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Abstract

The spread of Zika virus (ZIKV) infection across the USA and various countries in the last three
years will not only have a direct impact on the U.S. health care system but has caused international
concerns as well. The ultimate impact of ZIKV infection remains to be understood. Currently,
there are no therapeutic or vaccine options available to protect those infected by ZIKV. The drug
ivermectin (IVM) was found to be a viable agent for the prevention of transmission of ZIKV.
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Ivermectin is unstable in the presence of water and does not remain in adequate concentration in
the human bloodstream to be effective in treatment for ZIKV. Biodegradable nanoparticles would
aid in the delivery of ivermectin by providing a high enough concentration of drug and ensuring
the drug is gradually released to maintain an appropriate level in the body. The overall goal of this
study was to develop and optimize an orally administrable nanoformulation of VM which can
circulate in the blood for a long period for efficient delivery. To achieve the goal, we synthesized
and optimized a synthetic nanoformulation of VM for oral use which can cross the intestinal
epithelial barrier to enter the bloodstream. Our studies documented that when delivered with the
synthetic nanoparticle (NP), VM can be accumulated in the blood at a higher concentration and
preliminary studies highlighted that NP delivered IVM has the ability to target nonstructural 1
protein of ZIKV. For potential clinical relevance, long-term storable formulation of VM-
nanoparticle in dry powder state for inclusion in a capsule form and cryoprotectant containing
frozen forms revealed promising findings. Further, our preliminary /n vitro studies documented
that ivermectin crosses the placental barrier, thus making it unsafe for the pregnant ZIKV
population, whereas the ivermectin-loaded nanoparticle did not show any significant placental
barrier crossing, thus indicating its potential suitability for such population. We envision that this
work will fill a great unmet need by developing safer and more effective therapies for the
treatment of viral infections, including ZIKV.
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The rapid spread of ZIKV across the USA is anticipated to have a direct impact on the U.S.
health care system as it is known to cause microcephaly as well as a spectrum of neurologic
problems including seizures in newborn babies and Guillain—Barre syndrome in adults. The
ultimate scale and impact of ZIKV remain to be determined. It is likely that these severe
abnormalities recognized at birth only represent the tip of the iceberg. There is a great unmet
need to develop strategies to detect ZIKV early, but more critically, new treatment strategies
are urgently needed to prevent the further spread of ZIKV to protect newborn babies
exposed to the infection.2® The vaccine candidates of ZIKV are known to have adverse
effects in pregnant women, infants, and immunocompromised individuals.1? To address the
immediate need for therapy against ZIKV, a collection of Food and Drug Administration
(FDA)-approved antiviral drugs were tested for their ability to inhibit ZIKV. This work
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identified more than 20 agents that decreased ZIKV infection in HUH-7 cells. Among these
drug candidates, the most potent were ivermectin (IVM), mycophenolic acid (MPA), and
daptomycin. The ECsgq values for IVM were between 1 and 10 mM. Ivermectin, “the wonder
drug”, is a highly potent inhibitor of the Yellow Fever Virus.” We anticipated that
development and optimization of a new formulation of IVM, rather than MPA, which is
quite toxic, and daptomycin, due to its high cost and inconvenient IV formulation, can be
highly attractive for ZIKV infection. The concentration of VM at which inhibitory effects
on ZIKV infection can be achieved might cause toxic effects when applied to human
population. Further, the maximum plasma concentrations of VM in human after an injected
dose (ID) of 150 wg/kg is typically in the range of 9-75 ng/mL.1! The use of IVM in
nanodevices has been investigated by a few groups. Most of these technologies make use of
hybrid lipid and polyanhydride-based materials. These nanodevices were employed to study
the effect of ivermectin as an antiparasitic agent or against microfilaria and scabies.12-20
However, most of these nanomaterials lack detailed characterization, targeted delivery to a
specific site, or antiviral activity (Table S1). Additionally, there is low 1\VM loading in these
NPs which typically are large in size, limiting their translation to therapeutic use. We
anticipated that to control transmission of ZIKV, even higher doses of this drug are required.
Targeted nanoparticles (NPs) can differentially deliver drugs to the site of interest in the
body to improve the therapeutic index of drugs. Polymeric NPs of poly(lactide-co-
glycolide)-b-poly-ethylene glycol (PLGA-b6-PEG) block copolymers are especially
promising as drug delivery vehicles.21-24 The core-shell structure of polymeric NPs allows
them to encapsulate and carry poorly water-soluble drugs such as IVM, resulting in long
circulation half-life for the drug, release drugs at a sustained rate, and functionalization with
targeting ligands to modulate the delivery method to target specific regions. Here, we report
a controlled released targeted NP with the ability to supply slow therapeutic dose of IVM
over a prolonged period when administered via an oral route. Simplicity and patient
compliance make the oral route the preferred mode for delivery of most drugs. This is one of
the major reasons oral drug delivery will continue to dominate the pharmaceutical market
and will be a target for drug delivery research.

RESULTS AND DISCUSSION

Development of Orally Administrable Nanoparticle for Ivermectin Delivery.

We focused on biocompatible targeting strategies, FDA-approved polymer components, and
the use of an FDA-approved drug IVM to provide an efficient and safer therapeutic platform
for ZIKV. A number of factors need to be considered to design and optimize a
nanoformulation of ivermectin, which can be administered orally for Zika-infected patients:
(i) the efficacy will depend on the stability of the NP under acidic pH of the stomach, NP
capacity to show intestinal absorption, and ability of the NP to cross the intestinal epithelium
to reach the circulatory system and (ii) an NP needs to have an appropriate pharmacokinetic
(PK) profile that can result in a concentration of IVM in the circulation that is safe to the
individual while resulting in an effective therapeutic dose. Ideally, there should be a
sustained concentration of the drug for a prolonged period of time since repeated drug
administration over short time-windows to keep the plasma drug level at a therapeutic level
poses considerable challenges and is not practical in terms of patient compliance and
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comfort. An NP for IVM delivery should thus have the ability to release this drug in a
controlled fashion to fit the window of effectiveness over a prolonged period of time, thus
eliminating the need of repeated dosing, and for oral formulation, stability of the NP under
acidic pH requires that these NPs are engineered with acid-resistant chemical linkages.
Considering the above-mentioned criteria, an ideal NP system for oral delivery of IVM
needs to have pH stability, intestinal absorption, and epithelium crossing ability and should
also demonstrate high IVM loading capacity and controlled release of the drug. It is also
critical that orally delivered NP transports the payload efficiently from the intestine to the
bloodstream.2>-27 The neonatal Fc receptor (FCRn) mediates immunoglobulin G (IgG)
transport across the polarized epithelial barriers.28:2% FcRn is expressed at a level that is
closely similar to fetal expression in the apical region of epithelial cells in the small intestine
and diffuse throughout the colon in adulthood.3% FcRn binds to the Fc portion of IgG
following a pH-driven pathway; acidic pH of <6.5 promotes binding of Fc to FcRn, and
physiological pH of ~7.4 releases the Fc from the FcRn binding pocket (Figure 1A).31 A few
recent studies demonstrated that Fc-decorated nanovehicles show enhanced crossing of the
intestinal barrier into the bloodstream when administered orally.32 We hypothesized that
development of a biodegradable yet acidic pH-resistant NP can be constructed by
encapsulating IVM inside the core of NPs and decorating the surface with the Fc fragment
for oral administration. Thus, we devised a biodegradable PLGA polymer based platform
(Figure 1B). The linkers on the polymer are comparatively acid resistant to provide stability
to the NIPs under acidic conditions in the stomach when administered via an oral route
(Figure 1B). All monomers and polymers were characterized by spectroscopic and mass
spectrometry based techniques (Figures S1-S4). The polymers were also analyzed by gel
permeation chromatography (GPC), demonstrating purity and monodisperse distribution
(Figure 1C). First, we carried out encapsulation of IVM in the PLGA-6-PEG-Mal polymer.
For this study, we used 10, 20, 30, 40, and 50% feed of IVM with respect to the polymer.
The NPs were synthesized by a nanoprecipitation method (Figure 1D). The drug-loaded NPs
were characterized by dynamic light scattering (DLS) for size and surface charge (Figure
2A, Figures S5 and S6). The morphology of IVM-loaded NPs was determined by
transmission electron microscopy (TEM) confirming spherical, homogeneous particle
population (Figure S7). Concentrations of VM in the NPs were quantified using high-
performance liquid chromatography (HPLC). We observed an increase in the size of NT-
Mal-1VM-NP as the percent feed of IVM was increased (Figure 2A). As the IVM feed was
increased from 10% to 50%, the NP size increased from ~60 to 140 nm. The NPs gave a
very stable surface charge of nearly around —25.0 mV. The NPs with feed of 10% to 30%
showed PDI ~ 0.21, which suggested the formation of monodisperse particles. The 40% and
50% showed higher PDI of ~0.45 indicating formation of higher aggregates. These studies
established that the most well-defined and stable NPs can be achieved by IVM feed up to
30%.

