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ABSTRACT: Porous silicon nanoparticles (pSiNPs) are of
increased interest for use in drug delivery systems, as catalysts,
and as biomedical imaging agents. The most common synthesis of
pSiNPs involves electrochemical anodization of a silicon wafer,
followed by ultrasonic fracture of the resulting mesoporous film to
form well-defined nanoparticles. A major source of loss in this
process is the ultrasonic fracture step. This work presents a metho

of synthesizing gram-scale quantities of pSiNPs with high yield and
high reproducibility using an ultrasonic bath equipped with a
sample rotation stage and a refrigerator (4 °C) and a higher
ultrasound frequency with power delivered in a pulsed modality
compared with the static ultrasound “cleaning baths” commonly
used for this purpose. The optimal processing conditions are
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determined by adjusting the pSi film mass, solvent volume, and iteration number of on/off cycles used in sonication. The approach
provides pSiNPs with a narrow size distribution (~170 nm, PDI = 0.149), higher yields (59%), and an approximately 12-fold
reduction in the total processing time, allowing the preparation of gram-scale quantities of pSiNPs from single-crystal silicon wafers
with high reproducibility in a single 24 h process. The performance of the produced pSiNPs is validated in a drug delivery
application in which loading and release of the anthracycline drug doxorubicin are compared with pSiNPs prepared in a conventional

cleaning bath ultrasonicator.
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1. INTRODUCTION

Biological applications of porous silicon nanoparticles
(pSiNPs) include drug delivery systems,"” bioimaging,® and
biosensing.* For these applications, various surface chem-
istries,’ drug- or imaging agent-encapsulation strategies,6 and
particle size control methods have been explored to enable or
extend the utility of pSiNPs.” The process used to prepare
pSiNPs, involving electrochemical anodization of high-purity
single-crystal silicon wafers, provides very precise control of
nanostructure in the material.® Despite the improved in vitro
and in vivo performance of the material, one of the major
challenges of pSiNPs is their high cost relative to other
nanoparticle systems, such as sol—gel-derived mesoporous
silica nanoparticles, polymer nanoparticles, or liposomes.”
While there are now commercial sources of pSiNPs (for
example, TruTag Technologies, https://trutags.com/),lo large-
scale, reproducible preparation methods for high-purity
pSiNPs are lacking."' Thus, it is necessary to develop a new
method for manufacturing large-scale and reproducible pSiNPs
to reduce the manufacturing cost of pSiNPs and increase their
utilization. Generally, pSiNPs are prepared from single-crystal
Si wafers in two steps: (i) an electrochemical etching and lift-
off process that generates a free-standing film of porous Si
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(pSi) with the desired pore diameters and pore wall thickness
(Figure 1a) and (ii) a fracturing step that breaks the pSi film
into nanoparticles of the desired size (Figure 1b)."* There have
been many methods deployed in the fracturing step, such as
physical grinding or ball-milling,"*~"” lithography, '’ ultra-
sonication,””*" and microfluidization.”” These methods all aim
to increase the yield and reproducibility for the preparation of
large quantities of pSiNPs while maintaining control over
critical properties such as nanoparticle size and size
distribution, pore size, surface chemistry, and molecular
loading/release characteristics according to their intended
use. Among the methods, the ultrasonic method is most
common because it can be used without expensive equip-
ment—typically, a commercial ultrasonic cleaning bath is
used.”® However, an ultrasonic cleaner-based approach is
particularly challenging for large-scale preparation of pSiNPs
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Figure 1. (a) Schematic illustration of the electrochemical etching process and fabricating pSiNPs. (b) Schematic illustration of the pSiNP
fracturing process using SB sonication and an AC system and the advantages of pSiNP fabrication through this work. (c) Schematic diagram of
optimization experiments to maximize the yield of pSiNPs using an AC system. Yield variation of pSiNPs with changes in the pSi film mass, solvent
volume, and sonication program iteration number. (d) Schematic diagram of the pSiNP fabrication process following the SB sonication protocol

and the optimized AC system protocol, along with the corresponding resul;

t images.

