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ABSTRACT Influenza A viruses (IAVs) cause recurrent epidemics in humans, with
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serious threat of lethal worldwide pandemics. The occurrence of antiviral-resistant virus = /;ﬁ)
strains and the emergence of highly pathogenic influenza viruses have triggered an - {
urgent need to develop new anti-IAV treatments. One compound found to inhibit 1AV, ¢ /ILW
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and other virus infections, is saliphenylhalamide (SaliPhe). SaliPhe targets host
vacuolar-ATPase and inhibits acidification of endosomes, a process needed for
productive virus infection. The major obstacle for the further development of SaliPhe
as antiviral drug has been its poor solubility. Here, we investigated the possibility to
increase SaliPhe solubility by loading the compound in thermally hydrocarbonized |7
porous silicon (THCPSi) nanoparticles. SaliPhe-loaded nanoparticles were further
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investigated for the ability to inhibit influenza A infection in human retinal pigment
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epithelium and Madin-Darby canine kidney cells, and we show that upon release from THCPS, SaliPhe inhibited IAV infection in vitro and reduced the

amount of progeny virus in IAV-infected cells. Overall, the PSi-based nanosystem exhibited increased dissolution of the investigated anti-IAV drug SaliPhe

and displayed excellent in vitro stability, low cytotoxicity, and remarkable reduction of viral load in the absence of organic solvents. This proof-of-principle

study indicates that PSi nanoparticles could be used for efficient delivery of antivirals to infected cells.
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of respiratory infections that are associated

with significant morbidity and mortality
and high economic costs. For example, in
the US. it is estimated that the cost to the
economy of seasonal influenza epidemics is in
the range of $71—167 billion." Mutations and
reassortment of genomic segments between
strains and subtypes enable new viruses to
emerge by acquiring new properties includ-
ing the development of resistance to existing
virus-targeted antiviral drugs.

Human influenza A viruses (IAVs) invade
the respiratory tract causing acute respira-
tory infections, with occasional ocular infec-
tion. The IAVs replicate in lung dendritic
cells, type Il pneumocytes, and alveolar
macrophages as well as in retinal epithelial

l nfluenza viruses cause annual epidemics
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cells>~> Vaccinations and antiviral thera-
peutics have not stopped the emergence
and rapid spread of seasonal H3N2,
pandemic H1N1, and potentially pandemic
H7N9 viruses, which represent a major
threat to public health. This has emphasized
the urgent need to develop efficient anti-
viral strategies.®” Due to their high muta-
tion rate, these viruses acquire resistance to
available virus-directed drugs. Small mol-
ecules that target host functions implicated
in virus infection could therefore be more
efficient against IAV infection.®

In order to ensure the efficient production
of viral particles, IAVs rely on the subver-
sion of cellular functions, e.g., endocytosis,
transcription, translation, and apoptosis®
Thus, the disruption of the cellular functions
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normally implicated in IAV infection represents an
attractive strategy to inhibit IAV infection, diminishing
the risk of developing viral resistance.® Recently, sev-
eral small molecules have been shown to display a
potent inhibitory effect on IAV infection and have
provided novel insights into IAV—host cell interaction.’
One of these compounds is saliphenylhalamide
(SaliPhe), a drug proved to be an effective anti-IAV
agent by inhibiting vacuolar ATPase (v-ATPase) activity
and preventing the acidification of endosomes,
thus arresting the IAVs in the endocytic compart-
ments.>>*1° SaliPhe inhibits infection of noncancerous
human cells with different IAV strains that are res-
istant to available antiviral drugs (oseltamivir and
amantadine). SaliPhe also increased survival rates of
mice infected with lethal doses of mouse-adapted IAV
strain.? Importantly, this small molecule also inhibited
infection with other viruses that represent a serious
threat to human health (e.g., influenza B, Bunyamwera
and Sindbis viruses).” However, SaliPhe has low water
solubility, and this has been a significant bottleneck
for the successful translation of this compound into
the clinic.?