Polyclonal IgG Fc fragments were covalently conjugated on top of the NT-Mal-NPs using
thiol-ene chemistry. 2-Iminothiolane (Traut’s reagent) was used to modify the NH, groups
of Fc fragments (FCNH>) to thiol groups (Fc-SH). Fc-SH was incubated with NPs for
conjugation overnight at 4 °C (Figure 1E). As a control, the NPs were allowed to react with
the precursor FCNH, fragment. The resultant NPs from this treatment showed similar size
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(~60 nm) and zeta potential (~—12 mV) as NT-Mal-NPs, indicating no attachment of Fc on
the NP surface. T-Fc-NPs were purified via centrifugation and characterized by DLS (Figure
2B and Figures S8 and S9). The Fc-SH-attached NPs showed increased diameter (~88 nm)
and more negative zeta potential (~—22 mV). This increase is due to the covalent attachment
of the Fc-SH on the NT-Mal-NPs. Determination of Fc conjugation efficiency by the
bicinchoninic acid assay (BCA assay) indicated high conjugation efficiency of ~60% for
empty NPs and ~40% for 20% IVM feed loaded NPs (Figure 2B).

Transport of T-Fc-IVM-NPs across an in Vitro Intestinal Epithelial Barrier Model.

Caco-2 cells express human FcRn and human b2-microglobulin. We carried out NP transport
ability across the Caco-2 monolayer by quantifying VM in the apical (AP) and basolateral
(BL) side media using HPLC (Figure 3A). Caco-2 cells were plated in a trans-well plate on
the apical side. On the basolateral side, 1 mL of media was added and the cells were grown
up to 9 days. Before the addition of NPs, the monolayer integrity was checked by measuring
the trans-epithelial resistance (TEER) indicating TEER values of >1000 Q/cm? on day 9
(Figure 3B, top). Media was replenished once every 2 days. On the ninth day, T-Fc-IVM-NP
or NT-OH-IVM-NP was added to the apical side of the barrier and incubated for 12 h. In this
study, NT-OH-NP constructed using PLGA-6-PEG-OH polymer was used as a nhontargeted
control since -Mal containing NPs can interact with biological thiols or other reactive
groups. Addition of NPs did not change the tight junction function of the epithelial barrier as
evident from intact TEER (Figure 3B, bottom) and the expression of tight junction protein
zonula occludens-1 (ZO-1) (Figure 3C). The media from apical and basolateral sites were
collected and stored at room temperature. The cells on the apical side were washed with
PBS, trypsinized, and centrifuged to have a pellet for NP quantification. The targeted T-Fc-
IVM-NPs were found at a much higher concentration in the basolateral side compared to the
nontargeted NT-OH-1VM-NPs (Figure 3D). To make sure that the we are quantifying the NP
but not the released IVM, we repeated this experiment by incorporating PLGA-coated
quantum dots into the T-Fc and NT-Mal NP by generating T-Fc-QD-NP and NT-Mal-QD-
NPs (Figure S10). Incorporation of QD allowed us to determine NP concentration in the
apical medium and basolateral media by more sensitive and quantitative inductively coupled
plasma mass spectrometry (ICP-MS) by analyzing cadmium. These data further confirmed
transport of the targeted NPs across the epithelial barrier (Figure S11). We also carried out
experiments where free 1gG Fc was added to block the FcRn receptors before adding the
NPs. Blocking of the receptors resulted reduced transcytosis of the T-Fc-1VM-NPs across
the barrier (Figure 3E).

In Vivo Distribution of T-Fc-NP after Oral Administration.

We used Balb/c Albino mice to understand the distribution properties of T-Fc-NP after oral
administration. NT-OH-NP was used as a nontargeted control. Animals were divided in three
groups, each group containing three animals. Group assignments were: group 1, saline;
group 2, NT-OH-QD-NP; and group 3, T-Fc-QD-NP. The animals in each group received
saline, targeted, or nontargeted NPs via oral gavage. The dose of NP was 50 mg/kg with
respect to total polymer. After 24 h, biodistribution was followed by performing ICP-MS on
digested organs and plasma. This study indicated that the targeted NPs were able to cross the
intestine barrier effectively and reach the bloodstream. After 24 h, ~65% of injected NP was
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distributed in the blood and ~24% was still distributed in different parts of intestine (Figure
4A). We observed some important differences in the biodistribution and absorption
efficiency of T-Fc-NP and NT-OH-NP. As demonstrated in Figure 4A, for the NT-OH-NPs, a
significantly small amount of NP was measured in the organs. By contrast, a large amount of
T-Fc-NP was measured in the major organs, indicating that these NPs entered the systemic
circulation after oral administration and reached several organs known to express FcRn.
These results indicated that the targeted NPs when administered orally would be able to
cross the intestinal barrier effectively and distribute in the blood to deliver ivermectin in the
blood to fight against ZIKA virus. Analyses of duodenum by immunostaining for FcRn and
QD from the NPs indicated that the presence of targeted-NPs in the duodenum at a much
higher concentration when compared to the nontargeted NPs (Figure 4C).

Comparison of Biodistribution of lvermectin and T-IVM-NP when Delivered Orally.

A comparison of biodistribution pattern of IVM with its nontargeted and targeted NP
constructs indicated that accumulation of IVM or NT-IVM-NP was not very significant in
duodenum, jejunum, ileum, colon, and blood after oral administration in normal female mice
(Figure 5A). When 1VVM was delivered using T-Fc-1VM-NP, a significant amount of this
drug was found in the intestinal tissue as well as in the blood, thus indicating that IVM is
able to cross the intestinal barrier into the blood when delivered with a targeted nanoparticle
via oral route (Figure 5A). The percentage 1VM accumulation for T-Fc-1IVM-NP was found
to be around 12%, 9%, 5%, 5%, and 60% in duodenum, jejunum, ileum, colon, and blood,
respectively (Figures 5A and S12) 24 h post administration via oral gavage. Analyses of the
intestinal tissue samples by Western Blot indicated significant expression of FcRn, thus
confirming that the targeted NPs utilize these receptors to get associated with the intestinal
tissue (Figure 5B). T-Fc-1VM-NPs did not have any effect on plasma proinflammatory
markers IL1-8, IL-6, and TNF-a, suggesting that these NPs do not induce immunogenicity
(Figure 5C). Further, no evident pathological changes such as inflammation, necrosis, or
cellular abnormalities were observed in H&E sections of the major organs such as brain,
heart, lung, liver, spleen, and kidney after treatment with T-Fc-1IVM-NPs (Figure 5D).
Analyses of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
from blood plasma from the NP-treated animals revealed that these targeted NPs do not
induce any liver toxicity (Figure S13).

In Vitro Properties of Nanoparticle-Delivered IVM.

We observed controlled release of IVM from the NPs for an extended period of time at pH
of 3, 5, 6.5, and 7.4 (Figures 6A and S14). At pH 6.5, the release of the drug followed
slightly faster kinetics. At pH 7.4, even after 24 h, only ~60% of IVM was released (Figure
6A). The IVM release was found to be faster at pH 3 and 5 (Figure S14). In order to mimic
the gastric conditions, the stability of T-Fc-1VM-NP was checked in simulated gastric fluid
(SGF). These data showed that the size, charge, and Fc levels did not show significant
change up to 7 days at room temperature and at 37 °C (Figure S15). We also studied the
effect of omeprazole, an acid pump inhibitor on size and charge of the NPs. Incubation with
this acid pump inhibitor did not bring any change in the size and charge of the NP (Figure
S16). These data indicated that the NPs are controlled release delivery vehicles and these
particles will be able to release IVM in the blood after oral administration crossing various
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pH environments, making this system suitable for ZIKA infection treatment. Cellular
toxicity of IVM was compared with ivermectin-loaded T-Fc-IVM-NP in Caco-2 cells by
studying several parameters of respiration, which included overall oxygen consumption rate
(OCR) by the cells, basal respiration, maximal respiration, and ATP production. We have
also used empty T-Fc-NP, NT-Mal-NP, and ivermectin-loaded nontargeted NT-Mal-1VM-NP
as controls. These studies indicated that at the same concentration, 1I\VM completely disrupts
cellular respiration, while ivermectin-loaded T-Fc-NPs do not show such toxicity (Figure
6B). These studies indicated that T-Fc-IVM-NP has the potential to cross the intestine
epithelial barrier to reach the blood to attack Zika virus, whereas free ivermectin might be
disrupting the barrier due to its toxicity on the epithelial cells at the barrier. The toxicity data
was further confirmed by performing conventional MTT assay. Comparison of 1C50 value of
T-Fc-1VM-NPs with that of ivermectin in Caco-2 cells indicated that nanoparticle-delivered
ivermectin has much less toxicity compared to free ivermectin (Figure S17).