because the baths tend to heat up during operation, they do
not provide uniform ultrasound fields, and they require long
(16—24 h) reaction times for the pSiNPs to reach the desired

2425 : .
sizes. The main sources of losses in the procedure result

from these limitations: heating of the bath can cause oxidation
and dissolution of the silicon material, which is exacerbated at
longer sonication times, and the nonuniform ultrasound fields

lead to incomplete fracture of the pSi films, resulting in larger
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fragments that do not fracture into nanometer sizes. Both of
these factors can substantially reduce the yield of nano-
particles.”

Commercial sonicators that have been developed to process
biological samples (for DNA and chromatin shearing, cell lysis,
tissue disruption, and DNA/RNA extraction) have solved
similar issues of sample degradation and uniformity and
provide a potential solution for scale-up of pSiNP production
(Figure 1b). The commercial Bioruptor sonicator from
Diagenode was used in the present study. Marketed as an
“adaptive cavitation (AC)” system, this ultrasonic bath uses a
sample rotation stage, a refrigerator (4 °C), and user-
programmable on—off cycles to better control the uniformity
of the sheared products. It also allows modest user control of
the ultrasound frequency and power, providing an additional
means of process optimization. In this work, we systematically
optimized these and other parameters with the aim of
providing a gram-scale preparation of size-controlled pSiNPs
(Figure 1c). Then, we benchmarked the properties of the
resulting pSiNPs in a drug delivery type of application against
the well-established sonication method based on a static bath
(SB) (Figure 1d). In particular, since we obtained gram-scale
and reproducible pSiNPs with this method, we present a new
way to address the scale-up and reproducibility limitations of
pSiNP preparation that were difficult to overcome with existing
methods. We expect to contribute to the economic improve-
ment of pSiNP preparation and utilization.

2. RESULTS AND DISCUSSION

2.1. Sonication by Adaptive Cavitation. The relevant
parameters for the AC sonication and SB sonication methods
used in this study are given in Table 1. The key differences are
that AC includes a rotating sample stage to spread the
ultrasound energy more evenly through the samples, and it also
alternates between on and off states for controllable periods of
time, which allows heat generated in the samples by the

Table 1. Comparison of SB Sonication and AC Sonication

properties SB“ sonication AC* sonication
power (frequency) 48 W 150 W (~40 kHz)
(~35 kHz)
sonication type continuous 50% duty cycle
(on/off)
number of vessels used in the 1 6

reactor at one time

temperature control and range none (25—65°  active (4—8°C)

C) (cooler/circulator)
processing time per single porous  >24 h 2—6h
Si film sample
solvent used (volume) EtOH EtOH (<2 mL)
(~6 mL)
reactor material (volume) glass vial polypropylene tube
(~20 mL) (15 mL)
volume of water in the sonication ~1900 mL 700 mL
bath
nanoparticle yield (from 30 mg  34.5 + 1.64%  50.3 + 0.82—
of pSi film) 58.6 + 1.33%

a«

Static bath” refers to a conventional ultrasonic cleaner equipped
with a water tank without active cooling or stirring (VWR Symphony
ultrasonic cleaner, model VWRA142-0307). “Adaptive cavitation”
refers to an ultrasonic bath equipped with a sample rotation stage and
active cooling, with ultrasound power delivered in a series of on—off
cycles (Diagenode Bioruptor Pico sonication device, model
B01080010).

