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ABSTRACT: There is a growing interest in nanomaterials that can pSiNP Nluc@pSiNP [ Increased Stability Against:
encapsulate enzymes while retaining their ability to function within the A & High emg-nic
g q q .i'.'é' X Temperatures Solvents
confines of a nanocage. Here porous silicon nanoparticles (pSiNPs) are A =}‘~W--_; —
evaluated as an enzyme cage, utilizing the aqueous chemistry of silicon to En;“z'::m T “'.'b“ Furimazine
dynamically restructure the mesopore structure, immobilizing, and confining P \5"\.~ A~
the enzyme. The common bioluminescent reporter enzyme nanoluciferase “h 1 NN
(Nluc) is used to evaluate two different trapping chemistries, and impacts on QO Hé o
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the stability and catalytic performance of the enzyme are compared with - ” ?
controls involving free enzyme and enzyme electrostatically adsorbed to a - - W
pSINP host without the use of trapping chemistry. The two chemistries - - '« .
exleFed in this study are.(ll) oxidative trapping, where mllfl. AQUEOUS L\ ed collular uptake
oxidation of the elemental silicon skeleton in the mesoporous silicon host , gytended enzyme activity in cells Furimamide Lumis

swells and restructures the pore walls, physically trapping the Nluc payload

in a porous SiO, matrix, and (2) calcium ion-induced condensation, where localized precipitation of calcium silicate entraps the Nluc
protein in a porous silicate matrix. The two trapping chemistries form robust nanoscale cages with substantially smaller pores (9.8 +
0.4 and 8.8 + 0.3 nm, respectively) compared to the pSiNP starting material (15.3 + 1.8 nm), such that the enzyme does not leach
from the pSiNPs in aqueous buffer or under assay conditions. Enzyme stability is substantially improved using the two trapping
chemistries; the caged materials retain 30—45% activity after heating to 80 °C for 30 min or when exposed to organic solvents; either
of these denaturing conditions result in complete or near-complete loss of activity for the free enzyme or for enzyme that is
electrostatically adsorbed to pSiNPs. Finally, we explore the potential for the use of the Nluc-encapsulated nanocomposite as a
cellular probe by demonstrating the luminescent reporting function of the nanoparticles in HeLa human cell cultures.

Bl INTRODUCTION Porous silicon nanoparticles (pSiNPs), a class of biodegrad-
able nanomaterials with versatile properties, have emerged as
an attractive host matrix for encapsulation of a wide range of
biomolecules."*™"® Recently, it has been shown that the
mesopore structure of pSiNPs undergoes a restructuring
process in aqueous solution that can constrict the pores and
physically trap a biomolecule or other molecular pay-
load."*"”*” Underlying this dynamic nature is the ability of
pSiNPs to accommodate enzymes with sizes spanning the low
mesopore regime (2—15 nm) while simultaneously stabilizing
them via pore confinement. Harnessing this process for
encapsulation and preservation of enzyme activity is highly
desirable, and it is enabled by the electrochemical process used
to prepare pSi, which allows tuning of pore sizes with

Whereas free enzymes are often used in industrial-based
applications and manufacturing processes, the natural environ-
ment for such biologic catalysts generally involves some type of
physical confinement, either in a membrane or in a subcellular
compartment. These hosts serve to stabilize the proteins and
optimize their function.' Similarly, the incorporation of
enzymes within nanomaterial-based hosts offers a strategy to
improve performance, extend lifetime, and increase operating
stability under conditions that would normally be detrimental
to enzyme function.””” Here broader considerations in terms
of processability, biocompatibility, leaching, and direct delivery
of enzymes into a targeted location are of significant
importance for applications in biomedical and other health-
related fields.” " Extensive research effort has been expended

on the development of enzyme host materials and immobiliza- Received:  October 15, 2023 G
tion strategies based on adsorption, covalent conjugation, pore Revised: ~ November 5, 2023
infiltration and in situ synthesis (i.e., coprecipitation, Accepted: November 6, 2023
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biomineralization)."'™"* However, it remains a challenge to
develop general approaches to prepare encapsulated enzymes =
that satisfy all of the above constraints.
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Figure 1. Design and characterization of enzyme encapsulation chemistries used on pSiNP hosts. (a) Schematic illustrating the two approaches
used to trap the enzyme Nluc in pSiNPs: “Oxidation-Induced Encapsulation” (Ox-pSiNPs) involves mild oxidation of the silicon skeleton on the
pSiNPs that physically traps the Nluc within the nanostructure; “Calcium Silicate-Induced Encapsulation” (Ca-pSiNPs) involves immobilization of
Nluc via the formation of a calcium silicate precipitate within the porous matrix of the pSiNPs. The two trapping chemistries were compared to a
control formulation, “Amine Electrostatic Adsorption” (NH,-pSiNPs), prepared by first modifying the inner pore walls of the pSiNP with a primary
amine, which then binds Nluc via electrostatic interactions. (b) Dynamic light scattering intensity distributions comparing the hydrodynamic size
distribution of pSiNPs resulting from each encapsulation chemistry. (c-e) Transmission electron microscope (TEM) images of: (c) as-prepared
pSiNPs; (d) NH,-pSiNPs; (e) Ox-pSiNPs; and (f) Ca-pSiNPs. Scale bar in each image is 200 nm.

nanometer resolution—a feature that is not as readily achieved
with other host materials.”*>*"** The process employed in the
present work can be considered to be analogous to in situ
syntheses based on biosilicification,” metal—organic frame-
works (MOFs)'*** or covalent—organic frameworks (COFs),
whereby the host matrix is assembled around the enzyme
molecules to overcome the limitations imposed by post-
infiltration into a host matrix of a fixed pore size. While these
materials have shown great utility, they can involve complex
preparation conditions, can show compatibility issues with
some proteins, and/or can exhibit toxicity associated with
leaching of metal ions or framework ligands, which places
limits on their use in biological or biomedical applications.”>**

Given their facile tunability and established biocompatibility,
we reasoned that pSiNPs might act as a generalizable host
matrix to prepare robust enzyme—inorganic nanocomposites
suitable for biological applications. It is worth mentioning that
much of the prior emphasis for pSiNPs has been as an enzyme
delivery system from which the enzyme is released as a free
molecule into solution, where its function is harnessed in its
native state.'®>> However, there are few studies involving the
function of enzymes while immobilized in a porous silicon
host, and the influence of pSiNP-relevant surface chemistry,
immobilization chemistry, and other host—matrix effects on
the activity and stability of an enzyme guest has not been
explored in detail.** ">’ Two key issues here are (1) how to
immobilize an enzyme into pSiNPs while retaining its activity
and (2) whether the structural and chemical properties of
pSiNPs can afford improved performance for envisioned
catalytic applications.