The leveraging of nanotechnology-based carrier
systems for antiviral therapy can help surmount the
poor SaliPhe water solubility, reduce side-effects of
antiviral compounds, and increase drug bioavailabi-
lity."" In particular, porous silicon (PSi) is an excellent
nanoengineered material that encompasses several
advantageous properties for drug delivery and
imaging.”>~"” This material offers distinctive advan-
tages when compared with other materials such as its
top-down production method'® and easy surface mod-
ification for different purposes such as stabilization'®
and imaging.">?*?" In addition to its biocompatibi-
lity,>>** PSi materials have been found to increase
the dissolution of otherwise poorly water-soluble
drugs loaded within its mesopores.?>?* Furthermore,
water-soluble molecules and vulnerable molecules
such as peptides®>~#’and small interfering RNA?® have
also been successfully loaded in and released from PSi
particles. The PSi-based particles were also found to be
straightforwardly customizable to adapt to the harsh
conditions of the stomach and intestinal lumen,?°~3'
improving their cytocompatibility,>* or even to mod-
ulate plasma protein adsorption,*® which renders them
ideal vehicles for drug delivery purposes.

Here, we developed a method to obtain SaliPhe-
loaded thermally hydrocarbonized PSi (THCPSi) nano-
particles and assessed their potential to inhibit IAV
infection in vitro. The SaliPhe-loaded THCPSi nanopar-
ticles were thoroughly characterized and were found
to rescue the human retinal pigment epithelium (RPE)
and Madin-Darby canine kidney (MDCK) cells from viral
infection at noncytotoxic concentrations. Furthermore,
fluorescence microscopy showed that the SaliPhe-
loaded PSi nanoparticles inhibited viral infection by
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preventing the nuclear accumulation of viral ribonuc-
lear proteins. Importantly, the particles allowed the
delivery of SaliPhe in the absence of dimethyl sulfoxide
(DMSO), and they increased the drug dissolution rates
compared to the pure drug. To our knowledge, this is
the first demonstration of the potential of PSi nano-
particles to deliver anti-lAV drugs to IAV-infected cells
and to inhibit the infection.

RESULTS AND DISCUSSION

Preparation and Characterization of THCPSi Nanoparticles.
The PSi films were produced by electrochemical etching
of Si-wafers with HF and ethanol, and the nanoparticles
were prepared from the PSi films as described else-
where.?®* The THCPSi nanoparticles used in this study
had a Z-average diameter of 129 + 10 nm and a
polydispersity index (PDI) of 0.112, with a pore diameter
of 10.7 £ 0.3 nm, specific surface area of 210 & 15 m?/g,
and pore volume of 0.56 & 0.03 cm®/g. The measured
zeta (§)-potential of the THCPSi nanoparticles was
—43 mV. Figure 1a shows a transmission electron micro-
scope (TEM) picture of the THCPSi nanoparticles. These
nanoparticles show a spherical-round shape, with no
evidence of aggregates. In the dynamic light scattering
(DLS) measurements, the size distribution was found
to be narrow and the polydispersion of all nanoparticles
was below 0.2, indicating highly monodisperse nano-
particles (Figure 1b). The measured &-potential also
indicates a rather negatively charged surface, which
prevents aggregation and stabilizes the particles in
suspension.

The loading degree of SaliPhe in the mesopores
of THCPSi nanoparticles is mainly dependent on the
interactions of the drug compound and the PSi matrix.
At the appropriate pH, PSi spontaneously adsorbs
positively charged molecules3* SaliPhe was loaded
into the THCPSi nanoparticles using dichloromethane
and ethanol (see Materials and Methods section). The
loading degree of SaliPhe into THCPSi nanoparticles
was of 2.88 &+ 0.11 wt % determined by HPLC, which
can be attributed to the drug's high log P (6.63 + 0.63;
theoretical calculations using ACD/Laboratories Soft-
ware V11.02) and chemical structure (Figure 2). None-
theless, the loading degree was sufficient to attain a
therapeutic effect on the RPE and MDCK cells infected
with IAV as described below.