ultrasound energy to dissipate into a thermostated water bath.
Unlike a static ultrasound cleaner, the sonication frequency
and power were also adjustable. For this study, it was found
that ultrasound of a frequency of 40 kHz was more effective at
fragmenting the pSi films into nanoparticles than the 35 kHz
frequency more commonly used in ultrasonic cleaners. It
includes all the effects, such as the frequency-dependent
properties of the sonication wave (the straightness of the
sonication wave, the formation, and behavior of cavitation
bubbles)*® the difference in power, the rotating sample stage,
and the maintained temperature (4—8 °C). The higher the
frequency of the ultrasonication, the stronger the straightness
of the sonication wave and the faster the decomposition rate of
the cavitation bubbles formed in the tube. It reduces the loss of
sonication energy due to the medium and bubbles and
increases the total energy transferred to the pSi film. Therefore,
since the fragmenting efficiency of the pSi film increases,
pSiNPs are produced more efficiently when the frequency is
high. In addition, in the case of AC sonication, the power is 3.1
times higher than that of SB sonication, and considering the
difference in acoustic pressure due to the power difference, the
fragmenting efficiency of the pSi film is even higher. The AC
unit allowed independent control of the duty cycle (the ON
and OFF times in a given cycle), the number of cycles in an
iteration, and the total number of iterations. The thermostat in
the unit was aided by a circulator in order to maintain a
constant temperature inside the sonicator bath. The rotating
sample stage in the AC sonicator used in this study held six
sample vials, allowing for higher throughput than that in the
static immersion bath. These features all provide convenient
avenues for process optimization.

2.2. Optimization of Processing Conditions. The
processing of pSi films into pSiNPs using AC sonication
followed two main steps: the as-prepared pSi films were
fractured in the AC sonicator following a set protocol (see
below), and then they were washed by centrifugation with no
additional filtration steps. The centrifugation washing involved
two steps: a low-speed step that removed the larger (>1 pm)
fragments and a high-speed step that isolated the desired
nanoparticles from the smaller (<SO nm) particles. While the
perforated etch used in the preparation of the pSi films
generates a nanostructure that tends to break into a specific
size of nanoparticles, the process also generates particles
outside of the specified size range.”' The larger fragments are
thought to result from incomplete fracture, while the smaller
particles are attributed to overfracturing of the nanoparticles
and reprecipitation of molecular silicate species that dissolve
during ultrasonic processing. The purpose of the low-speed
centrifugation step was to pelletize the larger particles and
leave the desired nanoparticles (along with undesired smaller
nanoparticles) in the supernatant, whereas the purpose of the
high-speed step was to pelletize the desired pSiNPs while
leaving the smaller fragments suspended in the supernatant.
These larger and smaller fragments contributed to lowered
yields, which the process optimization protocol followed in the
present study was designed to minimize. The resulting pSiNPs
(named AC-pSiNPs) were then quantified and characterized.

The AC protocol (instrumental default) involved a cycle
with a fixed on-time of 30 s, followed by an off-time of 30 s.
The “on-time” in a given cycle corresponded to the application
of 150 W of 40 kHz ultrasound to the reaction chamber. A
single on—off cycle was then repeated 30 times, representing
one iteration of 30 min duration. One 30 min iteration was
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Figure 2. Optimization experiments to maximize the yield of pSiNPs using AC sonication. Yield variation of pSiNPs with changes in the (a) pSi
film mass, (b) solvent volume, and (c) sonication program iteration number. Error bars represent the standard deviation from n = 3 measurements.

then optionally repeated for a maximum of 6 iterations. If an
additional iteration was used before the application of
ultrasound, the sample was allowed to rest for 30 min; it
remained in the thermostated reaction chamber and continued
to rotate to equilibrate the temperature and allow the
ultrasound transducers to recover.

In general, one electrochemical etching and lift-off process
on a Si wafer can generate approximately ~30 mg of pSi film.
Then, the pSi film fractures in the EtOH solvent by AC
sonication. The optimal processing conditions were deter-
mined by adjusting the mass of the pSi film and the solvent
volume used in a given sonication run (Table 1). The size of
the tubes for these studies was fixed at 15 mL (solvent
maximum volume in a tube: 2 mL). The results of varying the
mass of the pSi film used in the reaction tubes while keeping
other parameters fixed are presented in Figures 2a and S1. The
resulting AC-pSiNPs were characterized by dynamic light
scattering (DLS) analysis and attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy, which
provided readouts on the average nanoparticle size, width of
the size distribution, surface charge, and surface chemistry.