To address the above questions, this study utilized
immobilization strategies involving in situ aqueous oxidation
and precipitation of calcium silicate within the pore walls of

10248

pSiNPs to encapsulate a model enzyme, nanoluciferase (Nluc)
(Figure 1a). We chose the enzyme Nluc as a payload due to its
convenient chemiluminescent readout and its utility for a host
of cellular assays.’® The luminescence that is generated when
Nluc catalyzes the oxidation of its substrate, the small molecule
furimazine,”" allowed a direct measurement of activity while
also providing a means to visually discern if the catalyst was
performing its function. Structural and analytical investigations
showed that the oxidation- and calcium silicate-induced
encapsulation chemistries (Nluc@Ox-pSiNPs and Nluc@Ca-
pSiNPs) both exhibit superior performance in minimizing
enzyme leaching and in protecting the enzyme against thermal-
or organic-solvent-induced denaturation compared with
control pSiNPs wherein the enzyme was electrostatically
adsorbed to the amine-modified inner pore walls of the
pSiNPs. Finally, a set of experiments were performed that
evaluated the compatibility of the encapsulated construct
Nluc@Ox-pSiNP with live cells and with common cellular
assay reagents, which established the suitability of the caged
enzymes as cellular probes.

B RESULTS AND DISCUSSION

Preparation and Characterization of Nluc@pSiNP
Constructs. The two trapping chemistries, Oxidation-Induced
Encapsulation (Ox-pSiNPs) and Calcium Silicate-Induced
Encapsulation (Ca-pSiNPs), along with the chemistry used
to prepare the control formulation Amine Electrostatic
Adsorption (NH,-pSiNPs), are outlined in Figure la. The
Oxidation-Induced Encapsulation method followed a pre-
viously published route involving treatment of pSiNPs with
aqueous phosphate buffered saline (PBS) buffer (at pH 7.4) in
the presence of the protein® to simultaneously induce mild
oxidation of the pSiNP skeleton and trap Nluc within the

https://doi.org/10.1021/acs.chemmater.3c02637
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nanostructure. The Calcium Silicate-Induced Encapsulation
approach followed the previously reported'® ability of added
Ca (II) ions to react with orthosilicate species created at the
pSiNP surface during its dissolution at pH 9, to form a calcium
silicate precipitate that entrapped dissolved Nluc within the
pores. The Amine Electrostatic Adsorption chemistry was
based on the ability of proteins to adsorb to an oppositely
charged surface. In the present case, electrostatic adsorption of
Nluc was effected at neutral pH, where the net anionic charge
on the Nluc (pI = 5.7) was attracted to an amine-terminated,
positively charged pSiNP surface. The amines had been
previously grafted to the pSiNPs using 3-aminopropyldime-
thylethoxysilane (APDMES). Such electrostatic adsorption has
been shown to yield a relatively weak association between the
adsorbed protein and the surface that is readily disrupted in
aqueous solutions containing ions.'” In this work, empty
particles with the Oxidation-Induced Encapsulation, Calcium
Silicate-Induced Encapsulation, and Amine Electrostatic
Adsorption immobilization chemistries are denoted as Ox-
pSiNPs and Ca-pSiNPs, and NH,-pSiNPs, respectively, and
the corresponding Nluc-loaded pSiNP formulations are
referred to as Nluc@Ox-pSiNPs and Nluc@Ca-pSiNPs and
Nluc@NH,-pSiNPs, respectively.

The starting material pSiNP hosts were prepared following a
previously reported “electrochemical perforation etch” proce-
dure.”® This involved pulsed electrochemical anodization of
single crystal silicon wafers to generate a stratified porous
silicon layer, followed by removal of the porous layer, which
was then subjected to ultrasonic fracture to yield the pSiNPs.
The as-prepared pSiNPs (prior to enzyme encapsulation)
exhibited a mean hydrodynamic diameter of 211 + 6 nm and
zeta potential of —19.9 + 1.3 mV by dynamic light scattering
(DLS) and surface charge measurements, and an average pore
size of 15.3 = 1.8 nm determined from cryogenic nitrogen
adsorption isotherms using the Barrett—Joyner—Halenda
(BJH) analysis of the adsorption/desorption isotherms (Figure
1b, Table 1 and Figure S1, Supporting Information). A
comparison of hydrodynamic diameters of the pSiNPs after
being subjected to the relevant immobilization chemistries
showed that the particle size was maintained without
significant aggregation of the nanoparticles (Figure 1b and
Table S1, Supporting Information). To examine the effects of
the trapping chemistries on the pSiNP hosts, we first carried

Table 1. Characteristics of pSiNP Pore Structures
Determined from the Nitrogen Adsorption Isotherm Data

Sample
pSiNPs NH,-pSiNPs Ox-pSiNPs Ca-pSiNPs
Surface 620 + 31 545 + 87 495 + 79 409 + 11
area
(mz /g)a
Pore 2.60 + 0.22 1.63 + 0.28 1.16 + 0.24 0.80 + 0.10
volume
(em*/g)"
Pore size 153 + 1.8 134 + 0.8 9.8 + 0.4 8.8 + 03
(nm)b

