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Nanoformulated Remdesivir with Extremely Low Content of
Poly(2-oxazoline)-Based Stabilizer for Aerosol Treatment of
COVID-19

Jacob D. Ramsey, Ian E. Stewart, Emily A. Madden, Chaemin Lim, Duhyeong Hwang,
Mark T. Heise, Anthony J. Hickey, and Alexander V. Kabanov*

The rise of the novel virus SARS-CoV2 which causes the disease known as
COVID-19 has led to a global pandemic claiming millions of lives. With no
clinically approved treatment for COVID-19, physicians initially struggled to
treat the disease, and a need remains for improved antiviral therapies in this
area. It is conceived early in the pandemic that an inhalable formulation of the
drug remdesivir which directly targets the virus at the site of infection could
improve therapeutic outcomes in COVID-19. A set of requirements are
developed that would be conducive to rapid drug approval: 1) try to use GRAS
reagents 2) minimize excipient concentration and 3) achieve a working
concentration of 5 mg/mL remdesivir to obtain a deliverable dose which is
5–10% of the IV dose. In this work, it is discovered that Poly(2-oxazoline)
block copolymers can stabilize drug nanocrystal suspensions and provide
suitable formulation characteristics for aerosol delivery while maintaining
antiviral efficacy. The authors believe POx block copolymers can be used as a
semi-ubiquitous stabilizer for the rapid development of nanocrystal
formulations for new and existing diseases.
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1. Introduction

The emergence of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV2) in-
fection initiated a global pandemic of coro-
navirus disease 2019 (COVID-19).[1] The in-
fection presents with classic symptoms of
viral infection such as fever, cough, and fa-
tigue, complicated by acute respiratory dis-
tress syndrome (ARDS), which is associated
with serious morbidity and mortality.[2–4]

With no clinically approved treatment as an
initial line of defense, health care workers
initially struggled to treat the novel COVID-
19. Since the onset of the pandemic, several
antiviral agents against SARS-CoV2 have
entered clinical trials and/or received autho-
rization for treatment of COVID-19. These
drugs target either the TMPRSS2 protease
required for viral entry into cells, the RNA-
dependent RNA polymerase (RdRp) re-
quired for virus replication, or the 3CL

protease which is the primary coronavirus (CoV) protease re-
quired for processing the CoV nonstructural polyprotein.[5,6] The
first approved drug was remdesivir (GS-5734, Gilead, Foster City,
CA) which targets the RdRp and appeared the most promising
candidate to treat COVID-19. On May 1, 2020 the US Food
and Drug Administration (FDA) authorized the emergency
use of remdesivir and it gained full FDA approval in October
2020. Until recently, remdesivir, which is administered as an
intraveneous (IV) infusion, was the only small molecule ther-
apeutic intervention in which evidence supported benefits for
both time to symptom resolution and duration of mechanical
ventilation.[7,8] Although benefits of remdesivir on mortality has
remained uncertain,[9–11] the drug has shown strong efficacy in
high risk outpatients with COVID-19 and reduced risk of hos-
pitalizations by 87% compared to placebo.[12] Most recently, on
December 23, 2021 another drug, Molnupiravir (MK-4482Merck
and Co., Kenilworth, NJ), which also targets RdRp, has recieved
an Emergency Use Authorization (EUA) for situations where
other FDA-authorized treatments for COVID-19 are inaccessible
or are not clinically appropriate (https://www.fda.gov/news-
events/press-announcements/coronavirus-covid-19-update-fda-
authorizes-additional-oral-antiviral-treatment-covid-19-certain).
The clinincal trial of Molnupiravir in high risk populations has
demonstrated that the drug decreases the risk of hospitalization
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and severe disease by up to 50% compared to placebo.[13–15] Even
more impressive results were seen with Paxlovid (3CL protease
inhibitor nirmatrelvir (PF-07321332, Pfizer, Groton. CT) and ri-
tonavir tablets, co-packaged for oral use) which was granted EUA
on December 22, 2021 for the treatment of mild-to-moderate
COVID-19 in adults and pediatric patients (https://www.fda.
gov/news-events/press-announcements/coronavirus-covid-19-
update-fda-authorizes-first-oral-antiviral-treatment-covid-19).
Paxlovid significantly reduced the proportion of people with
COVID-19 related hospitalization or death from any cause by
88% compared to placebo among patients treated within five
days of symptom onset and who did not receive COVID-19
therapeutic monoclonal antibody treatment. Both Molnupi-
ravir and Paxlovid are given orally and can be taken outside
a hospital setting. This would allow for the early treatment of
COVID-19, which is a critical breakthrough in the treatment
of COVID-19.[13,16] Additionally, there is an antibody cocktail
from Regeneron (Tarrytown, NY) which has obtained EUA,
however this can only be delivered in a hospital setting.[17–19]