In order to evaluate the effect of the mass of the pSi film
used in the process, 7.5, 15, and 30 mg of pSi were each added
to reaction vials, and the solvent volume (EtOH, 230 uL) in
each vial and the sonication iteration number (4 times) were
maintained constant. The yield of pSiNPs resulting from each
experiment was determined by freeze-drying mass measure-
ments. The percent yield of pSiNPs for the samples containing
7.5, 15, and 30 mg of pSi film were 57.0 + 3.3, 49.8 + 12.2,
and 54.6 + 1.1%, respectively (Figure 2a). The difference in
percent yield was not statistically significant, suggesting that
the process was sufficient to generate pSiNPs from a pSi film
over the entire experimental mass range studied. Therefore, the
subsequent optimization experiments used 30 mg of pSi film in
order to maximize the quantity of pSiNPs produced in a run.
The pSiNPs obtained in the three cases showed a consistent
mean hydrodynamic diameter of approximately 175 nm and a

narrow distribution of particle sizes (polydispersity index, PDI:
0.15—0.20), as measured by DLS analysis. The DLS measure-
ments yielded zeta-potential values of approximately —6.4 mV
for all the preparations. The negative surface charge is
consistent with ATR-FTIR spectra (Figure S2) of the
nanoparticles, which revealed the presence of Si—O—Si and
Si—OH species that are indicative of surface oxidation. Silicon
oxides generally exhibit a negative surface charge in water.””**

Next, the effect of the solvent volume on the efficiency of
nanoparticle generation was studied. A fixed mass of the pSi
film (30 mg) was dispersed in sample tubes containing 230,
700, and 2000 pL of EtOH, and they were subjected to
identical sonication conditions (iteration number = 4). The
yield of pSiNPs was found to show a pronounced dependence
on volume; for solvent volumes of 230, 700, and 2000 yL, the
yield values were 55.1 + 1.6, 46.7 + 3.7, and 31.3 + 0.6%,
respectively (Figure 2b). The yields decreased with an
increasing solvent volume. It is due to the solvent and
cavitation bubble effect. The smaller the volume of the solvent,
the less energy loss by the solvent, and the smaller the
cavitation bubble generated in the tube, the more significant
the total amount of energy transferred to the pSi film, which
increases the fragmenting efficiency.

The quality of the nanoparticles produced was also
dependent on the solvent volume. The hydrodynamic diameter
of pSiNPs increased with increasing solvent volume (Figure
S3). The PDI did not differ substantially for the different
preparations, although it was the smallest for the intermediate
volume (700 uL).

Lastly, the effect of the iteration number, i.e., the number of
times that the reaction vials were subjected to ultrasound
cycles, was tested. Based on the improved yield, we chose 230
UL for the solvent volume and 30 mg for the mass of the pSi
film used in one reaction vial for these studies (Figure 2b). The
sonication iteration number was tested 2, 4, and 6 times, and
the yield of pSiNPs was compared. For iteration numbers 2, 4,
and 6, the yield values were 50.3 + 2.0, 54.6 + 1.1, and 58.6 +
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pSiNPs fabricated by SB and dynamic bath systems. Scale bar: 400 nm. (e) Operating for 24 h and the resulting yield under those conditions using

SB and AC sonication.

1.3%, respectively (Figure 2c). Thus, the yields tended to
increase slightly with the increasing iteration number
(corresponding to increased sonication time).