“Measured by nitrogen adsorption and determined using BET
(Brunnauer—Emmett—Teller) analysis of the adsorption isotherms.
PMeasured by nitrogen adsorption and determined using BJH
(Barrett—Joyner—Halenda) analysis of the adsorption/desorption
isotherms. Reported values are the mean + SD of the average pore
diameter calculated from three measurements from three independ-
ently prepared samples.
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out all of the chemistries on pSiNPs without incorporating
Nluc in the synthesis process and compared the resulting
nanostructures. Transmission electron microscope (TEM)
images revealed different morphologies for the different
trapping chemistries; the NH,-pSiNPs (Figure 1d and Figure
S2b, Supporting Information) appeared similar to the as-
formed pSiNPs (Figure lc and Figure S2a, Supporting
Information), displaying a clearly discernible pore structure,
whereas for both the Ox-pSiNPs (Figure le and Figure S2c,
Supporting Information) and Ca-pSiNPs (Figure 1f and Figure
S2d, Supporting Information) the pores appeared somewhat
occluded. Analysis of the nitrogen adsorption data (Table 1
and Figure S1, Supporting Information) showed that all three
chemistries led to reductions in apparent BET surface area,
BJH pore volume and pore size, though both the Ox-pSiNPs
and Ca-pSiNPs exhibited substantially lower values, as well as
lower N, uptake capacities, than the NH,-pSiNPs. From these
data, we conclude that both the oxidation-induced encapsu-
lation (Ox-pSiNPs) and calcium silicate-induced encapsulation
(Ca-pSiNPs) methods fill the pores of the pSiNPs to some
extent, with SiO, in the case of Ox-pSiNPs, and with a calcium
silicate phase in the case of Ca-pSiNPs. As expected, the
aminopropyldimethylethoxysilane chemistry of the NH,-
pSiNPs led to coating of the pSiNP pore walls, but the
monolayer surface coverage retained a relatively open pore
morphology relative to the Ox-pSiNPs and Ca-pSiNPs
encapsulation chemistries (Figure S1, Supporting Informa-
tion). The purified Nluc was also prepared and characterized
by SDS-PAGE and mass spectrometry (QTOF LC/MS) (see
details in Table S2 and Figure S3, Supporting Information).
Next, the chemistries described above were used to
immobilize the Nluc enzyme in the pSiNPs. This was
accomplished for the Nluc@Ox-pSiNP and the Nluc@Ca-
pSiNP materials by premixing the Nluc protein with pSiNPs
and then performing the relevant oxidative or calcium silicate
trapping chemistries. For the Nluc@NH,-pSiNP control
formulation, the protein was loaded into the NH,-pSiNPs
after the surface amination chemistry had been performed. The
average hydrodynamic diameters of the three Nluc@pSiNP
constructs, measured after Nluc immobilization, were some-
what larger than the as-prepared pSiNPs (260—280 nm vs 210
nm, Table S1, Supporting Information). This study used a
fixed nanoparticle size, and it did not explore the influence of
overall nanoparticle size on catalytic performance. The zeta
potential of the three Nluc@pSiNP constructs was also
measured and compared to the corresponding controls, Ox-
pSiNPs and Ca-pSiNPs and NH,-pSiNPs (Figure S$4,
Supporting Information). A noteworthy result is that both
Nluc@Ox-pSiNPs and Nluc@Ca-pSiNPs displayed no sig-
nificant shift in their zeta potential relative to the empty Ox-
pSiNPs and Ca-pSiNPs, respectively (all displayed a zeta
potential within 0.5 mV of —14.5 mV; Table S1). These data
suggest that the encapsulation processes resulted in efficient
encapsulation of Nluc in the nanoparticle pores and that the
final surface charge of the Nluc@pSiNP constructs was
regulated by the SiO, or calcium silicate coating at the
nanoparticle surface. The zeta potential of the Nluc@NH,-
pSiNP construct, by contrast, shifted from +22.7 + 4.5 mV to
+4.9 + 3.5 mV after the immobilization process, suggesting the
Nluc (which is negatively charged at pH 7) was primarily
adsorbed at the particle surface. The encapsulation efficiency of
each trapping chemistry was determined by using UV
absorbance measurements of the supernatant at 4 = 280 nm

https://doi.org/10.1021/acs.chemmater.3c02637
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Figure 2. Chemiluminescence measurements from the catalytic reaction of Nano-Glo substrate with three different Nluc@pSiNP constructs. (a)
Photographs of centrifuge tubes containing Nluc@Ox-pSiNPs (right) and empty pSiNP control nanoparticles (left), immersed in solutions
containing the Nano-Glo assay reagents. Top: image taken under ambient light. Nanoparticles had been centrifuged prior to the photograph; the
red circle indicates the region where nanoparticles are settled. Bottom: image taken in dark; blue is chemiluminescence from the assay. The assay
was performed with Nluc (2.7 4uM equivalent concentration) and Nano-Glo substrate prepared by a dilution of 100x from the stock in 1:1 (v:v)
PBS/Nano-Glo buffer. (b) Normalized luminescence spectrum and (c) emission intensity as a function of time comparing free Nluc with the
Nluc@pSiNP constructs. RLU = Relative Luminescence Units. The activity assays were performed at room temperature using the same effective
concentration of Nluc at 7.5 nM and Nano-Glo substrate prepared by a 100X dilution of the stock solution in 1:1 (v:v) PBS/Nano-Glo buffer.
Error bars indicate the standard deviation of three independent measurements from the three independently prepared samples.

and is summarized in Table S3. The mass loading of Nluc in
the Nluc@pSiNP constructs was configured to be in the range
9—12% (w/w) by varying the enzyme concentration in the
immobilization process. This was to avoid the possibility of
compromising enzyme activity or stability that might have
occurred upon overpacking of enzyme in the pores.”™*®

Characterization of Enzyme Activity in the Nluc@
pSiNP Constructs. To evaluate the performance of the
enzyme trapped in the pSiNP constructs, a chemilumines-
cence-based assay using the commercially available Nano-Glo
Luciferase System was performed. The Nano-Glo substrate,
furimazine, is catalytically oxidized by Nluc, resulting in
chemiluminescence that provides a convenient means to
monitor enzyme activity.”' As shown in Figure 2a for Nluc@
Ox-SiNPs, which had been separated from solution by
centrifugation, chemiluminescence was localized at the nano-
particles. Similar results were observed for the other two
Nluc@pSiNP constructs, indicating that all three approaches
effectively immobilized the Nluc enzyme, while still allowing
the enzyme to access its substrate. All three of the Nluc-loaded
nanoparticle preparations could be pelletized by centrifugation
and stored for up to 2 days without discernible loss in activity.
For the electrostatically loaded Nluc@NH,-pSiNP formula-
tion, leaching of Nluc was observed upon repeated washing
steps (centrifugation followed by removal of supernatant and
redispersion in fresh buffer), whereas the Nluc@Ox-pSiNP and
Nluc@Ca-pSiNP constructs both retained their enzyme
payloads under similar conditions (Figure SS, Supporting
Information). The ready release of the Nluc enzyme from the
Nluc@NH,-pSiNP construct is consistent with a simple,
reversible, electrostatic binding process for this nanoparticle
type. By contrast, the fact that Nluc was much more tightly
held in the Nluc@Ox-pSiNPs and Nluc@Ca-pSiNPs is
consistent with the conclusion that the Ox-pSiNP and Ca-
pSiNP chemistries trapped the Nluc essentially irreversibly
within a mesoporous cage. Consequently, the more weakly
surface-bound Nluc in the Nluc@NH,-pSiNP construct
displayed higher activity and lower stability relative to the
physically trapped Nluc of the Nluc@Ox-pSiNP and Nluc@
Ca-pSiNP constructs (vide infra).
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Chemiluminescence assays indicated that the biological
function of Nluc was preserved within the pSiNPs for all three
constructs. The chemiluminescence spectra from free Nluc and
the Nluc@pSiNP constructs are compared in Figure 2b. Under
the same Nano-Glo assay conditions, Nluc@NH,-pSiNPs,
Nluc@Ox-pSiNPs, and Nluc@Ox-pSiNPs all showed com-
parable wavelengths of maximum emission (A, = 460 nm)
and spectral lineshapes relative to free Nluc, consistent with
the reported spectra of the Nano-Glo assay.”’ The optical
absorbance associated with each of the Nluc@pSiNP
constructs was sufficiently low that it did not interfere with
the luminescence measurements at the concentrations used in
this assay (Figure S6, Supporting Information). Control
experiments with empty pSiNPs (i.e., not loaded with Nluc)
showed no luminescence under comparable conditions (Figure
S7, Supporting Information).