As the unprecedented effort to contain and control COVID-19
has had varying success, new variants continue to emerge. The
recent surge of the COVID-19 cases in the United States and
worldwide due to the spread the Omicron variant of SARS-CoV2
is most concerning. The need for relief remains urgent and a
priority for the World Health Organisation (WHO) as immu-
nization efforts in many counries have been much slower than
desired.

There is room for improvement of the current remdesivir for-
mulation, to address its equivocal efficacy.[10,11,20] Gilead’s cur-
rent formulation of remdesivir is administered by IV infusion
with the aid of sulfobutyl ether beta cyclodextrin ((SBECD); 5 mg
mL−1 remdesivir at 1:30 remdesivir:SBECD weight ratio).[8] No
significant difference has been shown between a 5 day and 10 day
course of remdesivir therapy.[21] There are many challenges fac-
ing the delivery of remdesivir to the lungs, the primary disease
site. An oral dosage form would be ideal and allow for adminis-
tration of remdesivir outside of a clinical setting reducing hos-
pitalizations and exposure of health care workers. However, this
is not possible due to remdesivir’s intrinsic liver toxicity.[20] The
first pass effects after absorption from the GI tract would mean
very high concentrations of remdesivir in the liver causing unde-
sirable toxicity. Additionally, the use of an excipient based solu-
bilizer means that a large portion of this hydrophobic drug will
partition to the protein bound fraction in circulation limiting the
unbound fraction which is capable of pharmacodynamic activity
in the lungs. The clearance rate from the body will be fast and the
drug can distribute itself to many off target sites.[20] Some have
argued that the use of the parent nucleoside, GS-441524, would
be better suited for treatment as remdesivir is rapidly converted
to the parent nucleoside in vivo.[20] However, if delivered directly
to the target site, remdesivir might be a better choice than the par-
ent nucleoside. Lung delivery presents no concern for traditional
first-pass metabolism, and there are few drug metabolizing en-
zymes to convert remdesivir back to the parent nucleoside prior
to cell uptake. Esterases are ubiquitously expressed in the lungs,
although with some degree of variability, and can readily con-
vert remdesivir to the monophosphate form and then subsequent
phosphorylation can activate the drug for RdRp inhibition.[22,23]

Remdesivir requires multiple metabolic steps to reach its bioac-

tive tri-phosphate form. Recently, Gilead has utilized their IV
remdesivir formulation as an aerosol for delivery directly to the
lungs.[24] Utilizing a delivered dose which is roughly 5% of the IV
dose, they demonstrated comparable efficacy to the IV formula-
tion in a non-human primate SARS-CoV2 model. To minimize
excipient levels in our formulation, we focused on developing
a polymer-stabilized nanoparticle formulation of remdesivir for
aerosol delivery directly to the lungs.

2. Results

In late March 2020, we conceived that the delivery of an aerosol
formulation of remdesivir directly to the lungs could improve
therapeutic outcomes in COVID-19.[25,26] By directly targeting the
site of disease, one could improve therapeutic outcomes while
lowering both the overall dose and amount of excipient to po-
tentially improve safety by avoiding liver toxicity and systemic
activity at sites unrelated to the disease pathology. Our motiva-
tion for this work was to develop a formulation suitable for rapid
scale up and translation to the clinic. To achieve this, we gener-
ated the following set of requirements to achieve this goal. Firstly,
we estimate the target concentration of 5 mg mL−1 for remde-
sivir in the aqueous dispersion to have a feasible volume for neb-
ulizer administration. We assessed that we would only need to
deliver between 10% and 20% of the current remdesivir dose,
which is an IV infusion (200 mg loading, 100 mg maintenance).
Thus, as an aerosol, we would only need to deliver 10–20 mg of
remdesivir. Secondly, we proposed that the amount of the excip-
ient in this dispersion should not exceed 5% of the total drug
weight (≤ 0.25 mg mL−1 excipient when delivering a 5 mg mL−1