These results led to an optimized protocol as follows:

Reaction tubes: 6 X 15 mL

Volume of EtOH per tube: 230 uL
Mass of pSi flakes added per tube: 30 mg
On—off cycle: 30 s on, 30 s off
Number of on—oft cycles: 30

Number of iterations: 6

Rest period between iterations: 30 min
Ultrasound power: 150 W

Ultrasound frequency: 40 kHz

Total treatment time: 5.5 h

Mass of pSiNPs resulting: 105 mg

It was confirmed that the yield of the optimized conditions
(55 + 3%) was comparable to the highest yield (57%)
reported for the microfluidization method. These results
confirmed that AC sonication for the preparation of pSiNPs
is faster with higher yields compared to conventional SB
sonication. In addition, pSiNPs obtained from the optimized
protocol showed a homogeneous mean hydrodynamic
diameter of approximately 170 nm with a high size uniformity
(PDI: 0.15) and a negative zeta potential of approximately
—6.0 mV (Figure S4).

2.3. Comparison of pSiNPs Prepared with a SB vs an
AC System. To more directly compare the properties of
pSiNPs, the pSiNPs were prepared from the same pSi film
feedstock but then fractured either using SB or AC sonication.
The resulting nanoparticles are here referred to as SB-pSiNPs

or AC-pSiNPs, respectively. The SB-pSiNPs were prepared
using SB sonication (30 mg of pSi film mass, 6 mL of EtOH,
and 24 h sonication), and the AC-pSiNPs were prepared using
AC sonication [30 mg of pSi film mass, 230 uL of EtOH, and
two iterations of sonication (1.5 h processing time)]. The
characterization of both SB- and AC-pSiNPs in terms of yield,
DLS and ATR-FTIR analysis, and transmission electron
microscopy (TEM) measurement, is given in Figure 3a—d.
The yields of as-prepared SB-pSiNPs and AC-pSiNPs were
37.3 and 50.3%, respectively (Figure 3a). Both batches of
particles showed a similar homogeneous mean hydrodynamic
diameter of 182.7 + 94.8 nm (SB-pSiNPs) and 164.4 + 78.0
nm (AC-pSiNPs) with a comparable size uniformity (PDI:
0.17 for SB-pSiNPs and 0.15 for AC-pSiNPs). The zeta
potential was —6.9 and —5.5 mV for SB-pSiNPs and AC-
pSiNPs, respectively (Figure 3b). The ATR-FTIR spectra
(Figure 3c) indicated that the pSiNPs made in the SB (SB-
pSiNPs) had a somewhat higher degree of oxidation than that
of the AC-pSiNPs, which is consistent with the longer reaction
time and higher temperature of the SB sonication process. The
infrared spectrum of both types of pSiNPs displayed two
characteristic bands associated with surface hydrides: v(Si—H)
stretching at 2050—2100 cm™,*’ §(Si—H) bending at 873
em™,*° and p(Si—H) rocking at 621 cm™" and surface oxides:
v(Si—0=Si) stretching at 1100—1000 cm™".>"** In addition,
TEM images of SB-pSiNPs and AC-pSiNPs showed that both
nanoparticle types had similar sizes and porous nanostructures,
with average pore sizes of 20.58 + 4.47 nm for SB-pSiNPs and
19.72 + 3.82 nm for AC-pSiNPs (Figures 3d and SS5). Total
pore volumes and average pore sizes were calculated from

https://doi.org/10.1021/acsanm.4c00908
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00908/suppl_file/an4c00908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00908/suppl_file/an4c00908_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00908?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Table 2. Texture Properties of pSiNPs Made by SB Sonication and AC Sonication