T-Fc-IVM-NP Inhibits NS1 Expression.

ZIKV is a single-stranded RNA virus which encodes for three structural proteins (C, PrM or
M, and E) and seven nonstructural (NS) proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5).33 The NS1 protein is involved in viral replication, immune evasion, and
pathogenesis of the host cells.33 NS1 is also a major antigenic marker for viral infection and
is regarded as a potential therapeutic target for antiviral drug discovery.3* Earlier studies
have suggested that VM inhibits ZIKV infection.® We evaluated whether T-Fc-IVM-NP
inhibits the expression of NS1 protein. We expressed NS1 protein in HEK293T cells and
demonstrated that T-Fc-1VM-NP effectively inhibited NS1 expression, 0.08 relative to 1.05
for NS1 plasmid alone (Figure 7A). These results were further confirmed using
immunofluorescence (Figure 7B). Under the /n vitro settings using HEK293T cells, we did
not observe any significant differences between free ivermectin and when delivered with
targeted NP due the fact that HEK293T cells do not have significant FcRn expression
(Figure S18).

Temperature Dependent Stability of IVM-Loaded NPs.

Stability studies for a month showed that both NT-Mal-NP and NT-Mal-1VM-NP maintained
their size and zeta potential best when stored at 4 °C (Figure 8A,B). When stored at room
temperature, NT-Mal-NP became unstable (Figure 8A) after 20 days, NT-Mal-IVM-NP
remained stable at this temperature for a month (Figure 8B). The nanoparticles became
unstable within a few days when stored at 37 °C as evident from increase in size and
decrease in zeta potential (Figure 8A and B); however, the NPs containing IVM stayed in
well-defined form for a longer period compared to the NPs without IVM even at this
temperature.

Dry Formulation of IVM-Loaded NPs.

The IVM-loaded T-Fc-1VM-NPs must be made into powder form to be able to be packed
into a capsule and to serve as a viable oral delivery treatment option for ZIKV and for
clinical translation. Since study of dry formulation of T-Fc-1VM-NP can be extremely
expensive, we carried our formulation optimization studies using NT-Mal-IVM-NP. Our
studies involved freeze-drying the NPs in the presence of cryoprotectants to ensure their size
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and stability are maintained in powder form. Sucrose and trehalose were identified as
potential cryoprotectants. These optimization studies were carried out under different
conditions as discussed below.

Multiple Freeze—Thaw Cycle Testing.—The NP:cryoprotectant ratios were set as 1:0.1,
1:0.5, 1:1, and 1:2 as well as control samples with only NP (1:0). The size and zeta potential
of mixtures of NP and cryoprotectant were tested both after initial mixture and after one,
two, and three freeze—thaw cycles from —80 °C to room temperature. Each cycle lasted
approximately 1 h. The tests revealed that both sucrose and trehalose in ratios of 1:1 or 2:1
offered the best protection to NP size and zeta potential (Figure 8C), and so these two
concentrations of both cryoprotectants were chosen for the long-term storage of NPs at —80
°C.

Long-Term Storage of NPs at —80 °C.—Testing was conducted to identify the amount
of time for which the IVM-loaded NPs, with and without the presence of cryoprotectants,
could maintain size and zeta potential while being stored at —80 °C. Since the 1:1 and 1:2
ratios offered the best protection to NPs in previous testing, cryoprotectants and NPs were
mixed in 1:1 and 1:2 ratios (as well as control samples of NP alone) and stored at =80 °C.
The size and zeta potential values were recorded ranging from 1 to 180 days. It was found
that the NPs with cryoprotectants maintain size better, and overall, the cryoprotectants in
higher concentrations (1:2 NP/cryoprotectant ratio) were chosen for testing of the drying
process (Figure 8D). The IVM levels in the NPs were assessed using HPLC; it was found the
levels did not show significant change after 180 days of long-term storage.

Drying of NPs.—IVM-loaded NPs alone, as well as the NPs with cryoprotectants in the
1:2 ratios were freeze-dried at approximately =50 °C and 2 Pa and then reconstituted in
nanopure water and tested to see if size and zeta potential were maintained. After mixing
and gentle vortexing, size and zeta potential measurements were taken, and the NPs showed
signs of aggregation. After further attempts, the reconstitution of the nanoparticles freeze-
dried in presence of sucrose (1:2 ratio) resulted the best nanoparticles with slightly increased
size (Figure 8E). The HPLC data showed that the amount of loaded cargo exhibited slight
decrease after drying the NPs with cryoprotectants. Thus, these results indicated that NP/
cryoprotectant ratio of 1:1 and 1:2 ratios are the best for dry formulation. These NPs
maintained the size ~65 nm and a negative zeta potential. The long-term storage of NPs at
—80 °C revealed that the size and stability was initially maintained both for the NPs alone as
well as the NP with cryoprotectant. After around 4575 days, the NPs without the
cryoprotectants deviate from the other samples. The NPs with cryoprotectants continued to
stay stable, maintaining the diameter around 65-75 nm, and the NP without cryoprotectant
continued to aggregate and destabilize (Figure 8D). Morphological analyses by TEM of NT-
Mal-1VM-NPs with and without sucrose (1:2) after storage at —80 °C for 180 days indicated
that the NIPs without cryoprotectant do not maintain their integrity, and the NPs which were
stored with sucrose demonstrated spherical well-defined NPs (Figure S19). During the
drying process at =50 °C and 2 Pa, some NP aggregation occurred. The powdered form of
the NP alone or mixed with cryoprotectant was difficult to reconstitute in nanopure water.
The NPs mixed with sucrose in 1:2 ratio showed the closest size compared to the normal
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size of NT-Mal-1VM-NP (Figure 8E). The freeze-dried NT-MAL-IVM-NPs and the NP
which were stored at —80 °C for 180 days with trehalose demonstrated NS1 inhibition
(Figure 8F). Thus, it can be concluded that the 1'VM encapsulated in the NP platform is able
to retained its property after 6 months of freeze storage and freeze-dried (Figure 8F). We
believe that for creation of capsule form, these NPs need to be used in presence of trehalose.

Transport of IVM Loaded NPs across an in Vitro Placental Barrier.

In pregnant women, the mother and fetus are separated by the placental barrier. This barrier
is built from various types of cell layers which allow for diffusion of different substances
between the maternal and fetal circulatory systems. For this reason, the placental barrier is
known as the leakiest barrier allowing small molecules to pass through between the mother
and the fetus. This leaky nature of the placental barrier is a major reason for doctors’
reluctance towards prescribing medicines for diseases such as ZIKV infection to pregnant
patients. The placental barrier consists of three distinct layers of cells: syncytiotrophoblast,
placental fibroblast and Hofbauer cells, and fetal endothelial cells. Fc-Rn receptors are only
present on the syncytiotrophoblast cell layer. By building an /n vitro placental barrier, we
envisioned studying the fate of VM and IVM-loaded NPs. We carried out NP transport
ability across the placental carcinoma JEG-3 monolayer by quantifying IVM in the apical
and basolateral side media using HPLC. The JEG-3 cells were plated in a trans-well plate on
the apical side. On the basolateral side, media was added, and the cells were grown up to 9
days. Before the addition of IVM or NPs, the monolayer integrity was checked by measuring
the TEER indicating a value of >900 Q/cm? on day 9 (Figure 9A). Media was replenished
once every 2 days. On the ninth day, IVM, NT-OH-IVM-NP, or T-Fc-1VM-NP was added to
the apical side of the barrier and incubated for 12 h. The TEER values and tight junction
protein ZO-1 expression confirmed that the addition of the articles did not damage the
placental barrier (Figure 9A and 9C). It was found that IVM alone was able to cross the
membrane significantly compared to the T-Fc-IVM-NPs and the NT-OH-1VM-NPs (Figure
9B). Cellular toxicity of IVM was compared with T-Fc-1VM-NP in JEG-3 cells by studying
basal respiration, maximal respiration, ATP production, extra cellular acidification. These
studies indicated that at the same concentration, IVM completely disrupts cellular
respiration of the cells which form the placental barrier while when ivermectin is loaded into
T-Fc-NPs, it does not show such toxicity (Figure 9D).

CONCLUSIONS

We demonstrated that a synthetic nanoparticle can cross the intestinal epithelial barrier when
administered via oral route and distribute in the blood at a considerable concentration. As a
proof of concept, we used ivermectin as a payload for potential application in ZIKV therapy.
We further showed that the plasma concentration of ivermectin can be increased
significantly when delivered with this synthetic nanoparticle. Our preliminary studies
suggested that toxicity of IVM on epithelial cells can be lowered by entrapment inside the
polymeric NPs. Our data also highlighted that T-Fc-1VM-NP has the ability to reduce the
expression of NS1 protein and could be developed as a safe therapeutic against ZIKV or
other viral infections. Ivermectin-loaded NPs demonstrated stability over time, particularly
at 4 °C and even at room temperature. The NT-Mal-IVM-NP, when combined with
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cryoprotectant such as sucrose or trehalose in higher concentrations, showed maintenance of
both size and zeta potential across multiple freeze—thaw cycles and over several months at
—80 °C. The inability of T-Fc-NP to cross in vitro placental barrier indicated that this
delivery vehicle can potentially be optimized further for pregnant population. We envision
that this work will fill a great-unmet need of a synthetic NP that can be administered orally
for viral diseases.