drug dispersion). This “stringent” approach to the formulation
design, with the excipient being its minor component, is advanta-
geous for regulatory approval as it minimizes safety concerns. Fi-
nally, we propose using generally regarded as safe (GRAS) excip-
ients used in previously approved drug products. For nebulized
aerosols for inhalation, it is also important to consider factors
such as solution foaming and aerosolized droplet size.[27–29] The
injectable form of remdesivir is not ideal for inhalation due to the
presence of significant solubilizing excipient (5 mg mL−1 drug
and 150 mg mL−1 SBECD solubilizer).[8] Our drug nanocrystal-
based approach allows for the reduction in excipient amount
used and makes feasible direct delivery to the lung, which has
thus far been unavailable on the market. This yields an overall
lower administered dose of remdesivir, reduced systemic expo-
sure, and fewer off-target effects.

There are two major approaches to nanocrystal preparation:
top-down and bottom-up. Top-down approaches involve wet-
milling processes, which are commercially scalable and offered
by several providers.[30,31] We opted to pursue the laboratory scale
bottom-up, solution/precipitation-based approach. Here, we try
to control the growth of remdesivir drug crystals into nano-sized
particles and determine the optimal composition of the nanocrys-
tal suspension that addresses our chosen parameters. In this
study, we explored factors such as mixing type (bulk mixing by
stir bar vs homogenization), solution temperature (4°C vs room
temperature), drug concentration, organic solvent content, stabi-
lizer composition, and the order of reagent addition. Once opti-
mized, we evaluated the stability of the formulation with respect
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Figure 1. Initial preparation of 5 mg mL−1 remdesivir nanocrystals with F127 and P2: A–C) DLS intensity size distribution of nanocrystals after 10 min
stabilized with A) with various amounts F127 (0.0, 0.15, and 0.25 mg mL−1), B) 0.25 mg mL−1 F127 nanocrystals redispersed after lyophilization with
and without 9% sucrose (w/v), and C) 0.25 mg mL−1 P2. D,E) DLS size by intensity distribution and PDI of nanocrystals stabilized with D) 0.25 mg
mL−1 F127 assessed over 5 days and E) 0.25 mg mL−1 P2 assessed over 30 days. F) TEM images of nanocrystals.

to duration of long-term storage in addition to multiple in vitro
metrics.

Initially, we established a list of common excipients used to
stabilize nanocrystal formulations some of which are excipients
used in products approved for clinical use and others were GRAS
compounds.[32] These reagents are shown in Table S1 in the
Supporting Information with some associated characteristics of
the excipients. Of note, the hydrophilic-lipophilic balance (HLB)
value of some surfactant excipients used herein as stabilizers is
quite high, which is known to cause foaming in solutions. Var-
ious stabilizers were explored, beginning with poloxamer F127.
F127 is an amphiphilic A-B-A triblock copolymer consisting of
flanking hydrophilic blocks of poly(ethylene oxide) (PEO) and a
central hydrophobic poly(propylene oxide) (PPO) block. PEO is
also known as poly(ethylene glycol) (PEG). PEG is a GRAS agent
commonly used as a sterically stabilizing molecule in nanopar-
ticle formulations.[33,34] Poloxamers have been used in multiple
clinically approved products and those evaluated in clinical trials
including gel, micelle, and topical formulations. F127 in particu-
lar, was in a Phase II polymeric micelle injectable formulation.[35]