properties size (nm) zeta potential (mV) pore size (TEM) (nm) pore size (BJH) (nm) pore volume (em®/ g) BET surface area (m?/ g)
SB-pSiNPs 182.7 —-6.93 20.58 + 4.47 20.06 3.81 1079
AC-pSiNPs 164.4 =5.52 19.72 + 3.82 19.49 3.51 1180
(a) Si (core) Doxorubicin (DOX)  ; (core) (b) 25 - (c) 0 41.7 W40
$i0, (Shell) = DOX@SB-pSiNPs . M o
20 | — DOX@AC-pSiNPs E 2
S =
@ DOX E 15 257.0nm 276.2nm % w0
[7} Q
§ 10 § @
£ ]
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Figure 4. Comparison of the characteristics of DOX-loaded pSiNPs prepared by SB and AC sonication methods. (a) Illustration of the loading of
DOX into the pSiNPs. The drug loading protocol was identical for both nanoparticle types. DOX@SB-pSiNPs represent DOX-loaded pSiNPs
prepared via the SB sonication method and DOX@AC-pSiNPs represent DOX-loaded pSiNPs prepared via the AC sonication method. (b)
Intensity histograms from DLS measurements showing the average hydrodynamic diameter of the two drug-loaded nanoparticle types (PDI:
DOX@SB-pSiNPs = 0.357 + 0.0431 and DOX@AC-pSiNPs = 0.241 + 0.0398). (c) Zeta-potential values determined from DLS measurement of
empty and DOX-loaded pSiNPs prepared by SB or AC sonication. (d) ATR-FTIR spectra of DOX-loaded pSiNPs fabricated by AC and SB
sonication. Symbols: v = stretching and § = bending. (e) TEM images of DOX-loaded pSiNPs synthesized by SB and AC sonication. Scale bar: 400
nm. (f) Calculated drug loading efficiency (%) of DOX-loaded pSiNPs synthesized by SB and AC sonication. (g) Comparison of the cumulative
amount of DOX released from the pSiNPs synthesized by SB and AC sonication as a function of time, incubated in PBS (1x, pH 7.4) at 37 °C.

nitrogen adsorption—desorption isotherms (Figure S6) using
the Brunauer—Emmett—Teller (BET) method.”> The total
pore volume and average pore size for SB-pSiNPs were 3.81
cm®/g and 20.06 nm, respectively, and for AC-pSiNPs, they
were 3.51 cm®/g and 19.49 nm (Table 2). These results
indicated that AC-pSiNPs had the same material characteristics
as SB-pSiNPs. The amount of pSiNPs that could be prepared
with the two processing systems in a given 24 h period was
quite different (Figure 3e). The SB system generated 11.17
mg, while the AC system produced 1072.8 mg in the same 24
h period. The difference is due to the combination of the
higher yield of AC sonication, the reduced per-vial processing
time, and the ability of the AC system to accommodate six vials
in its rotating carousel. This is the first report that confirms the
possibility of gram-scale preparation of pSiNPs within 1 day.
2.4. Benchmarking of pSiNP Performance with a
Model Drug (Doxorubicin). The performance of the
optimized pSiNP preparation was next evaluated in a simple
drug loading experiment. pSiNPs formed by SB sonication
have been shown to load the anthracycline drug doxorubicin
(DOX) and the related drug daunorubicin with a good
efficiency (Figure 4a).”*~** We loaded DOX into samples of
both SB-pSiNPs and AC-pSiNPs that were prepared as
described in the previous section and characterized as shown
in Figure 3. Both nanoparticle types were loaded with DOX
following identical loading protocols, and the resulting samples
are here designated DOX@SB-pSiNPs for doxorubicin-loaded
pSiNPs prepared via the SB sonication method and DOX@