Enhanced SaliPhe Release Rate from THCPSi Nanoparticles.
After characterizing empty THCPSi nanoparticles and
SaliPhe-loaded THCPSi nanoparticles, the drug releas-
ing properties of the nanoparticles were investigated.
SaliPhe is a sparingly water-soluble compound (6.2 x
1077 mol/L in nonbuffered water, pH 6.9; theoretical
calculations using ACD/Laboratories Software V11.02),
which is one of the major problems for administering
this drug® At pH 7.4, it was observed that the
THCPSi nanoparticles released ca. 30% of the loaded
SaliPhe during the first 15 min, but afterward a less
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Figure 1. TEMimage of THCPSi nanoparticles (a) used in this study and their respective size distribution by DLS (b). Scale bar is

200 nm.

Figure 2. Chemical structure of SaliPhe.

pronounced, yet gradual release of the drug was
attained (Figure 3a). Conversely, the pure form of
SaliPhe could reach only approximately 5% dissolution
within the same time period and in the same condi-
tions as the SaliPhe-loaded THCPSi nanoparticles.
Furthermore, the SaliPhe release from the THCPSi
nanoparticles in Dulbecco's minimal essential medium
(DMEM), media used in cell experiments, showed a
similar profile to the SaliPhe alone, reaching around
11% of dissolution and the SaliPhe loaded inside the
THCPSi nanoparticles reaching around 40% (Figure 3b).
In addition, the total amount of SaliPhe released during
the course of the experiment was quantified at 24 and
48 h and was 45.8% and 47.4%, respectively, which
represents about 3.52 and 3.64 ug of SaliPhe per
267 ug of THCPSi nanoparticles, respectively. It has
been hypothesized that the increased dissolution rate
of drugs loaded inside the pores of PSi is due to
their confinement and inability to crystallize inside
the pores, leading to a lower Gibbs free energy state
of the drug (disordered) and subsequent increase
in drug dissolution behavior.>®> The dissolution of the
PSi matrix itself, which increases with time at alkaline
pH and a temperatures of 37 °C, can also be used as
an advantage for releasing the loaded drug>® The
continuous release of the drug in the amorphous state
from the THCPSi nanoparticles can lead not only to an
increase in the dissolution rate but also to a sustained
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release profile of compounds from the matrix®® that
could maintain the therapeutic levels of the compound
for a longer period of time, being potentially beneficial
for antiviral compounds to achieve a lasting effect
during the desired therapeutic window.

Cytotoxicity and Antiviral Efficacy of the SaliPhe-Loaded THCPSi
Nanoparticles. SaliPhe dissolved in DMSO, SaliPhe-loaded
THCPSi nanoparticles, and empty THCPSi nanoparticles
were assessed for their cytotoxicity and virus inhibition
properties in human RPE cells. Cells were either mock
infected or infected with IAV strain A/PR8-NS116-GFP
(PR8-GFP), which upon infection expresses GFP-protein
in fusion with viral nonstructural (NS1) protein. PR8-GFP-
infected RPE cells also die upon infection, and thus,
both cell viability and GFP fluorescence were measured
at 48 h postinfection (hpi). As shown in Figure 4, cells
infected with PR8-GFP and treated with increasing
concentrations of SaliPhe in DMSO showed a decrease
in the GFP fluorescence and an increase in cell viability,
indicating that SaliPhe in DMSO blocks the virus infec-
tion and rescues cells from virus-induced death. How-
ever, a remarkable decrease in the cell viability of
noninfected cells was observed, particularly at the high-
er doses of the drug, indicating that SaliPhe in DMSO
is cytotoxic (Figure 4a). As expected, in the absence of
any inhibitor, the empty THCPSi nanoparticles did not
promote a decrease in GFP fluorescence nor rescued
the infected cells. The empty particles, however, did not
show any cytotoxicity toward the RPE cells (Figure 4b).
Importantly, the SaliPhe-loaded THCPSi nanoparticles
substantially decreased the GFP fluorescence in the PR8-
GFP-infected cells and rescued them from virus-induced
cell death. Furthermore, the SaliPhe-loaded THCPSi nano-
particles induced only approximately 20% cytotoxicity
compared to approximately 80% with SaliPhe in DMSO,
with the highest concentration (5 M) of compound in
the PR8-GFP-infected cells (Figure 4c).