The intensity of chemiluminescence produced from the
Nluc@pSiNP constructs, which is correlated with the catalytic
activity of Nluc, was studied and compared with free Nluc
controls over a 30 min time course (Figure 2c). The
concentration of Nluc used in the assay was 7.5 nM, and the
initial concentration of substrate was set to be in large excess to
achieve a sustained luminescence output (Figure S8,
Supporting Information). For free Nluc, the maximum
luminescence intensity was achieved immediately after the
addition of the substrate, which was followed by a subsequent
slow decay in intensity. This subsequent luminescence decay is
indicative of substrate depletion due to the relatively high
catalytic activity of the free Nluc enzyme. By contrast, all the
Nluc@pSiNP constructs exhibited a slow increase in
luminescence intensity at the initial stage of measurements
and reached a plateau after approximately 10 min (Figure 2b).
The steady-state intensity of chemiluminescence from the
Nluc@Ox-pSiNP and Nluc@Ca-pSiNP constructs was lower
than that of the free enzyme, and there were also significant
differences between the three Nluc@pSiNP sample types: the
most emissive construct was the Nluc@NH,-pSiNP control
(where the Nluc was only weakly physisorbed to the
nanoparticle surface), followed by the two caged formulations
Nluc@Ox-pSiNPs and then Nluc@Ca-pSiNPs. This relative
ordering of luminescence intensity implies reduced enzymatic
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turnover for the caged enzyme. These differences could be
attributed to a number of factors, including, but not limited to
(1) the presence of orthosilicate, Ca (II), or other ions
inhibiting Nluc activity; (2) denaturation of Nluc enzyme
during loading—in particular, the Nluc@Ca-pSiNPs trapping
chemistry was carried out at pH = 9; and (3) confinement in
the pSiNP nanostructure causing hindered diffusion of the
substrate and/or blockage of the Nluc active sites (for Nluc@
Ox-pSiNPs and Nluc@Ca-pSiNPs). We next performed
experiments to test these hypotheses.

Experiments testing the possibility that the enzyme was
inhibited by the immobilization chemistry focused on
orthosilicate and calcium(II) ions generated as the Ox-pSiNPs
and Ca-pSiNPs dissolve in water. We carried out two control
experiments examining activity of free Nluc after incubation in
aqueous orthosilicate (0.6 mg/mL based on silicon) or
CaCly,g) (IM) for 1 h. The orthosilicate was prepared by
first dissolving the as-etched pSiNPs in a borate buffer (pH =
10), and the pH of the solution was then adjusted to 7.4 by
dilution with PBS (pH = 7.4). For the CaCly(,q) experiments,
the pH of the CaCl, solution was adjusted to pH 9, to best
match the environment of the trapping process. The incubated
enzymes were then diluted and subjected to the appropriate
assay conditions. The luminescence assays showed negligible
loss of Nluc activity (Figure S9a and S9b, Supporting
Information). We note that the orthosilicate concentration
used in these controls was an overestimate of the
concentration of orthosilicate expected to be produced during
the preparation of Nluc@Ox-pSiNPs, and the postencapsula-
tion washing procedure removes residual orthosilicate or Ca
(II) ions that may be present in the Nluc@pSiNPs
preparations. Therefore, we conclude that the observed
reduction of Nluc activity in the formulations of Nluc@Ox-
pSiNPs and Nluc@Ca-pSiNPs cannot be attributed to
inhibition by residual orthosilicate or Ca (II), or to enzyme
denaturation under the pH 9 processing conditions.

Notably, chemiluminescence from Nluc@NH,-pSiNPs
required the least amount of time to reach a steady state
intensity compared with the Nluc@Ox-pSiNPs and Nluc@Ca-
pSiNPs, and its initial rate of photoemission was larger than
observed in the assays of either the Nluc@Ox-pSiNPs or
Nluc@Ca-pSiNPs. We interpret this result as an indication that
Nluc in Nluc@NH,-pSiNPs was more readily accessible to the
substrate, consistent with the pore size, pore volume, and
surface area measurements of these materials (Table 1). Of the
two Nluc@Ox-pSiNP and Nluc@Ca-pSiNP constructs, the
Nluc@Ca-pSiNPs displayed the smallest average pore size
(Table 1) and the slowest rate of substrate turnover. These
observations imply that hindered diffusion of the substrate
within the pSiNP hosts plays a role in the resulting activity of
encapsulated Nluc.

Effects of an Enzyme Inhibitor on Activity of the
Nluc@pSiNP Constructs. To further evaluate the accessi-
bility of the Nluc enzyme confined within the pSiNP
nanostructure, we performed inhibition studies using a
NanoLuc competitive inhibitor. The extracellular (cell-
impermeable) inhibitor supplied by the manufacturer was
used for these studies. In the inhibition assay, a fixed
concentration of Nano-Glo substrate was preincubated with
the Nluc@pSiNPs to generate the desired luminescence signal,
and the decrease in luminescence intensity was then quantified
as a function of the inhibitor concentration added to the assay.
As shown in the dose—response curves of Figure 3a, Nluc@
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Figure 3. Dose-dependent inhibition of nanoluciferase activity by
Nano-Glo extracellular inhibitor. (a) Dose—response curves for free
Nluc, Nluc@NH,-pSiNPs, Nluc@Ox-pSiNPs, and Nluc@Ca-pSiNPs
upon exposure to the indicated concentrations of Nano-Glo
extracellular inhibitor (0—20 pM). Curves are normalized to 100%
relative activity at zero inhibitor concentrations for comparison. On
an absolute scale, free Nluc displayed the highest activity at zero
inhibitor concentration, followed by Nluc@NH,-pSiNPs, Nluc@Ox-
pSiNPs, and then, Nluc@Ca-pSiNPs. (b) Half-maximal inhibitory
concentrations, ICs, calculated from the dose—response curves of (a)
for free Nluc, Nluc@NH,-pSiNPs, Nluc@Ox-pSiNPs, and Nluc@Ca-
pSiNPs. All assays were performed at room temperature using the
same effective concentration of Nluc at 7.5 nM, and the Nano-Glo
substrate was prepared by a dilution of 100X from the stock in 1:1
(v:v) Nano-Glo buffer/PBS; the inhibitor compound at the indicated
concentration was added to the assay wells that already contained the
Nano-Glo substrate, and the samples were incubated for S min before
the measurements. Error bars indicate the standard deviation of three
independent measurements from three independently prepared
samples. One-way ANOVA test was used for the data (**p < 0.01,
ity < 0.0001; n.s., not significant).