2.1. Initial Preparation of F127 and P2 Stabilized Remdesivir
Nanocrystals

To prepare F127 stabilized remdesivir nanocrystals, F127 was
dissolved in water at concentrations ranging from 0.0 to 0.25 mg
mL−1 (which corresponds to 0–5% by weight of remdesivir, e.g.,
5% F127 is 0.25 mg mL−1 F127 compared to 5 mg mL−1 remde-
sivir). Remdesivir in methanol (80 mg mL−1) was then added to
the solution to make it 5.0 mg mL−1 in 2 mL water. This synthetic
procedure is depicted graphically in Figure S1 in the Supporting
Information. The solution was stirred rapidly, and the growth

of the nanocrystals was monitored over time by Dynamic Light
Scatttering (DLS). Figure 1A shows the effect of the starting sta-
bilizer concentration on the size of the remdesivir nanocrystals.
As we expected, the smaller quantities of F127 yielded higher
nanocrystal sizes as there were more remdesivir molecules per
molecule of F127. In the absence of F127, large multi-micron
sized particles formed immediately and irreversibly precipitated
out of solution soon after. In the presence of 0.25 mg mL−1 F127
(5% of remdesivir by weight), the nanocrystals formed with effec-
tive diameter of 341.1 nm, as measured by DLS (Figure 1A). The
stability of these nanocrystals was monitored over a period of 5
days where their size distribution shifted towards larger particles.
This may be explained by an Ostwald ripening process. Eventu-
ally, they aggregated completely and precipitated out of solution
irreversibly after the 5th day (could not be measured on DLS)
(Figure 1D). However, the methanol used in this solution pre-
cludes its use as a therapeutic. To eliminate methanol from the
solution, and perhaps improve stability, we lyophilized the com-
positions both with and without 9% sucrose and then rehydrated
the powders with ultrapure water to the same original volume of
the lyophilized aliquot. Sucrose is a known cryoprotectant which
could confer stability to the lyophilized formulation.[36–39] Al-
though the particles in the sample lyophilized with sucrose were
smaller than those formed in the absence of sucrose (Figure 1B)
they were stable in dispersion for only 30 min after hydration.
Some samples of these F127 nanocrystals were prepared and
tested as an aerosol immediately post hydration (Figure S2,
Supporting Information). Solution foaming led to inconsistent
drug output rates over 12 mins (Figure S2A, Supporting In-
formation). Despite these inconsistent output rates, the mass
median aerodynamic diameter (MMAD) remained below or
near 5 μm (Figure S2B, Supporting Information), which is at the
upper end of what is generally considered respirable (typically
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defined as particles with MMAD 1–5 μm[40–42]). To increase the
consistency of drug output, we tested additional combinations
of stabilizers by adding Tyloxapol, oleic acid, and Pluronic L61
in select combinations which could provide antifoaming effects
(Table S2, Supporting Information). These substances offered no
additional nanocrystal stability to enhance the long-term storage
needed for clinical translation-solutions still precipitated soon
after being hydrated post-lyophilization.

Ultimately, we determined that the 30-min stability of the
F127 nanocrystals after lyophilization was unsatisfactory.
Gilead’s current formulation must be used within 24 h of hy-
dration when stored at room temperature or within 48 h when
stored at 4°C (https://www.gilead.com/-/media/files/pdfs/
remdesivir/eua-fact-sheet-for-hcps.pdf?la=en&hash=D4229149
DCD2FF6B7E83F4062C4601BB, Accessed January 7, 2022)). For
our inhalable formulation, we selected 4 h as a target for the
acceptable stability of a formulation. In Figure 1C, we tested
the ability of a novel nanocrystal stabilizer, called P2, which is
an A-B-A triblock copolymer comprising a Poly(2-oxazoline)
(POx) backbone. Table S1 in the Supporting Information shows
the structure of P2 block copolymer and Figure S3 (Support-
ing Information) has the proton nuclear magnetic resonance
imaging (1H-NMR) confirmation of structure. It has two flank-
ing hydrophilic 2-methyl-2-oxazoline (MeOx) A blocks and
a central, hydrophobic 2-n-butyl-2-oxazoline (BuOx) B block:
P[MeOx-b-BuOx-b-MeOx]. Notably, the MeOx block is more
hydrophilic than PEO in F127, and the BuOx block contains
both hydrophobic as well as polar moieties that are capable of
ion-dipole interactions and forming hydrogen bonds with drug
molecules.[43–45] We posited that the P2 could adsorb at the
surface of the growing remdesivir nanocrystals with the aid of
the BuOx block, while the MeOx block could form a protective
hydrophilic brush stabilizing the nanocrystals in dispersion. The
nanocrystals formed in the presence of 0.25 mg mL−1 P2 were
larger than those synthesized with F127, near 400–500 nm, but
were stable in solution for greater than 25 days after synthesis
(Figure 1E). TEM of the F127 and P2 stabilized nanocrystals is
seen in Figure 1F. Additional tests using the excipient Tyloxapol,
which is included in a clinically approved aerosol product, did
not improve nanocrystal size or stability over those of F127
(Table S2, Supporting Information). Therefore, we elected to
proceed with the P2 stabilized nanocrystals as our lead formula-
tion for further analysis. Initial observations during nebulization
indicated little to no foaming which could impact drug output
over time.