EXPERIMENTAL METHODS
Cell Culture Methods.

Animals.

Human epithelial colorectal adenocarcinoma cells (Caco-2) cells were procured from ATCC.
These cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) along with 20%
fetal bovine serum (FBS). Transfectable derivative of human embryonic kidney 293
(HEK?293T) cells were procured from ATCC. These cells were grown in DMEM along with
10% FBS. Human placental choriocarcinoma (JEG-3) cells were procured from ATCC.
These cells were grown in DMEM along with 10% FBS. All cell cultures were maintained
in a humidified cell culture incubator at 37 °C and with 5% CO,.

Balb/c Albino female mice (4-8 weeks old) were purchased from Jackson Laboratory. All
animals were handled in accordance with “The Guide for the Care and Use of Laboratory
Animals” of the American Association for Accreditation of Laboratory Animal Care
(AAALAC), Animal Welfare Act (AWA), and other applicable federal and state guidelines.
All animal work presented here was approved by Institutional Animal Care and Use
Committee (IACUC) of University of Miami (UM) Miller School of Medicine. All housing,
surgical procedures, and experimental protocols were approved by the IACUC Committee of
UM. Animals had free access to chow diet and water during all experiments.

Synthesis of Mal-NHS.

6-Aminohexanoic acid (1 g, 7.62 mmol) and maleic anhydride (0.78 g, 80 mmol) were
dissolved in 7.5 mL of acetic acid. The reaction mixture was stirred for 1 h at room
temperature. The white color product was precipitated. The product was dispersed in toluene
and evaporated under high vacuum in order to remove the remaining acetic acid. Yield =
89%. The formed Mal-acid (0.8 g, 3.8 mmol) and A-hydroxysuccinimide (0.48 g, 4.1 mmol)
were dissolved in 5 mL of dry DMF. This reaction mixture was cooled to 0 °C along with
stirring. DCC (0.87 g, 4.1 mmol) was dissolved in DMF (2 mL) and added to the reaction
vessel. The mixture was then warmed to room temperature and stirred for 12 h. Afterward,
the precipitated DCU was filtered out and DMF was removed under high vacuum. The crude
product, Mal-NHS, was purified using column chromatography (3% methanol in CH,Cly).
Yield = 76%. Melting point = 63-68 °C. 1H NMR (CDCl3, 400 MHz): §6.69 [s, 2 H (CH =
CH)], 3.55 [t, 2 H (NCH5)], 2.83 [m, 2 H (CH,CHJ)], 2.60 [t, 2 H (CH,CO)], 1.79 [m, 2H
(CH,CH,)], 1.61 [m, 2H (CH,CH,)] ppm. 13C NMR (CDCl3, 100 MHz): §173.2, 170.7,
168.8, 133.2, 132.3, 30.4, and 30.2 pm.
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Synthesis of PLGA-b-PEG-NH>.

NH,-PEG-NH> (1.0 g, 0.5 mmol), PLGA-COOH (0.825 g, 0.16 mmol), and DMAP (0.022
g, 0.2 mmol) were dissolved in dry CH,Cl, (12 mL). This reaction mixture was cooled to 0
°C along with stirring. DCC (0.036 g, 0.17 mmol) was dissolved in CH,Cl, (1 mL) and
added dropwise to the reaction vessel. The mixture was then warmed to room temperature
and stirred overnight. Later on, precipitated DCU was filtered out and the resulting mixture
was poured in a 1:1 mixture of cold diethyl ether/methanol (50 mL) to isolate the block
copolymer. This precipitation step was repeated five times. The resulting solid was
centrifuged at 3034 g for 5 min, and the remaining solvent was removed. The resulting solid
was dried under high vacuum and stored. Yield = 51%. 1H NMR (CDCl3, 400 MHz): §5.21
[m, 1 H (OCHCH3C(0)], 4.82 [m, 2 H (OCH,C(0)], 3.64 [s, 1.7 H (OCH))], 1.58 [m, 3.2 H
(CH3CH)] ppm. 13C NMR (CDCl3, 100 MHz): §164.5, 161.6, 65.7, 64.2, 56.0, and 11.9
ppm. GPC Molecular weight: M, = 17,500 g/mol, PDI =1.12 in DMF.

Synthesis of PLGA-b-PEG-Mal.

PLGA-5-PEG-NH (0.5 g, 0.06 mmol) and MAL-NHS (0.04 g, 0.13 mmol) were dissolved
in 10 mL of dry CH,Cl, with stirring. Diisopropylethylamine (0.06 g, 0.13 mmol) was
added to the reaction mixture and the reaction mixture was stirred for 20 h. Afterward,
CH,Cl, was evaporated to 2 mL under vacuum and precipitated using 1:1 mixture of cold
diethyl ether and methanol three times. The precipitated solid product was dried and stored.
Yield: 72%. 1H NMR (CDCls, 400 MHz): 66.45 [s, 2 H (CH = CH)], 5.23 [m, 1 H
(OCHCH3C(0)], 4.83 [m, 2 H (OCH,C(0)], 3.67 [s, 1.77 H (OCH))], 1.58 [m, 3.1 H
(CH3CH)] ppm. 13C NMR (CDCl3, 100 MHz): 6183.8, 169.2, 166.4, 70.5, 60.8, and 16.6
ppm. GPC Molecular weight: M, = 17,600 g/mol, PDI =1.12 in DMF.

Nanoparticle Formation.

A solution of PLGA-4-PEG-Mal or PLGA-5-PEG-OH?3® at a concentration of 5 mg mL™1
and ivermectin at a concentration of 1 mg mL~1 were made in DMF. This solution was
added dropwise to 10 mL of nanopure water with constant stirring (900 rpm) at room
temperature and stirred for 2 h. The NPs were washed 3 times with nanopure water with
amicon ultra-centrifugation filtration membranes with a molecular weight cutoff of 100 kDa
(1825g, 4 °C). The formed NPs were suspended in water and stored at 4 °C. The NP size
(diameter, nm), PDI, and surface charge (zeta potential, mV) were obtained from three
independent measurements using dynamic light scattering technique. VM levels in NPs
were measured using HPLC and morphology of the NPs was assessed using TEM. NPs at a
concentration of 5 mg/mL with respect to the total polymer were diluted 100 times using
nanopure water. This NP solution (1 mL) was mixed with a 4% solution of uranyl acetate
solution (5 £) and vortexed. This solution was filtered with a 0.45-zm filter and ~20 gL
was dropped on the dark side of a copper grid and allowed to dry for 24 h in a desiccator at
room temperature. TEM images were recorded using JEOL JEM-1400 instrument.
Polyclonal 1gG Fc fragments were covalently conjugated to the MAL-NPs using thiol-ene
chemistry. 2-Iminothiolane (4.5 i from a 5 mg mL™1 solution in 5 mM EDTA) was mixed
with 35 /1 of Fc fragment (2.48 mg mL™1) at 37 °C for 1 h. This mixture was added to the
NP solution (3 mg mL™1) and allowed to react at 4 °C for 1 h. The NPs were purified in a
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similar fashion as mentioned before and the change in diameter and zeta potential of the
nanoparticles was studied using DLS. The amount of Fc was quantified using BCA assay.

Release Kinetics of Ivermectin from NPs.

The release of ivermectin from the nanoparticles was evaluated using PBS of pH 7.4, 6.5,
5.0, and 3.0. Here, pH values were chosen to mimic the physiological conditions of colon,
which varies between 5.5 and 7.0, and blood (pH = 7.4). The nanoparticle solutions were
prepared by diluting four times with nanopure water. Then, 200 L of the diluted solution
was added to dialysis tubes (Thermo Scientific, MWCO = 10000). These dialysis tubes were
then submerged in respective buffer solutions and kept in the shaking incubator at 37 °C up
to 24 h. For the first 6 h, buffer was replenished with fresh buffer every hour and later on
changed every 12 h. The samples were collected at predetermined time points and dissolved
in acetonitrile and analyzed by HPLC for remaining 1\VM concentrations. HPLC studies
were carried out using an Agilent 1200 series instrument to quantify the amount of
ivermectin. The solution from each dialysis tube (20 1) was taken in acetonitrile containing
0.1% trifluoroacetic acid and was injected into HPLC. A Zorbax C18 column was used as a
solid phase and a 10:70:20 water:acetonitrile:methanol solution served as the mobile phase.
The wavelength of detection used for these experiments was 268 nm. The ivermectin
concentration remaining in the samples was quantified by using ivermectin standards, and
these values were subtracted from the concentration of IVM that was initially added to the
dialysis tubes.