Ox-pSiNPs and Nluc@Ca-pSiNPs both required a higher
concentration of inhibitor to reach the same level of activity
compared to Nluc@NH,-pSiNPs and free Nluc. The half-
maximal inhibitory concentrations, IC, of each Nluc@pSiNP
constructs and free Nluc are compared in Figure 3b. The larger
ICy, observed with Nluc@Ox-pSiNPs and Nluc@Ca-pSiNPs
shows that encapsulation of the enzyme reduced the potency
of the inhibitor.

The results of Figure 3 confirm those of Figure 2¢, indicating
that confinement within the pSiNP host reduces the overall
accessibility of the encapsulated Nluc guest to its substrate, be
it the chemiluminescent precursor furimazine or its com-
petitive inhibitor. However, the observed increase in the
inhibitor’s ICs, for Nluc trapped in the nanoparticles relative to
the IC,, observed with free Nluc is not as obvious. The results
indicate that the inhibitor molecule is less effective at accessing
the interior of the nanoparticles than is furimazine. Here it is
difficult to draw further conclusions, as the identity of the
Nano-Glo substrate inhibitor in the assay kit are not given by
the manufacturer. However, considering that it is marketed as
an extracellular inhibitor that does not enter cells, it is likely
that this inhibitor is a molecule similar to furimazine but
containing a pendant sulfonate or other negatively charged
group to inhibit cellular uptake.’® The data of Figure 3b imply
that the enzyme in the nanoconfined Nluc@Ca-pSiNPs (which
displayed the smallest pore size, Table 1) was the least
accessible to the inhibitor, followed by Nluc@Ox-pSiNPs.
Since both of the caged nanoparticles under study displayed a
net negative surface charge (Table S1), a negatively charged
inhibitor would be expected to be at a lower effective
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concentration inside the mesopores of the nanoparticles due to
electrostatic repulsion. This would not be the case for the
neutral furimazine molecule, which readily enters cells and
should not be subject to the same electrostatic barrier when
entering the nanoparticle cages. The main conclusion that can
be drawn here is that the nanoparticle cages noticeably
influence the accessibility of their guest enzymes to small probe
molecules.

Protection of Nluc by Encapsulation. We next sought to
assess the ability of the trapping chemistries to protect the
enzyme under harsh environmental conditions. The Nluc
enzyme is known to display broad stability in the pH range S—
9, with negligible loss in activity observed in the range from 7
to 9.°' Furthermore, as discussed above, the pSiNPs dissolve
under basic conditions (particularly at pH > 10), complicating
the evaluation of pH stability. Thus, for this work we chose to
assess the protection afforded to Nluc by the trapping
chemistries when subjected to high temperatures and when
exposed to organic solvents. The free Nluc and Nluc@pSiNP
constructs were subjected to temperatures ranging from 40 to
80 °C for 30 min, then cooled to room temperature and
assessed for their catalytic activity. The results were compared
to controls that were maintained at room temperature (RT, 25
+ 1 °C) throughout the experimental period (Figure 4 and
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Figure 4. Relative activity of free Nluc and Nluc@pSiNP constructs
after exposure to the indicated denaturing conditions. Each thermal
denaturing condition (40 °C, 60 °C, and 80 °C) was run for 30 min,
and the samples were allowed to cool to room temperature prior to
evaluation of activity. All thermal treatments were performed in PBS
(pH 7.4). The two solvent denaturing experiments were performed by
placing the indicated construct in an aqueous mixture containing 10%
by volume of either ethanol (10% EtOH) or dimethylformamide
(10% DMF) for 30 min and then adding the assay reagents directly to
the mixture. Activity assays were performed at room temperature
using the same effective concentration of Nluc at 7.5 nM. Nano-Glo
substrate was prepared by a 100x dilution from the stock using a 1:1
(v/v) Nano-Glo buffer/PBS. Error bars indicate the standard
deviation of at least four measurements and are representative of
three independently prepared samples. Tukey’s multiple comparisons
test was used for the data (*p < 0.05, **p < 0.01, ****p < 0.0001;
n.s., not significant).

Figure S10, Supporting Information). Consistent with the
known denaturation behavior of the enzyme, the activity of
free Nluc decreased substantially after incubation at 60 °C, and
the enzyme was completely inactivated by treatment at 80
°C.*! Both of the formulations in which Nluc was physically
trapped (Nluc@Ox-pSiNPs and Nluc@Ca-pSiNPs) showed
superior thermal stability compared to Nluc@NH,-pSiNPs
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after incubation at 60 and 80 °C (Figure 4). This latter
construct was the one for which the enzymes were only loosely
adsorbed, bound by electrostatic interactions rather than
physical trapping. The low thermal stability of Nluc@NH,-
pSiNPs is attributed to the immobilization chemistry; the
loosely bound Nluc in NH,-pSiNPs is more susceptible to
thermal denaturation. Both Nluc@Ox-pSiNPs and Nluc@Ca-
pSiNPs showed substantial preservation of enzyme activity
following the 60 and 80 °C thermal treatments, and there were
no significant differences between the two (Table $4,
Supporting Information).