2.2. Optimization of P2 Remdesivir Nanocrystal Synthesis

After determining that the P2 stabilized nanocrystals could be
prepared at suitable sizes for aerosol delivery, with minimal ex-
cipient, and nebulized with minimal foaming, we proceeded
to evaluate the stability of the solution during the process of
methanol removal. We made one small change to the synthetic
procedure depicted in Figure S1 in the Supporting Informa-
tion. In the new procedure, we mix both remdesivir and P2 in
methanol and add the solution to ultrapure water under mix-
ing. At this point, we wanted to evaluate the feasibility of multi-
ple storage conditions for the P2 stabilized nanocrystals, namely,

freezing and lyophilization. For the freezing process, we removed
methanol by a series of centrifugations. We quantified the re-
maining methanol using 1H-NMR spectroscopy. We monitored
the size and PDI of the nanocrystals after two centrifugations and
noted in Table S3 in the Supporting Information that the size was
maintained mostly in the 400–450 nm range prior to freezing
and a low PDI of about 0.20 and below was maintained as well.
Nanocrystals were readily resuspended into solution after pellet-
ing indicating their stability through this process. From this, we
concluded that the nanocrystals were stable through centrifuga-
tion steps. Figure 2A shows that we can remove methanol from
the formulation by this process while retaining remdesivir. After
just a single centrifuge, the resuspended nanocrystals were less
than 0.002% methanol by volume and 4.9 mg mL−1 remdesivir
(initially 5.4 mg mL−1). The size is about 450 nm after the cen-
trifugation and resuspension (Figure 2B). Once methanol was re-
moved, the formulations were frozen in liquid nitrogen with 20%
trehalose (w/v) as a cryoprotectant where they could be stored
long term. After thawing there was a modest increase in the
nanocrystal size when thawed between 1 and 42 days after syn-
thesis (Figure 2C). Suspension size was measured at 0 hrs and
4 hrs after thawing and there was a trend of increasing size over
this time, but no changes in PDI were observed. In comparison
to lyophilization (Figure 2B), the initial sizes were smaller when
frozen rather than lyophilized. However, no further growth oc-
curred during the 4 h post-hydration when lyophilized. We con-
cluded that both freezing and lyophilization were valid methods
for long term storage of these suspensions, though they achieved
slightly different terminal nanocrystal sizes. We opted to proceed
using the freeze/thaw technique for long-term storage. Size in-
creases were modest over 4 h, and the crystals were of smaller size
when frozen and thawed 550–600 nm compared to 750–950 nm
when lyophilized. To thaw, nanocrystals were left at room temper-
ature then shaken gently every few minutes for 15 min. At this
point, the nanocrystal size was stable and nanocrystal suspension
was ready for size measurements and to use for aerosol and other
studies (Figure 2D). To bypass the centrifugation and lyophiliza-
tion steps, we also assessed the use of ethanol as an organic
solvent to inject remdesivir into the aqueous media. Ethanol is
employed in commercially available pharmaceutical aerosol for-
mulations so complete removal is not as critical. Unfortunately,
ethanol caused the nanocrystals to precipitate quickly and irre-
versibly, perhaps due to increased hydrophobic interactions, so
ethanol was not explored further as a solvent for the nanocrystal
preparation.