The SaliPhe dissolved in DMSO, SaliPhe-loaded
THCPSi nanoparticles, and empty THCPSi nanoparticles
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Figure 3. Dissolution profiles of SaliPhe alone (M) and SaliPhe-loaded THCPSi nanoparticles (®) in (a) buffer solution (pH 7.4)
at 37 °C and (b) DMEM (pH 7.4). Error bars represent mean + SD (n > 3).
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Figure 4. RPE cell viability and PR8-GFP virus inhibition by (a) SaliPhe dissolved in DMSO, (b) empty THCPSi nanoparticles, and
(c) SaliPhe-loaded THCPSi nanoparticles assessed in terms of GFP expression (fluorescence) and cell viability in mock infected
and PR8-GFP virus infected cells. Error bars represent mean =+ SD (n > 3). (d) Fluorescence and light microscopy images of
mock infected and PR8-GFP virus infected RPE cells treated with 1 xM SaliPhe-loaded THCPSi nanoparticles, SaliPhe in DMSO,

and empty THCPSi nanoparticles. Scale bars are 200 um.

were further assessed for cytotoxicity and virus inhibition
properties in a widely used cell model for IAV infection, in
MDCK cells. Cells were mock infected or infected with
PR8-GFP, and the cell viability and GFP fluorescence were
measured at 24 hpi. As shown in Figure 5, increasing
concentrations of SaliPhe in DMSO inhibited virus infec-
tion (a decrease in GFP fluorescence and an increase in
cell viability were observed), but as with RPE cells, SaliPhe
in DMSO was cytotoxic at concentrations above 0.5 uM
(Figure 5a). The empty THCPSi nanoparticles did not
rescue infected cells, and they did not show cytotoxicity,
not even at the highest concentration (Figure 5b).

BIMBO ET AL.

Importantly, the SaliPhe-loaded THCPSi nanoparticles
promoted cell viability and reduced GFP fluorescence
without eliciting cytotoxic response in concentrations up
to 1 uM. The cytotoxicity observed above 1 uM is most
likely due to the drug's inherent toxicity at high concen-
trations (Figure 5¢).

Due to the different sensitivity of the two cell lines
to IAV infection and their equal tolerance for the
THCPSi nanoparticles, the SaliPhe-loaded THCPSi nano-
particles promoted a more pronounced rescue of the
PR8-GFP infected MDCK (about 40% viability at 1 nM
to 95% viability at 0.5 uM) compared with RPE cells
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Figure 5. MDCK cell viability and PR8-GFP virus inhibition by (a) SaliPhe dissolved in DMSO, (b) empty THCPSi nanoparticles,
and (c) SaliPhe-loaded THCPSi nanoparticles assessed in terms of GFP expression (fluorescence) and cell viability in mock
infected and PR8-GFP virus infected cells. Error bars represent mean =+ SD (n > 3). (d) Fluorescence and light microscopy
images of mock infected and PR8-GFP infected MDCK cells and treated with 1 uM SaliPhe-loaded THCPSi nanoparticles,

SaliPhe dissolved in DMSO, and empty THCPSi nanoparticles. Scale bars are 200 um.
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Figure 6. Cellviability of mock infected (blue) or WSN-infected (red) MDCK cells treated with (a) SaliPhe dissolved in DMSO, (b)
empty THCPSi nanoparticles, and (c) SaliPhe-loaded THCPSi nanoparticles. Error bars represent mean + SD (n = 3).

(which had about 70% viability at 1 nM to 100% viability
at 0.02 uM) (Figures 4 and 5).