We attribute the ability of the mesoporous nanoparticle
hosts to suppress thermal denaturation of the enzyme to
nanoscale interactions between the unfolding protein and its
cage. Presumably, the nanoconfinement prevents the thermally
unfolded protein from aggregating with other proteins as the
system cools, a mechanism that governs the irreversible
thermal denaturation of most proteins. Most likely the trapped
enzymes still unfold at 80 °C, but being trapped in the
nanocages, aggregation and detrimental polypeptide chain
dynamics are prevented, allowing the enzyme to refold upon
cooling. This is reminiscent of the natural GroES/GroEL
chaperone system, which helps protein folding in vivo by a
similar mechanism of nanoconfinement.’”**

The resistance of the Nluc@pSiNP constructs to organic
solvents was evaluated by exposing them to aqueous solutions
of denaturing organic solvents. When exposed to either 10%
(by volume) ethanol (EtOH) or dimethylformamide (DMF)
in PBS (pH 7.4), significant retention of activity (30—45%)
was observed regardless of the immobilization chemistry used
(Figure 4). By contrast, free Nluc exhibited a significant and
substantial reduction in activity upon exposure to either
solvent (Figures S11 and S12, Supporting Information). The
resistance to denaturation by organic solvents was not
particularly dependent on the type of Nluc@pSiNP construct
used to host the Nluc payload; the two caged formulations
performed similarly to the surface-adsorbed control Nluc@
NH,-pSiNP. This may be due to the mechanism of enzyme
deactivation; in addition to causing protein unfolding, organic
solvents deactivate enzymes by penetrating into their active
sites, removing critically important waters of hydration, and
rigidifying the enzyme conformation.” Although confinement
in the nanostructure might reduce the tendency of the enzyme
to unfold and aggregate, it is not likely to prevent the
penetration of solvent molecules. Indeed, the fact that the
furimazine substrate could enter the nanostructure and be
processed by the enzyme implies that the smaller ethanol or
dimethylformamide molecules could also readily enter the
region where the enzyme resides in the caged formulations.
The main conclusion that can be drawn here is that the pSiNP
cages impart substantial resistance both to polar organic
solvents and to thermal denaturing conditions when compared
with the free enzyme.

Cellular Uptake and Retention of Enzyme Activity in
Cells. The Nluc enzyme is typically deployed as a genetic
reporter, to elucidate particular cellular processes or to assess
gene expression within cells.”” For these purposes, it is
introduced to the cells via a genetic vector that encodes for the
bioluminescent reporter protein NLuc, which is then
synthesized in situ. The NLuc protein has not previously
been incorporated into a nanoparticle as a reporter. So in this
work, we assessed the compatibility of the Nluc-loaded pSiNP
cages with a cellular assay, to see if the enzyme constructs
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Figure S. Cell retention and enzyme activity of Nluc@Ox-pSiNPs and free Nluc in the presence of HeLa cells. (a) Representative microscope
images of Hela cells after incubation with Nluc@Ox-pSiNPs or free Nluc at 37 °C for 30 min. In either experiment, cells were treated using the
same effective concentration of Nluc (3 g/mL), in an Opt-MEM medium in a 5% CO, atmosphere. Cells were then fixed with 4% PFA and
transferred to glass slides, and stained with CellMask plasma membrane stain (green channel) and NucRed Live 647 ReadyProbes nuclear stain
(red channel). Cell membrane and nuclear stains were imaged in a confocal mode; the nanoluciferase (Nluc) images (blue) were acquired in a
chemiluminescence imaging mode (no laser excitation), 10 min after addition of the Nano-Glo substrate to induce luminescence. (b) Relative
luminescence intensity generated from HeLa cells incubated with Nluc@Ox-pSiNPs or free Nluc for 30 min, then rinsed to remove excess
nanoparticles or enzyme, then treated with the Nano-Glo substrate to induce luminescence. Free cells, with no luminogenic reagents added, are
shown as a control. Cell preparations are as in (a), except the cells were not fixed or stained prior to the chemiluminescence assay, which was
performed in a microplate reader. (c) Comparison of relative chemiluminescence intensity emitted from HeLa cell cultures as a function of time.
Cells were incubated with Nluc@Ox-pSiNPs or free Nluc for 30 min as above, washed with buffer to remove unbound nanoparticles or enzyme,
then incubated for the indicated times. Cells were then rinsed again, treated with the Nano-Glo substrate + buffer, and luminescence was quantified
(4 = 460 nm) 10 min later. Data in (b) and (c) represent mean + SD of n = 6 replicates, and statistical significance was calculated using two-way

ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ***#p < 0.0001; n.s., not significant).

could be retained by cells and still maintain their function
under standard cell culture conditions. For these studies, the
oxidation-induced trapping chemistry (Nluc@Ox-pSiNPs) was
used. Human cervical carcinoma (Hela) cells were treated with
either Nluc@Ox-pSiNPs or free Nluc at the same effective
concentration of Nluc for 30 min, and their cellular retention
and enzymatic activity were assessed using both confocal
microscopy of fixed cells and on live cells monitored over a 24-
h period using a microplate format. After incubation, the cells
were rinsed with fresh buffer to remove excess free enzyme or
nanoparticle construct from the media. The microscope images
confirmed that after a 30 min incubation period both Nluc@
Ox-pSiNPs and free Nluc are retained by the cells. The
characteristic blue chemiluminescence from the enzyme
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reaction on its substrate was observed from the cells in either
case (Figure Sa). However, the intensity of chemiluminescence
was significantly lower for the free enzyme compared to that of
the Nluc@Ox-pSiNPs (Figure Sb).

Cells treated with the enzyme-loaded nanoparticles also
retained the enzyme and its activity for a substantially longer
period of time compared with that of the free Nluc enzyme,
indicating that the HeLa cells retained substantially greater
quantities of the enzyme when it was delivered in the
nanoparticle carrier. For this purpose, the cells were first
treated with Nano-Glo Luciferase assay buffer containing
detergents to induce cell lysis prior to the enzyme activity
assay. This was done to ensure similar access of the furimazine
substrate to either the nanoparticle-bound or free forms of the
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enzyme; for example, if the Nluc@Ox-pSiNPs had been
internalized, while free Nluc was retained at the surface of the
cellular membrane, the intensity of chemiluminescence might
have been affected by the rate of cellular internalization of the
furimazine substrate. The luminescence generated from Nluc@
Ox-pSiNPs was substantial after 24 h of incubation with the
cells, whereas the luminescence generated from the group
treated with free Nluc was not significantly above the noise
level at this time point (Figure Sc). These data demonstrate
that the pSiNP cage retained the function of the encapsulated
enzyme under the cellular incubation and assay conditions, and
it also suggests that the nanoparticles facilitated intracellular
uptake of Nluc. The present study did not evaluate uptake
pathways or the mechanism(s) of cellular retention of the
nanoparticles, though it is likely the Nluc@Ox-pSiNPs entered
into cells via an endocytic pathway.”” Further studies are
needed to determine if the nanocages can mitigate the
hydrolytic and proteolytic degradation processes associated
with endocytosis.