T-Fc-IVM-NP Stability in Simulated Gastric Fluid (SGF).

The NP solutions were prepared by diluting 10 times from original stock (5 mg/mL) with
SGF in centrifuge tubes. These tubes were then kept at room temperature or at 37 °C up to 7
days. The samples were collected at predetermined time points, and size and charge were
analyzed by DLS. Fc conjugation was analyzed by BCA assay.

NT-Mal-IVM-NP Stability in SGF with and without Omeprazole.

The nanoparticle solutions were prepared by diluting 10 times from original stock (5
mg/mL) with SGF in centrifuge tubes with or without omeprazole (100 g/mL), an acid
pump inhibitor. These tubes were then kept at room temperature for 24 h. Size and charge of
the NPs were analyzed by DLS every 6 h.

Cell Viability Assays.

The cytotoxicity of ivermectin, NT-OH-IVM-NP, or T-Fc-IVM-NP was tested in Caco-2
cells using the MTT assay. The cells were plated (3000 cells/well) in a 96-well plate and
allowed to grow overnight. The media was changed and increasing concentrations of each
test article was added. After 24 h, the media was aspirated and fresh media was added and
further incubated for an additional 48 h. After the given incubation time, 20 gL/well MTT
was added (5 mg/mL stock in PBS) and incubated for 5 h in order for MTT to be reduced to
purple formazan. The media was removed, and the cells were lysed with 100 L of DMSO.
In order to homogenize the formazan solution, the plates were subjected to 10 min of gentle
shaking and the absorbance was read at 550 nm with a background reading at 800 nm with a

ACS Nano. Author manuscript; available in PMC 2020 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Surnar et al.

Page 13

plate reader. Control values were set to 100% of cell viability. Cytotoxicity data (where
appropriate) was fitted to a sigmoidal curve and a three parameters logistic model used to
calculate the ICsg, which is the concentration of ivermectin causing 50% inhibition in
comparison to untreated controls. The mean ICsgq is the concentration of agent that reduces
cell growth by 50% under the experimental conditions and is the average from at least three
independent measurements that were reproducible and statistically significant. These
analyses were performed with GraphPad Prism.

Mitostress Assay.

Different parameters of mitochondrial respiration such as basal respiration, maximal
respiration, coupling efficiency, and spare respiratory capacity were investigated using
seahorse XF®96 Analyzer. One day prior to the assay, XF sensor cartridges were hydrated
using 200 4L of XF calibrant buffer and kept at 37 °C incubator without CO, overnight.
Caco-2 cells were plated at a density of 20000 cells per well in 80 L of DMEM media
(with 20% FBS) and the plate was kept 1 h at room temperature followed by incubation at
37 °C with 5% CO, for 3 h. Finally, 100 wL of fresh media was added to have total 180 zi
per well and incubated for 16 h. Later on, media was aspirated and various compounds (10
4M with respect to ivermectin) were added so that the final volume in each well was 180 /1.
These samples were incubated for additional 24 h. Before conducting the Mitostress assay,
Seahorse media (XF Assay Medium Modified DMEM) was reconstituted with glucose (1.8
mg/mL), sodium pyruvate (1%), and L-glutamine (1%) and adjusted for pH 7.4 by using 0.1
N HCI. The cells were washed thrice with freshly prepared seahorse medium and incubated
at 37 °C in a non-CO» incubator for 1 h. Meanwhile, cartridge ports were loaded with
various inhibitors. The stocks of oligomycin (10 t/M), FCCP (10 x4M), and antimycin-A/
rotenone mixture (10 4M each) were made in seahorse media. The port A was filled with 20
L of oligomycin, port B with 22 /1 of FCCP, and port C with 25 £ of antimycin A/
rotenone to have a final concentration of 1.0 tM in each well. The cartridge was calibrated
for pH and O,. After calibration, the plate under investigation was run where 3
measurements were recorded for basal OCR and after addition of each reagent. The media
was aspirated and 20 yL of RIPA buffer was added to each well and incubated for 10 min at
37 °C. Further BCA assay was performed to obtain protein normalized OCR values.

In Vitro Epithelial Barrier Experiment.

Caco-2 cells were plated in a 12-well trans-well plate with a density of 50000 cells/well on
the apical side in 500 L of DMEM (with 20% FBS) media. On the basal side, 1 mL of fresh
media was added and the cells were grown up to 9 days. Before the addition of compounds,
the integrity of the monolayer was monitored by TEER (transepithelial electrical resistance)
using Epithelial Volt-ohmmeter. Media was replenished every 2 days. On the ninth day, 2
g/mL of 1gG-Fc (Fc) fragment was added in order to find out the targeting ability of the Fc-
targeting nanoparticles. After 2 h, ivermectin, NT-OH-IVM-NP, and T-Fc-IVM-NP were
added to the cells with a concentration of 20 tg/mL, with respect to ivermectin, and were
incubated for 12 h. Apical and basal media were collected in Eppendorf tubes and dissolved
in 2 mL of acetonitrile. To spike the peak for ivermectin, 10 tg/mL of ivermectin was added
to the collected media. This mixture was sonicated for 20 min followed by centrifugation at
5,000 rpm for 10 min. From the precipitated debris, supernatant was gently collected.
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Meanwhile, Strata C18-T columns were activated by passing 1 mL of methanol and water
through the filter in sequence. The collected supernatant was passed through the activated
column in order to remove remaining debris and impurities. The column was washed with
1-2 mL of 5% methanol in order to remove remaining impurities. The ivermectin from the
column was collected in 2 mL of methanol and quantified using HPLC (wavelength = 268
nm at 21.01 min). In order to confirm the formation of the epithelial barrier by Caco-2 cells,
immunostaining of tight junction protein (ZO-1) was performed. On the ninth day, 2 ug/mL
of 1gG-Fc (Fc) fragment was added in order to find the targeting ability of the Fc targeting
nanoparticles. After 2 h, NT-OH-IVM-NP and T-Fc-1VM-NP were added in concentrations
of 20 tg/mL with respect to ivermectin and incubated for 12 h. The cells were washed with
PBS (1X) 3 times and fixed with 4% paraformaldehyde for 1 h at 37 °C. After performing 3
washings, the cells were permeabilized using 0.1% Triton-X100 for 10 min at 37 °C. The
cells were washed with 1X PBS 3 times and blocked with 1% goat serum in 1X PBS for 12
h. Cells were treated with the respective primary antibody (ZO-1 antibody, 40-2200) in 1%
goat serum containing 1X PBS for 12 h at 4 °C in a humidified chamber. After washing the
cells for three times with 1% goat serum containing 1X PBS, the secondary antibody (Alexa
488 conjugated antichicken antibody, ab150169, 1:2000 dilution) solution in 1% goat serum
containing 1X PBS was added and incubated for 1 h at room temperature in a humidified
chamber. The cells were washed with 1X PBS for 3 times and pearmeabilized using 0.1%
Triton-X100 for 10 min at 37 °C. Next, DAPI (1 mg/mL in 1X PBS) was added to the cells
and incubated for 10 min at room temperature. Cells were finally washed three more times
with 1% goat serum containing 1X PBS. The membrane was gently removed and kept on
glass slides and covered with coverslips using mounting solution (n-propy! gallate, Tris and
glycerol in nanopure water, pH = 8.0). Confocal images were recorded using an Olympus
FluoView FV3000 confocal microscope using 405/460 nm for DAPI and 488/510 nm for
Alexad88.

Biodistribution of QD-Loaded NPs.