AC-pSiNPs for doxorubicin-loaded pSiNPs prepared via the
AC sonication method. The loading chemistry for DOX,
referred to as oxidative loading, involves treating the
nanoparticles in an aqueous solution containing the drug.
The driving force for this reaction is the oxidation of Si to
SiO,, referred to as “oxidative trapping”. The starting pSiNPs
contain a thin shell of oxide and hydroxide over an elemental
silicon core. During the 24 h loading period, the elemental
silicon in the core oxidizes, and the resulting oxide dissolves
and then reprecipitates within the pores, causing a restructur-
ing of the pores that traps the payload.”' After DOX loading
into the pSiNPs, the resulting DOX@SB-pSiNPs and DOX@
AC-pSiNPs both showed a slight increase in size, and the size
distribution remained uniform: DOX@SB-pSiNPs: 257.0 +
77.3 nm (PDI: 0.35); DOX@AC-pSiNPs: 276.2 + 90.2 nm
(PDI: 0.24), Figure 4b. The zeta-potential values of SB-
pSiNPs, DOX@SB-pSiNPs, AC-pSiNPs, and DOX@AC-
pSiNPs were —41.1 + 25.0, —40.4 + 22.0, —41.7 + 244,
and —40.4 + 19.2 mV, respectively (Figure 4c). The ATR-
FTIR spectra of samples of DOX-loaded and -empty pSiNPs
were also acquired to observe the surface functionality (Figure
4d). The infrared spectrum of pSiNPs displayed four
characteristic bands associated with the silanol (Si—OHs)
functionality: £(O—H) peak at 3550—3200 cm™,** v(Si—H)
peak at 2104 nm ™', §(O—H) peak at 1632 cm™’, and v(Si—0)
peak at 1064 nm™".>**** On the other hand, v(C=0) peak at
1719 cm™ and v(C=C) peak at 1615 and 1412 cm™" of DOX
were additionally observed in DOX-loaded pSiNPs.*> TEM
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images indicated that the homogeneous size and the porous
nanostructure of both types of drug-loaded pSiNPs, DOX@
SB-pSiNPs and DOX@AC-pSiNPs, were preserved with no
significant pore wall collapse during the drug loading process
(Figure 4e). In addition, both SB- and AC-pSiNPs loaded with
DOX showed a high loading efficiency of the DOX drug
(DOX@SB-pSiNP: 30.8 + 5.1% and DOX@AC-pSiNP: 32.7
+ 1.5% by mass) (Figure 4f). The loading of DOX within the
pores of pSiNPs was verified by incubation of both SB- and
AC-pSiNPs in DI H,O for 24 h at 25 °C and assays of the
supernatant after the centrifugal removal of the particles. To
evaluate the temporal drug release profile from both SB- and
AC-pSiNPs, we dispersed both SB- and AC-pSiNPs loaded
with DOX in phosphate-buffered saline solutions (1x PBS, pH
7.4) for 24 h and assayed the supernatants for free DOX at
regular time intervals (Figures 4g and S6). The majority of the
drug load (50%) was released within 4 h, and the remaining
drug was released within 24 h. These results confirmed that
AC-pSiNPs and SB-pSiNPs have similar drug loading/release
properties.

3. CONCLUSIONS

A method for preparing gram-scale quantities of pSiNPs with
high reproducibility is demonstrated by using AC sonication.
The AC sonication was able to induce stable, high yields
through rotary fracture, maintaining a temperature of 4—8 °C,
and using 6 tubes at a time. Based on these properties, the AC
sonication process was optimized by adjusting the pSi film
mass, solvent volume, and sonication iteration number.
Moreover, upon comparison of pSiNPs manufactured using
bath-based sonication, AC-pSiNPs showed similar material
properties, such as size and size distribution, surface chemistry,
and drug loading/release characteristics. By combining
optimized preparation conditions, AC sonication demonstra-
ted higher yields (by 1.4-fold), reduced total processing time
(by 12-fold), and the ability of the commercial reactor to hold
six reaction vials in one carousel improved throughput by 6-
fold. This resulted in a benchtop process for the generation of
gram-scale quantities of pSiNPs with high reproducibility in a
24 h period (increasing production by ~100-fold over SB
sonication).

4. EXPERIMENTAL SECTION

4.1. General Information. General information on reagents,
instruments, and analytical methods used in this study is available in
the Supporting Information.