Overall, the therapeutic window for SaliPhe in MDCK
cells (if we consider viabilities over 50% and GFP expres-
sion below 10%) was between 370 and 1111 nM
for SaliPhe dissolved in DMSO and between 169 and
4581 nM for SaliPhe loaded in THCPSi nanoparticles. In
RPE cells, none of the concentrations tested of SaliPhe
dissolved in DMSO could achieve a reduction of GFP
fluorescence below 10%, whereas the SaliPhe loaded in
THCPSi nanoparticles could reduce the GFP fluores-
cence below 10% in concentrations ranging from
1579 to 4738 nM, while keeping the viability well above
50%. This wider therapeutic window is therefore an

BIMBO ET AL.

important feature that supports THCPSi nanoparticles
as excellent carriers for SaliPhe and is able to circum-
vent and control the inherent toxicity of the drug at
concentrations above 1 uM.

PR8-GFP virus encodes GFP protein fused to a NS1
protein, potentially affecting the virus—cell interac-
tions. Thereby the antiviral efficacy of SaliPhe-loaded
THCPSi nanoparticles was also tested for wild-type
IAV strain, A/WSN/33 (WSN), which encodes intact viral
proteins. MDCK cells were mock infected or infected
with WSN, and the cell viability was measured at 24 hpi.
Cells infected with WSN and treated with the SaliPhe
dissolved in DMSO showed recovery from infection at
concentrations up to 0.3 uM, with a subsequent steep
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Figure 7. Virus titers measured with a plaque assay. Representative plaque assays are shown for PR8-GFP-infected MDCK cells
24 hpi in the absence of inhibitor and in the presence of empty THCPSi nanoparticles, 1 «M SaliPhe dissolved in DMSO, and
1 uM SaliPhe loaded in THCPSi nanoparticles. The number of plaques (clear spots) observed in 10-fold dilutions represents the
amount of virus (i.e., virus titer) in a given dilution. PFU corresponds to plaque forming units.

decline in cell viability as the concentration of the drug
increased (Figure 6a). The empty THCPSi nanoparticles
did not show any cytotoxicity and did not affect the
virus infection (Figure 6b). With the SaliPhe-loaded
THCPSi nanoparticles, MDCK cells were rescued from
IAV infection with the onset of toxicity appearing at a
later concentration (Figure 6¢) than with the DMSO-
dissolved SaliPhe, for example, at 70% viability with
1 uM SaliPhe in DMSO vs 1.5 uM THCPSi-loaded SaliPhe.

Effect of SaliPhe-Loaded Nanoparticles on Viral Titers. In
addition to blockage of infection, it is important to
verify that the applied drug also decreases the viral
titers, i.e., affects the amount of progeny virions pro-
duced by infected cells. To verify that SaliPhe-loaded
THCPSi nanoparticles also reduce the virus titers, MDCK
cells were either mock infected or infected with PR8-
GFP virus, and the amount of newly produced viruses
was measured with a plaque assay. Figure 7 shows
the degree of inhibition mediated by empty THCPSi
nanoparticles, SaliPhe dissolved in DMSO, and SaliPhe-
loaded THCPSi nanoparticles. Treatment of PR8-GFP-
infected MDCK cells with SaliPhe, both in DMSO and
loaded into the THCPSi nanoparticles, resulted in sig-
nificant 2 log reduction in virus titers as compared
to controls (no inhibitor and empty nanoparticles).
This further confirmed the potential anti-IAV effect
of SaliPhe-loaded THCPSi nanoparticles as a possible
substitute system for SaliPhe dissolved in DMSO. Thus,
SaliPhe-loaded THCPSi nanoparticles are foreseen as
a promising platform to deliver antiviral compounds
and to reduce the viral load in the absence of highly
cytotoxic organic solvents.

BIMBO ET AL.

Immunofluorescence Analysis of the Infected and THCPSi
Nanoparticle-Treated Cells. Upon infection, IAV is taken up
in endosomes to the cells by endocytosis. Viral nucleo-
protein (NP) complexes are released from the acidified
endosomes and transported to the nucleus. Also newly
synthesized proteins forming RNPs accumulate into
the nucleus prior to the assembly of new virions.'® The
release of viral RNP complexes from the endosomes
is triggered by the low pH of the late endosomes.>">#
Therefore, an inhibition of the acidification of the
endosomes can prevent IAV entry.> The main mechan-
ism of SaliPhe for preventing IAV infection is thought
to be the blocking of v-ATPase activity,? inhibiting
acidification of endosomes, and, thus, arresting IAV
entry.