Biodistribution properties of NT-OH-QD-NP and T-Fc-QD-NP along with a saline treatment
were determined in balb/c female mice weighing around ~22 g. Three mice per group (n =
3) were used in these studies. Before oral dosage, animals were kept for fasting for 8 h. The
dose of injection was 50 mg/kg with respect to NP via oral gavage. 100 1 of saline was
injected via oral gavage as control. After 24 h, around 300 gL of blood was collected in
heparinized tubes via cardiac puncture under anesthesia. After 24 h, animals were perfused
under anesthesia using 1X PBS for 10 min with a flow rate of 7 mL/min and the organs were
harvested. The collected blood samples were centrifuged to collect blood plasma. The
biodistribution was followed by performing ICP-MS on digested organs and plasma. Before
digestion, some portions of the intestine, including the duodenum, jejunum, ilium, and
colon, were stored at —80 °C to use for further studies. The organs were weighed and
digested in aquaregia (all organs were dissolved in 3 mL except the liver; the liver was
dissolved in 10 mL) and the amount of the QD was determined using ICP-MS. The
percentage of NP in the blood was calculated by taking into consideration that blood
constitutes 7% of body weight and plasma constitutes 55% of blood volume.
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To study T-Fc-QD-NP colocalization in the duodenum, the FcRn antibody was used. Slides
with tissue sections (5 um) were deparaffinized in xylenes followed by rehydration in graded
ethanol (100% to 10%). The duodenum sections were baked in 10 mM sodium citrate buffer
(Target Retrieval Solution, Citrate pH 6, Dako, USA) for 15 min for antigen retrieval using
Biocare decloaking chamber (# DC2012; Biocare Medicals, USA) and then maintained at a
sub-boiling temperature for 10 min. Blocking was done in 5% goat serum in phosphate
buffered saline-Tween 100 (PBST) for 1 h at room temperature. The primary antibody (Fc-
Rn, SC-393064) was applied at 4 °C in a humidified chamber for overnight incubation, with
final concentrations of 1:1000 in 1% PBST. After 5 washes of PBST, the secondary antibody
(Goat Antimouse; #ab ab6785) was applied for 1 h with a final concentration of 1:2000 in
1% goat serum in PBST. The coverslips were mounted on glass slides and covered with nail
polish. Confocal images were recorded using an Olympus FluoView FVV3000 confocal
microscope using 405/705 nm for QD and 488/510 nm for Alexa488.

Biodistribution of IVM-Loaded NPs.

We used female balb/c albino mice to understand the ivermectin and T-Fc-IVM-NPs
distribution and the toxicity after oral administration /in vivo. The NT-OH-1VM-NP was used
as a nontargeted control. The animals were divided into four groups, each group containing
three animals. The group assignments were as follows: group 1, saline; group 2, ivermectin;
group 3, NT-OH-1VM-NP; and group 4, T-Fc-1VM-NP. Before oral dosage, animals were
kept for fasting for 8 h. The animals in each group received saline treatment, ivermectin,
targeted NPs, or nontargeted NPs via oral gavage. The dose of nanoparticle was kept as 40
mg/kg with respect to ivermectin. After 24 h, ~300 zL of blood was collected in heparinized
tubes via cardiac puncture under anesthesia. Then, the animals were perfused under
anesthesia. The perfusion was carried out with 1X PBS for 10 min with a flow rate of 7 mL/
min. The collected blood was centrifuged to collect blood plasma. The collected organs were
weighed and homogenized using a dounce homogenizer and collected in 2 mL of
acetonitrile. To spike the ivermectin peak, 20 pg/mL of ivermectin was added to the crushed
tissues and to the blood plasma. This mixture was sonicated for 20 min followed by
centrifugation at 5000 rpm for 10 min. From the precipitated debris, supernatant was gently
collected. Meanwhile, Strata C18-T columns were activated by passing 1 mL of methanol
and water through the filter in sequence. The collected supernatant was passed through the
activated column in order to get rid of remaining debris and impurities. The column was
washed with 1-2 mL of 5% methanol in order to remove the impurities. The ivermectin from
the column was collected in 2 mL of methanol and quantified using HPLC (wavelength =
268 nm at 21.01 min). The percentage of ivermectin in the blood was calculated by taking
into consideration that blood constitutes 7% of body weight and plasma constitutes 55% of
blood volume.

Western Blot of Intestine Tissue.

The stored intestinal tissues from the above study were homogenized using dounce
homogenization and collected in RIPA buffer. The tissue suspension was kept in RIPA for 30
min on ice. The protein fractions were collected from these digested tissues by
centrifugation at 9000g for 20 min at 4 °C. The protein amounts in the tissues were
quantified using bicinchoninic acid (BCA) assay. A 60 wg portion of protein was used in
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each well along with 1X Laemmli sample buffer and the gel was run at 100 mV for 2 h at
room temperature. The resolved proteins were transferred onto a PVDF membrane at 50 mV
at 4 °C for 2 h. The membrane was blocked for 1 h at room temperature in blocking buffer
made with 5% skim milk powder in tris buffer saline-TWEEN (TBST, TRIS = 2.42 g and
NaCl=8.0g in 1 L of DI water at pH of 7.6; TWEEN20 = 1:1000 dilution). The membrane
was kept at 4 °C overnight for primary antibody solution in 5% skim milk solution (FcRn at
a concentration of 10 microgram/mL and B-actin, 1:1000 dilution) incubation. The next day,
the membrane was washed 5 times with TBST buffer and then incubated with respective
HRP-conjugated secondary antibodies (1:2000 dilution in 5% skim milk in TBST) at room
temperature for 1 h. The membrane was again washed 5 times with TBST buffer before
developing with ECL. The images were taken using a BioRad ChemiDoc imaging system.
The bands in the membrane were quantified using the ImageJ software.

Enzyme-Linked Immunosorbent Assay (ELISA) To Determine Immunogenic Effect.

The levels of pro-inflammatory cytokines IL-18, IL-6, and TNF-a in the obtained plasma
was determined using ELISA Kits for the respective cytokines following the manufacturer’s
protocol. Briefly, 100 g_/well of coating buffer with capture antibody was added to the 96-
well ELISA plate. After that, the plate was sealed and kept overnight at 4 °C. The buffer was
aspirated from the wells and each well was washed 3 times with 300 gL/well of wash buffer.
After the last wash, the plate was inverted and blotted on absorbent paper to remove any
residual buffer. Wells were blocked using 200 g /well of assay diluent and incubated at
room temperature for 1 h. The diluent was aspirated from the wells and the wells were
washed as mentioned above. Then, 100 /L of each standard in assay diluent, as well as the
samples (50 yL of plasma sample +50 gL of assay diluent), were added to the appropriate
wells. The plate was then sealed and incubated for 2 h at room temperature. The solutions
were then aspirated from the wells and they were washed five times as mentioned above.
100 gL of detection antibody (IL-1/, IL-6, and TNF-a) diluted in assay diluent was added to
each well, then the plate was sealed and incubated for 1 h at room temperature. Similar
washing steps were carried out five times. Then, 100 gL of enzyme reagent diluted in assay
diluent was added to each well. The plate was sealed and incubated at room temperature for
30 min. After the reagent was aspirated from wells, similar washing steps were carried out
seven times. Substrate solution (100 z1) was added to each well, and the plate was sealed
and incubated for 30 min at room temperature in the dark. After this, 50 4L of stop solution
was added to each well, and the absorbance was recorded at 450 nm.

Aspartate Aminotransferase (AST) Activity Assay.

The collected plasma was used to determine AST activity. All samples and standards were
studied in duplicates. AST levels in blood are commonly used as a marker for liver function.
The collected plasma samples were directly used to determine the AST levels. From each
sample, 50 yL of plasma was added to a 96-well plate. Along with this, 50 L glutamate
standards were also added, with concentrations of 0, 2, 4, 6, 8, and 10 nmol/well prepared in
AST assay buffer. To each well, 100 £ of master reaction mix (80 tL of AST Assay Buffer,
2 (L of AST Enzyme Mix, 8 L of AST Developer and 10 g4 of AST substrate) was added
and incubated for 5 min at 37 °C in the dark. Meanwhile, the plate reader was set for 37 °C
and kept ready to read the kinetics, with 5 min intervals, for 20 min. Absorbance at initial
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time, Tnitial, Was (Ass0)initial, 2nd at the end the final time point, Tinal, Was (Aaso)final- The
final absorbance should not exceed the highest standard (10 nmol/well) absorbance value. It
is essential that (Ass50)final IS in the linear range of the standard curve. The absorbance was
measured at 450 nm at the initial time.

Calculated the change in absorbance from Tijitial tO 7tinal fOr the samples.
AA450 = (Ags50)final — (Ag50)initial

The amount of generated glutamate using standard curve determined for above obtained
AAys0(B). The AST activity of a sample was determined by the following equation

AST activity (milliunit/mL) = B/reactiontime X V'

where B = amount (nmol) of glutamate generated between Tinitia and 7final

reactiontime (min) = T'fipal — Tinitial

where V= sample volume (mL) added to the well.

Alanine Aminotransferase Colorimetric Activity (ALT) Assay.

The collected plasma was used to determine ALT activity. Cayman’s ALT Assay Kit was
used to detect ALT activity in plasma. Measurement of the ALT activity is carried out by
monitoring the rate of NADH oxidation in a coupled reaction system employing lactate
dehydrogenase (LDH). The oxidation of NADH to NAD+ is accompanied by a decrease in
absorbance at 340 nm. Under circumstances in which the ALT activity is rate limiting, the
rate decrease is directly proportional to the ALT activity in the sample. This experiment was
carried out in 96-well plate provided by Cayman. First, 150 zi of substrate, 20 (L of
Cofactor, and 20 zL_ of sample were added to each well and incubated for at 37 °C for 15
min. The reaction was initiated by the addition of 20 yL of ALT initiator to all of the wells
with minimal time difference between addition to the wells. Absorbance was recorded
immediately at 340 nm once every minute for a period of 5 min.