B CONCLUSIONS

Encapsulation of the enzyme nanoluciferase within mesopo-
rous silicon nanoparticle cages was achieved by using
oxidation-induced trapping (Ox-pSiNP) and calcium silicate
condensation (Ca-pSiNP) chemistries. The enzyme retained
its biological function, and it exhibited an ability to turn over
substrate while still confined within either nanoparticle host.
Activity of the enzyme entrapped in the two formulations was
lower than for controls involving the free enzyme or the
enzyme simply bound electrostatically to the porous silicon
nanoparticle surface rather than trapped within a nanoparticle
cage. The activity of the immobilized enzyme correlated with
the open pore size and, by inference, the accessibility of the
substrate to the enzyme trapped within the nanoparticle cages.
Due to lower substrate turnover rates, the enzyme trapped in
Ox-pSiNP and Ca-pSiNP cages also showed prolonged
chemiluminescence emission relative to the free enzyme. The
two trapping chemistries appeared to behave as encapsulants
that secured the enzyme within the host with minimal leakage
compared to the electrostatically bound control, which readily
leached the enzyme from the nanoparticle host. These trapping
chemistries also imparted stability to the enzyme when
exposed to elevated temperatures or to organic solvents, with
the oxidation-induced encapsulation chemistry (Ox-pSiNP)
showing higher catalytic activity, which was attributed to its
slightly more open and accessible mesoporous nanostructure.
Both of these caged nanoparticles imparted substantial
protection against thermal denaturation compared to the free
enzyme or to a surface-bound enzyme control. Finally, the
suitability of the enzyme-cage nanostructure as a cellular
reporter was evaluated. The Nluc-loaded Ox-pSiNP formula-
tion was found to be retained by HeLa human cervical
carcinoma cells, and its catalyzed chemiluminescence property
was preserved through both live incubation and fixing
conditions. This work provides a blueprint for the design of
porous nanoparticles that can act as host materials for
immobilized guest biologics, which could expand their utility
in catalysis, in enzymatic sensing or in cellular reporter
systems.

B EXPERIMENTAL SECTION

Materials. Single-crystal highly doped p-type (B-doped) silicon
wafers of resistivity 0.8—1 mQ-cm, polished on the (100) face, were

10254

purchased from Siltronix Corp. Calcium Chloride (CaCl,) was
purchased from Sigma-Aldrich. 3-Aminopropyldimethylethoxysilane
(APDMES) was purchased from Gelest, Inc. Nano-Glo luciferase
assay substrate and inhibitor (Cat #: N1110 and N2162) were
purchased from Promega, USA. Other chemicals or reagents used
were of analytic grade and used without further purification. HeLa
cells and EMEM (Eagle’s Minimum Essential Medium) were
obtained from ATCC (www.atcc.org). Fetal bovine serum was
purchased from MilliporeSigma. L-Glutamine, Penicillin—Streptomy-
cin, and Opti-MEM, Nunc Lab-Tek II Chamber Slide System,
CellMask Plasma Membrane Stains, NucRed Live 647 ReadyProbes
Reagent, and ProLong Diamond Antifade Mountant were purchased
from ThermoFisher Scientific.

Preparation of pSiNPs. The pSiNPs with an approximate
diameter of 200 nm were prepared using an electrochemical
perforation etching method described previously.” Briefly, a single-
crystal Si wafer was diced into a square of approximately S cm X S cm
and mounted in a Teflon etching cell. The O-ring seal of the cell
exposed 9.6 cm’ of the Si surface to electrolyte. The chip was
contacted on the backside with aluminum foil, and the wafer was
electrochemically anodized using a platinum coil counter-electrode in
an electrolyte consisting of 3:1 (v:v) 48% aqueous hydrofluoric acid
(HF):ethanol (CAUTION: HF is highly toxic and can cause severe
burns on contact with the skin or eyes). Prior to preparation of the
porous layers, the chip was cleaned using a “sacrificial etch” which
consisted of etching a thin porous Si layer into the chip (50 mA-cm™
applied for 60 s) in the above electrolyte, removing the electrolyte,
rinsing the cell with ethanol, and then dissolving this layer in a strong
base (2 M aqueous KOH). The perforation etch was performed by
applying a current density of S0 mA-cm™ for 4.18 s followed by 335
mA-cm™? for 0.363 s. This waveform was repeated for 150 cycles,
generating a porous Si film with alternating layers of high and low
porosity. The resulting porous silicon layer was rinsed with ethanol
several times and then lifted off the substrate by application of a
current density of 4 mA-cm™ for 250 s in an electrolyte consisting of
1:20 (v:v) 48% aqueous HF:ethanol. The etching cell containing the
free-standing porous Si film was then thoroughly rinsed with ethanol
and collected in a glass vial before further use. For a typical
nanoparticle preparation, four free-standing porous Si films were
combined in a glass vial with 10 mL of deionized water and
ultrasonicated for 18 h. The brown suspension collected after the
ultrasonication was centrifuged at 15,000 rpm for 10 min, and the
pellets were collected and the supernatant was decanted. The pellets
were then rinsed by successive centrifugation and resuspension in
ethanol for three times to remove the smaller size fraction of particles.
Next, the particles were centrifuged at 2000 rpm for 3 min and the
supernatant was collected to remove the large particles. The
suspension was stored in ethanol at room temperature until further
use. To determine the nanoparticle concentration in these
suspensions, 500 uL fractions of the particle suspension were
centrifuged at 15,000 rpm and the supernatants were decanted,
followed by drying the pellets under vacuum. Eppendorf tubes were
weighed before adding the solution and after the vacuum-dry process,
and the nanoparticle mass was determined from the weight difference.
This procedure typically yielded 0.6 mg of pSiNPs.

Nanoluciferase (Nluc) Loading via Amine Electrostatic
Adsorption. 0.6 mg amount of pSiNPs was first suspended in a
1% (v/v) solution of 3-aminopropyldimethylethoxysilane (APDMES)
in ethanol and agitated on a vortex mixer for 2 h at room temperature
to graft terminal amines on the nanoparticle surface. Following the
reaction, the aminated nanoparticles were rinsed by successive
centrifugation and redispersion in ethanol three times. For Nluc
loading, 0.6 mg aminated pSiNPs were suspended in 1 mL Nluc
solution (120 pg-mL™" in deionized water) and agitated on a rotating
mixer at 4 °C for 2 h. The Nluc-loaded pSiNPs were then pelletized
by centrifugation for 10 min at 15,000 rpm, washed 2X with DI water
by successive redispersion/centrifugation for 10 min at 15,000 rpm
steps, and the loading and washing solutions were collected for
quantification of encapsulation efficiency (EE%). Nluc EE% was
calculated from the initial and final concentrations of the loading and
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washing solutions (n = 3) determined from the UV absorbance at 280
nm. The final nanoparticles were pelletized by centrifugation and
removal of the buffer solution, and they were stored for up to 2 days
at 4 °C prior to testing.