To visualize that SaliPhe-loaded THCPSi nanoparti-
cles block the IAV infection before nuclear accumula-
tion of RNPs, RPE cells were either mock infected
or infected with WSN, and the localization of viral
NP was visualized at 18 hpi with immunofluorescence.
In addition, to visualize the localization of the THCPSi
nanoparticles, the particles were tagged with a
fluorochrome, FITC. As shown in Figure 8, in RPE
cells infected with WSN and treated with empty THCPSi
nanoparticles (in green), the NPs (in red) accumulated
in the nuclei. In cells infected with WSN and treated
with SaliPhe-loaded THCPSi nanoparticles (0.5 uM),
the accumulation of viral NPs into nuclei was blocked.
In Figure 8 it is also apparent that some of the THCPSi
nanoparticles (in green) accumulated in the intra-
cellular compartments of the cells, most probably in
the endosomes. This internalization of the THCPSi can
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Figure 8. Fluorescence microscopy images of mock and WSN-infected RPE cells treated with 0.5 «M SaliPhe-loaded THCPSi
nanoparticles and empty THCPSi nanoparticles. The nuclei of the cells were stained with DAPI (blue), the THCPSi nanoparticles
were tagged with an FITC label (green), and the viral NP was detected with antibody (red). Scale bar is 20 um.

potentially explain the more pronounced anti-lIAV
effect (Figures 4 to 6), resulting from the ability
of SaliPhe to prevent the acidification of endosomes,
thus arresting the IAVs in the endocytic com-
partments.>>®° These results verify that SaliPhe loaded
in and released from THCPSi nanoparticles has the
same activity as SaliPhe dissolved in DMSO and is also
able to block IAV infection at the early steps of virus
life cycle.

CONCLUSION

One of the great public health challenges nowadays
is the potential emergence of highly pathogenic influ-
enza strains, such as avian H5N1 and H7N9, and new
pandemic strains, such as A/HIN1/pdm09. Due to the
inability or inadequacy of the current therapies to
prevent and cure IAV infections, alternative therapies
for IAV infection are required. However, the poor water
solubility and toxicity of potential antiviral drugs is a
big problem in drug development. Here, we overcame
this by loading water-insoluble SaliPhe into THCPSi

MATERIALS AND METHODS

Preparation of THCPSi Nanoparticles. Free-standing PSi multilayer
films were anodized using single-crystal Si wafers (100) of
p*-type with resistivity values of 0.01—0.02 Qcm. The anodization

BIMBO ET AL.

nanoparticles, which allowed steady release of SaliPhe
in inorganic solvents without any loss of activity or
change in the physicochemical properties of the com-
pound. Moreover, SaliPhe-loaded THCPSi nanoparticles
rescued cells from IAV infection at noncytotoxic con-
centrations. Interestingly, the therapeutic window was
wider in comparison with SaliPhe dissolved in DMSO.
Thereby the THCPSi nanoparticles are an excellent
carrier for SaliPhe and are able to circumvent and
control the inherent toxicity of the drug at concentra-
tions above 1 uM. Overall, SaliPhe-loaded THCPSi
nanoparticles exhibit low cytotoxicity and remarkable
reduction of viral titers in the absence of organic
solvents. This is the first proof-of-principle that shows
the potential of PSi nanoparticles to deliver SaliPhe to
cells and to inhibit IAV infection. Further optimization of
the delivery routes, such as inhalation or intravenous
injection, is currently envisioned, and further preclinical
evaluation is warranted for the development of PSi
nanosystems as a potential platform for the targeted
delivery of antiviral compounds in vivo.

was done using a 1:1 (v/v) hydrofluoric acid (HF, 38%)—ethanol
electrolyte. The multilayer structure was anodized using an
etching profile with alternating low and high current density
pulses.?®> The hydrocarbonization treatment to obtain surface
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stabilization consisted in exposing the particles to a 1:1 (v/v) flow
of N, and acetylene for 15 min at room temperature, followed
by 15 min at 500 °C, and then cooling to room temperature under
N, flush, as described previously.'**® Wet ball milling was used
to reduce the size of the hydrocarbonized PSi multilayer films,
while the surface oxidation was minimized by using 1-decene as
the milling liquid.>® The final size separation and exchange of the
suspension media were done by centrifugation.

