5 particles were prepared
with a larger average pore size (~20 nm), in contrast to the samples of Figure 5 (~10 nm
pores), which resulted in a substantially greater level of protein loaded (see Table 2). Protein
trapping was achieved by means of precipitation of magnesium silicate as described in
Figure 2, using 200 mM Mg?2*. Traces designated “Thin Ox. Shell”, “Medium Ox. Shell”,
and “Thick Ox. Shell” correspond to pSi particles where the skeletal core was oxidized at
700 °C for 15, 20, and 30 min, respectively, prior to protein/magnesium silicate loading. (a)
Integrated photoluminescence intensity (in wavelength range 600-800 nm) from particles as
a function of time. (b) Fraction of bovine serum albumin (BSA) released from the particles
as a function of time. (c) Fraction of silicon dissolved as a function of time. (d) Integrated
photoluminescence intensity from particles as a function of fraction of BSA released. ()
Fraction of BSA released as a function of silicon dissolved. (f) Integrated
photoluminescence intensity as a function of fraction of silicon dissolved. Error bars
represent standard deviation (7= 3).
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(a) Photoluminescence images of small-pore pSi particles (~2 mg) dispersed in a microtiter
well containing 2 M KOH (200 /1), displayed as a time series. Excitation source was a 365
nm light-emitting diode and images were obtained using a NIR camera fitted with a 600 nm
long-pass filter. The porous Si particles were prepared by 35 min oxidation at 700 °C,

corresponding to the “medium oxide shell” material of Table 1. (b) Plot of
photoluminescence intensity, integrated as a sum of pixel intensities (ImageJ), as a function

of time.
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Table 1

Characteristics of Protein-Loaded Porous Si-SiO, Core—Shell Particles (Small Pores)

sample
thinshell  medium shell  thick shell

oxidation time? 25 min 35 min 45 min
surface area (m2/g)? 265 + 30 267 +30 246 + 30
pore volume (cm3/g)¢ 0.71+0.08 0.68 +0.08 0.65+0.08
pore diameter (nm)? 115+1 119+1 119+1
photoluminescence Apg, (nm)? 795 748 724
Si feature size (nm)€ 4.6 4.0 38
% BSA loaded by adsorption” 55+0.7 52+05 36+0.3

25+1 27+0.8

% BSA loaded by Mg silicate trapping¥ 25+02

a._. . S . S . . .
Time that pSi samples (in microparticulate form) were oxidized in air at 700 °C to generate the SiO2 shell. Preparation parameters for the particles

prior to oxidation were the same for all sample types.

Measured by nitrogen adsorption and determined using BET (Brunnauer-Emmett-Teller) analysis of the adsorption isotherms.

CMeasured by nitrogen adsorption and determined using BJH (Barret-Joyner—-Halenda) analysis of the adsorption/desorption isotherms.

dMeasured with Agx = 365 nm.

EAverage size of the luminescent Si features in the sample, estimated from PL spectrum using eq 1 (Egof Si = 1.12 eV).

f . . -
Mass percentage. BSA loaded from pH 4 acetate buffer by electrostatic adsorption. Each value represents mean + standard deviation (7= 3).

gMass percentage. BSA loaded from pH 9 tris buffer in the presence of 1.3 M MgCl2(aq). Each value represents mean + standard deviation (/7= 3).
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Table 2

Characteristics of Protein-Loaded Porous Si-SiO, Core—Shell Particles (Large Pores)

sample
thinshell  medium shell  thick shell

oxidation time4 15 min 20 min 30 min
surface area (m2/g)b 239+ 16 206 * 30 237+10
pore volume (cm3/g)¢ 1.04 £ 0.06 1.05+0.04 1.05+0.08
pore diameter (nm)? 21+1 22+0.2 21+05
photoluminescence Ay (nm)? 823 783 747
Si feature size (nm)€ 5.1 45 4.0
% BSA loaded by adsorption” 19+17 17+11 16+1.0

27+36 33+21

% BSA loaded by Mg silicate trapping¥ 2925

Page 23

a._. . S . S . . .
Time that pSi samples (in microparticulate form) were oxidized in air at 700 °C to generate the SiO2 shell. Preparation parameters for the particles

prior to oxidation were the same for all sample types.

Measured by nitrogen adsorption and determined using BET (Brunnauer-Emmett-Teller) analysis of the adsorption isotherms.

CMeasured by nitrogen adsorption and determined using BJH (Barret-Joyner—-Halenda) analysis of the adsorption/desorption isotherms.

dMeasured with Agx = 365 nm.

EAverage size of the luminescent Si features in the sample, estimated from PL spectrum using eq 1 (Egof Si = 1.12 eV).

f . . -
Mass percentage. BSA loaded from pH 4 acetate buffer by electrostatic adsorption. Each value represents mean + standard deviation (7= 3).

gMass percentage. BSA loaded from pH 9 tris buffer in the presence of 200 MM MgClI2(aq). Each value represents mean + standard deviation (7=

3).
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