The change in absorbance (AA340) per minute was determined by selecting two linear
points on the linear portion of the curve and calculated the change in absorbance using the
following equation.

AA/min = Az4q(time2) — A34q(time 1)/time2 (min) — time 1 (min)

ALT activity was determined using following formula = (AAzgg/min x 0.21 mL) x 4.11 mM
=1 x 0.02 mL. The reaction rate at 340 nm can be determined using the NADH extinction
coefficient of 4.11 mM™L, The hepatotoxicity was monitored by measuring the levels of
alanine aminotransferase (ALT) and (H) aspartate aminotransferase (AST) in the blood
plasma. Elevation in the levels of AST and ALT is an indication of the hepatotoxicity. As
seen from the data, the AST and ALT levels were not affected by treatment.
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H&E Staining.

Harvested organs (brain, liver, lungs, kidney, and spleen) were snap frozen. All organ tissues
were postfixed in 4% PFA for 48 h. Five um sections were obtained and stained with
hematoxylin (H) and eosin (E). The H&E stained sections were scanned and the images
were captured using the Olympus VS120 image analysis system (Olympus America Inc.,
Philadelphia, PA).

Bacterial Culture for Zika NS1 and Control Plasmid.

Bacterial agar plates (1.5%) containing 100 pg/mL ampicillin were prepared and streaked
with Flag-tagged Zika NS1 and control plasmid. Plates with NS1 and control plasmid were
incubated at 37 and 30 °C, respectively, for 16 h. A single colony from each plate was
inoculated in 5 mL of LB broth media containing 100 g/mL ampicillin for primary culture.
The culture was incubated at 37 °C in an incubator shaker for 16 h. A 1:100 dilution of
primary culture was used for secondary culture.

Plasmid Isolation Using Midiprep Kit.

NS1 Protein

NS1 and control plasmids were isolated using Qiagen Midiprep plasmid isolation Kit.
Bacterial culture grown overnight was harvested by centrifuging at 1900g for 20 min at 4
°C. The supernatant was discarded and the bacterial pellet was dissolved in 4 mL of buffer
P1 and mixed properly. To this, 4 mL of buffer P2 was mixed thoroughly by vigorously
inverting the tube four to six times and incubated at room temperature for 5 min. Finally, 4
mL of buffer P3 was mixed thoroughly by vigorously inverting the tube four to six times and
incubated on ice for 15 min. The tube was centrifuged at 1900g for 30 min at 4 °C. The
Qiagen midi column was equilibrated with 4 mL of buffer QBT and bacterial supernatant
was loaded onto the column, and the column was allowed to empty by gravity flow. The
plasmid was eluted from the column by using QF buffer. Isopropanol was used to precipitate
the plasmid. Finally, plasmid was dissolved in autoclaved water. Purity and quantification of
plasmid was checked using Nanodrop by measuring the absorbance ratio at 260/280 nm.

Expression in HEK293T Cells.

HEK?293T cells (0.3 x 10°) were seeded in six-well plate in 10% FBS-containing DMEM
medium and were incubated overnight. Cells were transfected with 2 yg of Flag-tagged Zika
NS1 plasmid (addgene no. 79641) and an empty vector using the transfection reagent
turbofectin (turbofectin: DNA-3:1) in Opti-MEM medium. After 6 h post-transfection,
medium was removed and replaced with fresh medium and incubated for additional 6 h.
Cells were treated with 10 M concentration of ivermectin, T-Fc-1VM-NP, and NT-OH-
IVM-NP for 6 h. Cells were lysed with RIPA buffer and the total cell lysate (60 £g) was
resolved on a 4-20% gradient gel. Proteins were transferred to PVDF membrane and probed
with Antiflag (1:1000) and B-actin (1:1000) antibody overnight at 4 °C. After 3 TBST
washings, the membrane was probed with HRP-conjugated antimouse secondary antibody
(1:2000) for 1 h at room temperature. The membrane was washed 5 times with TBST and
developed using SuperSignal west pico chemiluminescence substrate (Thermo Scientific).
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NS1 Protein Expression by Immunofluorescence.

HEK293T cells were plated on coverslip in 12-well plate with density of 20,000 cells/well in
1 mL of DMEM (with 10% FBS) media. Cells were transfected with 2 1g of Flag-tagged
Zika NS1 plasmid (addgene no. 79641) and an empty vector using transfection reagent
turbofectin (turbofectin: DNA-3:1) in 250 L of Opti-MEM medium. After 6 h post-
transfection, medium was removed and replaced with fresh medium and incubated for
additional 6 h. Cells were treated with ivermectin, T-Fc-1VM-NP, or NT-OH-IVM-NP at a
concentration of 10 M with respect to IVM for 6 h. The cells were washed with PBS (1x)
three times and fixed using 4% paraformaldehyde for 1 h at 37 °C. After performing three
washings, the cells were permeabilized using 0.1% Triton-X100 for 10 min at 37 °C. The
cells were washed with 1X PBS 3 times and blocked with 1% goat serum in 1X PBS at 4 °C
for 12 h at 4 °C. Cells were treated with the primary antibody (Antiflag (1:1000) in 1X PBS
containing 1% goat serum for 12 h at 4 °C in humidified chamber. After the cells were
washed three more times with 1% goat serum containing 1X PBS, the respective secondary
antibody (Alexa 488 conjugated antimouse antibody at 1:2000 dilution) solution in 1% goat
serum containing 1X PBS was added and incubated for 1 h at room temperature in a
humidified chamber. The cells were washed 3 times with 1X PBS and permeabilized using
0.1% Triton-X-100 for 10 min at 37 °C. Then, DAPI at a concentration of 1 mg/mL in 1X
PBS was added to the cells and incubated for 10 min at room temperature. Cells were finally
washed three more times with 1% goat serum containing 1X PBS. The membrane was
gently removed and kept on glass slides and covered with coverslips using mounting
solution (n-propyl gallate, Tris, and glycerol in nanopure water, pH = 8.0). Confocal images
were recorded using an Olympus FluoView FV3000 confocal microscope using 405/460 nm
for DAPI and 488/510 nm for Alexa488.

Temperature-Dependent Stability.

NPs were prepared for the temperature-dependent stability testing using 5 mg/mL PLGA-
PEG-Mal alone (for Mal-NP) or using 5 mg/mL PLGA-PEG-Mal polymer and 1 mg/mL
ivermectin (for Mal-1VM-NP). The solutions were mixed and made with a total volume of 1
mL and added slowly and dropwise to water being stirred at 900 rpm. The solution was
stirred for 2 h and then filtered using Amicon filtration (100 MWCO) at 1825¢g. Three 1 mL
solutions of both Mal-NP and Mal-IVM-NP were prepared, and after initial DLS
measurements of size and zeta potential were taken, the solutions were stored at 4 °C, room
temperature, or 37 °C. Then, every 3 days, the solutions were removed from their respective
locations, allowed to equilibrate for approximately 15 min, and then the size and zeta
potential measurements were taken. This was repeated up to 36 days, but measurements
were discontinued early for the 37 °C samples because they showed obvious signs of
deviating from the normal size and zeta potential of the nanoparticles.

Creation of NP Dry Formulation.

Multiple Freeze—Thaw Cycle Testing.—Mal-1VM-NPs were prepared in a similar
fashion as described above, but with starting concentrations of 10 mg/mL of PLGA-PEG-
Mal polymer and 2 mg/mL ivermectin. Then samples were created in which the
nanoparticles were mixed with the cryoprotectants in various concentrations. In addition to
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the control sample (NP alone), NPs were mixed with the cryoprotectants sucrose and
trehalose in NP:cryoprotectant ratios of 1:0.1, 1:0.5, 1:1, and 1:2. This resulted in a total of
nine samples. The final volume of each sample was 400 4L, and each contained the same
amounts of nanoparticles. DLS measurements (size and zeta potential) of the samples were
taken prior to placing them at —80 °C. The samples were then placed at —80 °C, and the
same measurements of size and zeta potential were taken every hour. This was done by
removing the samples from the —80 °C storage, letting them thaw for approximately 15 min,
and taking the DLS measurements. This was repeated for three cycles, each of which had the
NPs at —80 °C for 1 h.

Long-Term Storage of NPs.—Long-term storage of the Mal-1VM-NPs at —80 °C with
and without cryoprotectants was done to gauge the ability of the cryoprotectants to maintain
the NPs’ stability (based on size and zeta potential) over an extended period of time. Mal-
IVM-NPs were produced as described above, with 10 mg/mL PLGA-PEG-Mal polymer and
2 mg/mL of ivermectin. Because the previous testing revealed that the higher concentrations
of cryoprotectants maintained size and zeta potential of the NPs best, only these
concentrations were used in the long term testing. Therefore, the five samples consisted of
the NPs alone and in the presence of sucrose and trehalose, in ratios of 1:1 and 1:2
(NP:cryoprotectant ratio). The total volume of each sample was 50 /L. Sixteen total vials of
each sample were produced because the testing was expected to run for up to 6 months. Size
and zeta potential measurements were to be taken after 1, 2, 3, 4, 5, 6, 7, 15, 30, 45, 60, 75,
90, 120, 150, and 180 days.