Partide Characterization. The THCPSi nanoparticles were char-
acterized by conducting N, sorption measurements at 77 K
(Tristar 3000, Micromeritics Inc., GA, USA). The specific surface
area was calculated using the Brunauer—Emmett—Teller (BET)
theory, whereas the total pore volume was obtained from
the total adsorbed amount at a relative pressure p/py, = 0.97
(Figure S1). The average pore diameter was calculated using
the obtained surface area and pore volume, assuming the pores
to be cylindrical. In order to investigate the morphology of
the THCPSi nanoparticles, TEM images were taken from a TEM
(FEI Tecnai, F12, Philips Electron Optics, The Netherlands).
The samples for TEM were prepared by adding droplets of the
THCPSi nanoparticle suspensions on coated copper grids and
allowing them to dry for ca. 24 h prior to measurements. DLS for
size distribution and &-potential measurements were made on a
ZetaSizer Nano instrument (Malvern Ltd., UK) in ultrapure water.

Loading of THCPSi Nanoparticles with SaliPhe. SaliPhe was synthe-
sized as described elsewhere.’ A stock of 10 mM SaliPhe in 100%
DMSO was prepared and stored at —80 °C before use. SaliPhe
was loaded into the THCPSi nanoparticles by dissolving 2 mg of
the drug in 200 uL of dichloromethane and then adding 800 uL
of pure ethanol to the solution. The solution was incubated
at 40 °C at 200 mbar for 1 h. This is simply to concentrate
the SaliPhe in the solution for the loading and at the same time
prevent drug crystallization by using both low pressure and
temperature. The resulting solution was incubated with 1 mg of
THCPSi nanoparticles for 1 h under stirring for the loading.
Subsequently, the nanoparticles were centrifuged at 8000 rpm for
2 min, and the supernatant was discarded. In order to determine
the drug loading degree, a fraction of the SaliPhe-loaded THCPSi
nanoparticles (200 ug) was dispersed in 2 mL of absolute
ethanol for 2 h and then centrifuged at 13200 rpm for 5 min.
The supernatant was collected and analyzed using a Thermo
Separation Products (TSP) HPLC comprising a TSP degasser,
Spectra System P4000 pump, a Spectra System AS3000 auto-
sampler, a Spectra System UV6000LP, a UV/vis lamp, a Spectra
System 4000 diode array detector, and the software ChromQuest
4.2. The particles were then reincubated with absolute ethanol
for a further 24 and 48 h in order to quantify the residual SaliPhe
in the THCPSi nanoparticles. The loading degree of SaliPhe in
the THCPSi nanoparticles was determined by the mass ratio («g)
of compound per 100 xg of THCPSi nanoparticles.

In Vitro Drug Release Studies. In order to assess the drug release
from the THCPSi nanoparticles, 267 ug of SaliPhe-loaded THCPSi
nanoparticles or the equivalent amount of pure SaliPhe (around
7.69 ug of loaded SaliPhe) was dispersed in 4 mL of HEPES-
buffered saline or DMEM, pH 7.4, and shaken at 175 rev/min.
One milliliter aliquots were taken at 5, 10, 15, 30, 60, 90, 120, and
180 min and centrifuged at 13200 rpm for 2 min, and super-
natants were collected for the HPLC analysis as described
above. After each aliquot was taken, 1 mL of fresh medium
was added to replace the volume taken to keep the volume
constant. All assays were made in triplicate.