4.2. Preparation of pSi Films. pSi films were prepared by
galvanostatic anodization of p-type single-crystal silicon wafers
(heavily boron-doped, resistivity ~1 mQ cm) in an electrolyte
consisting of 3:1 (v/v) 48% aqueous HF: absolute ethanol (EtOH)
[caution: HF is highly toxic, and proper care should be used to avoid
contact with the skin or lungs]. Before the preparation of the pSi
layers, the silicon wafer was first cleaned by anodization in the HF-
containing electrolyte to generate a thin porous layer, commonly
referred to as a “sacrificial layer”, and the resulting porous layer was
then dissolved by treatment with aqueous potassium hydroxide
(KOH, 2 M). The silicon wafer was then anodized using a “perforated
etch”,*" which involved the application of an etching waveform that
consisted of a lower current density of 440 mA cm™> applied for 1.8 s,
followed by a higher current density pulse of 3210 mA cm™ applied
for 0.4 s. This waveform was repeated for 300 cycles, generating a pSi
film with high porosity “perforations” repeating approximately every
200 nm through the porous layer. The pSi film was then removed
from the silicon substrate by application of a current density of 38 mA
cm™ for 300 s in a solution containing an electrolyte of 1:12 (v/v) of

48% aqueous HF: EtOH. The free-standing fragments of the pSi film
were then rinsed thoroughly with EtOH and placed in EtOH in a
sealed glass vial.

4.3. Preparation of pSiNPs Using a Conventional Immersion
Bath Ultrasonicator. The control pSiNPs were generated from the
free-standing pSi film by placing a predetermined mass of the film in a
20 mL glass vial containing 6 mL of EtOH. The vial was sealed and
then suspended in the 1.9 L water reservoir of a Symphony ultrasonic
cleaner (VWR, model VWRA142-0307) operating at 35 kHz and
subjected to continuous ultrasound for 24 h. While the bath volume
was maintained at ~1.9 L by the use of a siphon from an external
water reservoir, no attempt was made to control the bath temperature.
The larger, unfractured particles remaining after the process were
separated by centrifugation at 845 rcf for 15 min, and the pellet was
discarded. The supernatant was then centrifuged at 21,130 rcf for 15
min and washed 3 times by resuspension/centrifugation at 21,130 rcf
with EtOH. For the determination of yield, samples were freeze-dried
and weighed on an analytical balance.

4.4. Preparation of pSiNPs Using AC Ultrasonication. The
pSi film was placed in a 15 mL “Bioruptor Pico Tube” obtained from
Diagenode containing EtOH (maximum volume: 2 mL) and fractured
by AC ultrasonication. One iteration of the AC ultrasonication had
the following settings: sonication ON: 30 s; sonication OFF: 30 s;
number of cycles: 30 cycles; type of tubes: 15 mL; and total running
time: 30 min. After one iteration, the device was allowed to rest for 30
min prior to the initiation of the next iteration (if desired). Then,
large-size unfractured particles were separated by centrifugation at
3000 rpm for 15 min. The precipitated pSiNPs were discarded, and
the supernatant was centrifuged at 21,130 rcf for 15 min and washed 3
times with EtOH. For the determination of yield, samples were freeze-
dried and weighed on an analytical balance.

4.5. Drug Loading and Release Assay. pSiNPs (~1 mg) were
agitated with 100 L of DOX stock solution (10 mg/mL in DI H,0)
in 900 yL of DI H,O for 24 h. The resulting nanoparticles were
washed with DI H,O using the centrifuge (21,130 rcf, 15 min, and 3
times). The emission spectra of the supernatants at each washing step
were measured (A, . = 488 nm and A; ... = 595 nm) to determine
the quantity of unloaded drug. The mass loading of DOX was
determined using the following equation

W, - W,
total DOX unloaded DOX % 100
Wotal DOX (1)

loading efficiency (%) =

The value of the mass of DOX loaded was determined as the
difference between the mass of DOX in the loading solution prior to
the addition of the nanoparticles and the mass of DOX remaining in
the supernatant after the DOX-loaded nanoparticles were removed by
centrifugation. This calculation assumes no loss of nanoparticles due
to dissolution. The solution concentrations of DOX were calculated
from standard fluorescence curves by using OriginPro software
(Northampton, MA, USA).

The release profile of nanoparticles was analyzed by measuring the
fluorescence of the drug remnants in phosphate-buffered saline (PBS,
pH 7.4) at each time interval for 24 h at 37 °C.
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