From previous testing, it was observed that nanoparticles often gave more consistent size
and zeta potential measurements when allowed to thaw for a slightly longer period of time.
This allowed the NPs in solution, regardless of whether cryoprotectants were present or
absent, to stabilize at room temperature and properly equilibrate. In previous testing, though
the NPs had thawed and were no longer frozen, there temperature still may have been below
room temperature. Thus, during the long-term storage testing, NPs were allowed to thaw for
between 30 and 45 min to ensure the temperature of the solution reached close to room
temperature.

Drying Process.—Mal-1VM-NPs were produced as described above, with 10 mg/mL
PLGA-PEG-Mal polymer and 2 mg/mL ivermectin. Then, NPs were dried, with and without
the cryoprotectants, using low pressure and temperature. Sucrose and trehalose were added
in 1:2 NP/cryoprotectant ratios, and a third sample contained NPs alone. NPs were dried at
approximately =50 °C and 2 Pa using a VirTis Benchtop K Freeze-Dryer. These powdered
forms of the NPs were reconstituted in 1 mL nanopure water. High amounts of mixing were
needed to ensure proper reconstitution, as some aggregation had resulted from the drying
process. Size and zeta potential measurements were then taken.

Placental Barrier Formation.

JEG-3 cells were plated in trans-well plate at a density of 50,000 cells/well on the apical side
in 500 £ of DMEM (with 10% FBS) media. On the basal side, 1 mL of fresh media was
added and cells were grown up to 9 days. Before the addition of compounds, the integrity of
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the monolayer was monitored by TEER using Epithelial Volt-ohmmeter. Media was
replenished every 2 days. On the ninth day, ivermectin, NT-OH-IVM-NP, or T-Fc-IVM-NP
were added to the cells at a concentration of 20 g/mL with respect to ivermectin, and were
incubated for 12 h. Apical and basal media were collected in eppendorf tubes and dissolved
in 2 mL of acetonitrile. As an internal standard, 10 g/mL of ivermectin was added to the
collected media. This mixture was sonicated for 20 min followed by centrifugation at 2100g
for 10 min. From the precipitated debris, the supernatant was gently collected. Meanwhile,
Strata C18-T columns were activated by passing 1 mL of methanol and water through the
filter in sequence. The collected supernatant was passed through the activated column in
order to get rid of remaining debris and impurities. The column was washed with 1-2 mL of
5% methanol in order to remove the impurities. The ivermectin from the column was
collected in 2 mL of methanol and quantified using HPLC (wavelength = 268 nm at 21.01
min). In order to confirm the formation of the epithelial barrier, immunostaining of ZO-1
was performed.

All data were expressed as mean = SD (standard deviation). Statistical analyses were
performed using GraphPad Prism software v. 5.00. Comparisons between two values were
performed using an unpaired Student #test. A one-way ANOVA with a posthoc Tukey test
was used to identify significant differences among the groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) FcRn binds to Fc-lvermectin-NPs in an acidic environment, NPs transcytose across the

epithelial-cell barrier and get release at physiological pH of blood. (B) Synthetic strategy of
PLGA-H-PEG-Mal. (C) GPC traces of the polymers. (D) Synthesis of IVM loaded NPs
using nanoprecipitation. (E) Incorporation of targeting antibody Fc on the NPs.
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(A) Characterization of IVM-loaded NPs by DLS and percent loading and encapsulation
efficiency by HPLC. (B) Characterization of targeted Fc-conjugated NPs by DLS and
determination of Fc conjugation efficiency by the bicinchoninic acid assay (BCA).
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Figure 3.
(A) Cartoon of transcytosis of Fc-NP across the trans-epithelial barrier derived from Caco-2

cells. (B) Formation of tight junction was confirmed by measuring the TEER values and
intact TEER after addition of NPs. (C) Expression of tight junction protein zonula
occludens-1 (ZO-1). Quantification of NPs in the apical and basolateral sides of the barrier
(D) in the absence and (E) in the presence of external Fc.
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Figure 4.
NP absorption and biodistribution in mice. Biodistribution of QD-labeled nontargeted NT-

OH-NP (A) and targeted T-Fc-NP (B) after oral administration to Balb/c Albino mice. Data
are mean percent injected dose (% ID) and % ID per gram of tissue = SD (n7= 3 mice per
group). (C) Localization of the NPs in the duodenum after oral administration.
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Figureb.
(A) Biodistribution of IVM, NT-OH-IVM-NP, and T-Fc-1VM-NP in intestine and blood of

Balb/c female mice after 24 h of post administration by oral gavage at a dose of 40 mg/kg
with respect to IVM. (B) FcRn expression level in mice intestinal tissue by Western blotting.
(C) Cytokine expression in the blood plasma of the IVM or its NP-treated mice. (D) H & E
staining of major tissue after treatment with saline or T-Fc-IVM-NP.
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(A) Release of IVM from NT-Mal-1VM-NPs at pH 7.4 and 6.5 at 37 °C. (B) Cellular
toxicity of ivermectin and ivermectin-loaded NPs by performing mitochondrial respiration
profiles of Caco-2 cells in the presence of targeted and nontargeted NPs using Seahorse
analyzer and MitoStress assay: oligomycin, ATP synthase inhibitor; FCCP-carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone, an ionophore; rotenone, an inhibitor of
mitochondrial complex I; and antimycin A, an inhibitor of mitochondrial complex Il1. (C)
Comparison of maximal respiration, basal respiration, ATP production, and coupling
efficiency from the Mitostress assay described in (B).
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Figure 7.
NS1 expression level in HEK293T cells after treatment with NPs by (A) Western blotting

and (B) immunofluorescence. Cells were treated with IVM, NT-OH-IVM-NP, or T-Fc-1VM-
NP at a concentration of 10 xM with respect to IVM for 6 h. Scale bar: 10 gm. Statistical
analyses were performed by two-way ANOVA analysis with multiple comparisons.
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Temperature-dependent stability of (A) NT-Mal-NP and (B) NT-Mal-1VM-NP by analyzing
the diameter and zeta potential over the course of 1 month. (C) Stability of NT-Mal-IVM-NP
alone and with cryoprotectants over the course of three 1 h freeze—thaw cycles (freezing at
-80 °C). (D) Stability of NT-Mal-1VM-NP stored at —80 °C both alone and with
cryoprotectants, measured at 15 time points over the course of 180 days. (E) Stability of NT-
Mal-1VM-NP after freeze-drying at =50 °C and 2 Pa and reconstitution in nanopure water.
(F) Comparison of inhibition of NS1 expression in HEK293T cells after treatment with
freshly prepared NPs, dried powder, and the NPs stored at —80 °C for 180 days.

ACS Nano. Author manuscript; available in PMC 2020 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Surnar et al. Page 32
(A) 1200 Before addition I After addition (C) DAPI 70-1
E _ —— sl
o
£ 800
E -
s
E 400 - s
= - c
S
(@]
(B)
80 80
€ £ )
=3 =3 60 2 3 60 c
=
== $2 40 S 40 g
*3 =& 2 2 1 £
< @ 2 1 o =20 g &
0 — 0 =
R S8
SO AN
SRS Ad\zs\Ao’\A 4'2"3\'\40\4
PR P P
A o
Z
) 100 E
o o ['4 ~
?Cao[g‘L §l i §c80 x
§ o §i § = @ Control ® © 60 XL
g g 60 \ i Ivermectin a8 Ol
&% \§ NT-OH-IVM-NP 8 2 40 -
o o 40 3 | +TFolvmNP  ES =
8E 2 53 g€2
— @ 0
0 30 60 90 120
Time (min) o
z
5 60 o 50 =
© £ L5 40 <
'ﬁg 40 § g 30 H Control Z
4 5 %5 2 Ivermectin e
Ep® a2, NT-OH-IVM-NP
E & dlacgiii
s o 0 B T-Fc-IVM-NP

Figure9.
(A) Formation of placental barrier-like junction in JEG-3 cells as confirmed by measuring

the TEER and intact TEER after addition of NPs. (B) Quantification of NPs in the apical
side, inside the cells, and the basolateral sides of the barrier. (C) Expression of ZO-1 by
immunofluorescence. (D) Cellular toxicity of ivermectin and the NPs by performing
mitochondrial respiration profiles of JEG-3 cells using MitoStress assay. The cells were
treated with the test articles for 24 h at a concentration of 10 M with respect to ivermectin.
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