Nanoluciferase (Nluc) Loading via Oxidation-Induced
Encapsulation. The method was adapted from a published
route.”> 0.6 mg of as-etched pSiNPs were suspended in 1 mL Nluc
solution (60 ug-mL™" in 1X phosphate-buffered saline, pH = 7.4) and
agitated on a rotating mixer at 4 °C for ~18 h. The Nluc-loaded
pSiNPs were then centrifuged for 10 min at 15,000 rpm, washed 2X
with PBS by successive centrifugation for 10 min at 15,000 rpm and
redispersion, and the loading and washing solutions were collected for
quantification of encapsulation efficiency (EE%). Nluc EE% was
calculated from the initial and final concentrations of the loading and
washing solutions (n = 3) determined from the UV absorbance at 280
nm. The final nanoparticles were pelletized by centrifugation and
removal of the buffer solution, and they were stored for up to 2 days
at 4 °C prior to testing.

Nanoluciferase (Nluc) Loading via Calcium Silicate-Induced
Encapsulation. A stock solution of 2 M calcium chloride (CaCl,)
was prepared in RNase-free water. The solution was centrifuged to
remove any precipitates. For Nluc loading, Nluc was resuspended in
RNase-free water at a concentration of 120 yg-mL™" and 500 uL of
Nluc solution was mixed with 0.6 mg of pSiNPs. This solution was
then mixed with 500 uL of 2 M CaCl, solution, giving a final
concentration of 60 pg-mL™" Nluc, 0.6 mg:-mL™" pSiNPs, and 1 M
CaCl, in 1 mL of RNase-free water. The solution was agitated on a
rotating mixer at 4 °C for 1 h. The Nluc-loaded pSiNPs were then
centrifuged for 10 min at 15,000 rpm, washed 2X with PBS by
successive centrifugation for 10 min at 15,000 rpm and redispersion,
and the loading and washing solutions were collected for
quantification of encapsulation efficiency (EE%). Nluc EE% was
calculated from the initial and final concentrations of the loading and
washing solution (n = 3) determined from the UV absorbance at 280
nm. The final nanoparticles were pelletized by centrifugation and
removal of the buffer solution, and they were stored for up to 2 days
at 4 °C prior to testing.

Materials Characterization. TEM images were obtained with a
JEOL-5 1200 EX II 120 kV instrument. Hydrodynamic size and zeta
potential were measured by dynamic light scattering (DLS) using a
Zetasizer ZS90 instrument (Malvern Instruments). Nitrogen
adsorption—desorption isotherms were obtained on dry particles at
a temperature of 77 K with a Micromeritics ASAP 202 instrument.
UV absorbance measurements to quantify protein concentrations
were performed on a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific).

Evaluation of Catalytic Performance of Nluc and Nluc@
pSiNP Constructs by Nano-Glo Assay. A 96-well plate reader
(SpectraMax iDS plate reader, Molecular Devices) was used to
monitor enzyme activity through the generation of luminescence
(quantified as RLU, or Relative Luminescence Units), measured at a
wavelength of 460 nm, immediately after the addition of samples to a
Nano-Glo substrate solution. Nano-Glo substrates (1:49 v:v dilution
in Nano-Glo buffer, S0 uL) were loaded into the wells of the 96-well
plate, and then free Nluc or Nluc-loaded pSiNPs (S0 L in PBS) were
added to the substrate solution using a multichannel pipet to achieve a
final enzyme concentration of ~7.5 nM. For each sample, three
replicates were measured in three separate wells in parallel. The final
data were analyzed in triplicate from three independent batches.

Confocal Imaging of Cell Internalization of Nluc@Ox-
pSiNPs and Nluc. Hela cells were obtained from the American
Type Culture Collection (ATCC), cultured in EMEM supplemented
with 10% FBS, 5% L-Glutamine, and 5% penicillin—streptomycin, and
maintained at 37 °C in a 5% CO, atmosphere. In a typical experiment,
the cells were plated in an 8-well Nunc-Lab Tek chamber at a density
of 10° cells per well and allowed to adhere overnight. The cells were
then treated with Nluc@Ox-pSiNPs or free Nluc at the same effective
concentration of Nluc (3 yg/mL) in Opti-MEM at 37 °C for 30 min,
and then the wells were rinsed three times with 1X PBS. The cells
were then fixed with 4% formaldehyde for 5 min. Cell membranes and
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nuclei were stained with Cell Mask Plasma Membrane stain and
NucRed Live 647 Ready Probes, respectively. Following the staining,
Nano-Glo substrate was added to generate the luminescence from
Nluc@Ox-pSiNPs and Nluc. A coverslip was mounted using Prolong
Diamond Antifade Mountant, and the imaging was performed using a
Leica SPE confocal microscope. Note that the chemiluminescent
signal from the NanoLuc was obtained by reducing the laser power to
zero and capturing the image with a 450 nm band-pass filter using the
same confocal microscope.

Enzyme Activity of Nluc@Ox-pSiNPs and Nluc after
Internalization by Cells. Hela cells were plated in clear, flat-
bottom 96-well plates at a density of 4 X 10* cells per well. After 24 h,
the cells were treated with Nluc@Ox-pSiNPs or free Nluc in Opti-
MEM media, using the same effective concentration of Nluc (3 ug/
mL) for 30 min at 37 °C and washed with 1X PBS three times to
remove excess particles or free enzyme. The cells were then incubated
in EMEM supplemented with 10% FBS, 5% L-Glutamine, and 5%
penicillin—streptomycin at 37 °C in a $% CO, atmosphere for the
relevant time period (between 0.5 and 24 h), at which point they were
assayed in luminescence mode on the plate reader. For each set of
cells being assayed at a given time point, the wells were first washed
one time with PBS, then 100 yL of Nano-Glo substrate in Nano-Glo
buffer (1:200 v:v dilution) was added to lyse the cells and initiate
chemiluminescence. The samples were then incubated at 37 °C for 10
min and the luminescence intensity was quantified at a wavelength of
460 nm.
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