Cells and Viruses. MDCK cells were maintained in DMEM sup-
plemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
and 50 U/mL penicillin—streptomycin mix (PenStrep). Human
hTERT-immortalized retinal pigment epithelial cells were main-
tained in DMEM/Nutrient F-12 HAM (DMEM-F12) containing 2 mM
L-glutamine, 10% FBS, 50 U/mL PenStrep, and 0.348% NaHCOs. All
cells were grown at 37 °C and 5% CO,. The IAV strains A/WSN/33
(WSN; HIN1) and A/PR8-NS116-GFP (PR8-GFP; HIN1) were pro-
pagated in MDCK cells and monkey Vero-E6 cells, respectively.
Virus stocks were titrated by a plaque assay on MDCK cells.

In Vitro Virus Infections and Compound Efficacy Testing. The SaliPhe
efficacy testing was done in 96-well plates in RPE or MDCK cells.
Typically, 40000 cells were seeded in 100 uL of appropriate cell
growth medium and grown for 24 h. The growth medium was

changed to a virus growth medium (VGM) containing 0.2% bovine
serum albumin (BSA), 2 mM -glutamine, 50 U/mL PenStrep, and
1 ug/mL L-1-tosylamido-2-phenylethyl chloromethyl ketone tryp-
sin (TPCK)-trypsin in DMEM or DMEM-F12 with 0.348% NaHCOs.
SaliPhe dissolved in DMSO was added to the cells in 3-fold serial
dilutions at seven different concentrations starting from 10 uM.
THCPSi nanoparticles loaded with SaliPhe were added to the cells
with equivalent drug concentrations as the pure drug dissolved
in DMSO, taking into consideration the 2.88 wt % loading degree
of the drug in the THCPSi nanoparticles. The empty THCPSi
nanoparticles were added in equivalent amount to loaded THCPSi
nanoparticles. The cells were infected with viruses (PR8-GFP or
WSN) at a multiplicity of infection (MOI) of 3 or mock infected. The
cell viability was measured using the Cell TiterGlo assay (Promega).
Luminescence and GFP fluorescence were read with a PHERAstar
FS plate reader (BMG Labtech).

Virus Titration. The efficacy of the SaliPhe-loaded THCPSi nano-
particles was further validated using plaque assays. The cells were
treated with the SaliPhe dissolved in DMSO and with SaliPhe-
loaded THCPSi nanoparticles at noncytotoxic concentrations and
infected with PR8-GFP (MOI 0.1). Supernatants were collected at
24 hpi. The supernatants were 10-fold diluted in DMEM-based
VGM and added to MDCK cells on 6-well plates. After 1 h the cells
were overlaid with medium containing 1.2% Avicel, 0.2% BSA,
50 units/mL PenStrep, 2 mM L-glutamine, and 1 ug/mL TPCK-trypsin
in minimal essential medium and incubated for 2 days. The cells
were fixed with 4% paraformaldehyde in phosphate buffer solution
(PBS) and stained with 0.1% crystal violet in 1% methanol, 20% pure
ethanol, and 3.6% formaldehyde. Virus titers were determined
by calculating plaque forming units (PFU) (clear spots) for sample
dilutions and expressed as PFU/mL for the sample.

Immunofluorescence. RPE cells were grown on cover glasses in
6-well plates, treated with FITC-tagged THCPSi nanoparticles
or 0.5 uM SaliPhe-loaded FITC-tagged THCPSi nanoparticles,
and infected with WSN at MOI 3. At 18 hpi cells were fixed with
4% paraformaldehyde (in PBS) for 20 min at room temperature.
PBS with 1% BSA and 0.1% Triton X-100 was used for blocking
and permeabilization of the fixed cells and for dilution of anti-
bodies. Nucleoprotein of WSN virus was detected with rabbit
polyclonal antibody (1:1000, from llkka Julkunen, Finland);
the secondary antibody was Alexa Fluor 594 labeled goat anti-
rabbit IgG (H+L) (1:1000, Invitrogen). Nuclei were counter-
stained with DAPI. Images were captured with a Nikon 90i micro-
scope and processed with NIS Elements AR software.
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