Additionally, Figure 2E shows how the concentration of
remdesivir at synthesis does not affect the terminal size of the
nanocrystals after freeze/thaw. We prepared crystals at concen-
trations ranging from 2.5 to 20 mg mL−1 and the sizes remained
in a narrow range from 475 to 632 nm. The PDI was slightly
increased at the 20 mg mL−1 concentration, so we tested our
ability to concentrate and dilute after a 5 mg mL−1 synthesis.
Sizes and PDI were reduced when concentrating or diluting after
centrifugation and prior to freezing. For certain applications,
the addition of charged stabilizers to confer zeta potential to the
particles could be advantageous. To this end, we added a small
amount of oleic acid (0.005 mg mL−1oleic acid compared to 5 mg
mL−1 remdesivir) as an additional stabilizer. Oleic acid was cho-
sen as it is an excipient previously employed in a commercially
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Figure 2. Reproducible preparation of stable, methanol-free P2 stabilized remdesivir nanocrystal suspensions: A) The concentration of remdesivir
(mg mL−1) and the amount of methanol (volume %) remaining in the suspension after zero, one, and two centrifugal separations and redispersion of
the suspension as measured by HPLC (remdesivir) and 1H-NMR (methanol). Initial methanol volume % was 8.0% and after a single centrifuge was less
than 0.002%. B) The size (diameter) and PDI of P2 nanocrystals (0.25 mg mL−1 P2, 5 mg mL−1 remdesivir after lyophilization in 20% trehalose (w/v)
and stored at ambient temperature and hydrated with ultrapure water over 1–42 days after lyophilization. Sizes shown at 0 hr and 4 hr after hydration.
C) The size (diameter) and PDI of P2 nanocrystals (0.25 mg mL−1 P2, 5%) after a single centrifugation and freeze/thaw cycle in 20% Trehalose (v/v)
over 1–42 days after freezing. Sizes shown at 0 hr and 4 hr after thaw. D) The intensity size distribution of P2 nanocrystals (0.25 mg mL−1 P2, 5 mg
mL−1 remdesivir) after centrifugal removal of methanol and again after a freeze/thaw cycle in 20% trehalose (w/v). E) The size of P2 nanocrystals after
freeze/thaw (20% trehalose (w/v)) (0.125−1 mg mL−1 P2) when prepared at various remdesivir concentrations (2.5–20 mg mL−1 remdesivir) or when
concentrated after centrifugation (5–20 mg mL−1) and then frozen or diluted (5–2.5 mg mL−1) and then frozen. F) The zeta potential of P2 (0.25 mg
mL−1) nanocrystals (5 mg mL−1 remdesivir) with and without the addition of 0.005 mg mL−1 oleic acid as additional stabilizer.

available pharmaceutical aerosol formulation for pulmonary
delivery.[32] While it did not change the terminal size after
freeze/thaw (Figure S4, Supporting Information), it did confer a
significant negative zeta potential to the nanocrystals (Figure 2F).
P2 stabilized nanocrystals had a positive zeta potential, while the
addition of oleic acid rendered them negatively charged. Altering
the particle surface charge and zeta potential in the future could
be useful for improved stability, changing nanoparticle binding
with/penetration of mucus, and ultimately internalization into
cells like type II pneumocytes which play a critical role in COVID-
19 pathogenesis.[46–48] This introduces a degree of tunability to
the particles and room for optimization in vivo as needed.

2.3. Dissolution Behavior and In vitro Evaluation of P2
Remdesivir Nanocrystals

Once we established a final formulation of P2 stabilized
nanocrystals at the 5% stabilizer relative to 95% remdesivir ra-
tio (at any remdesivir concentration) using stir bar mixing at
room temperature, we wanted to evaluate in vitro characteris-
tics of the formulation. Most nebulizer reservoirs can accommo-
date 6 mL of formulation. At 10–20 mg doses, we would need
approximately 1.5 to 5 mg mL−1 concentrations to deliver ade-
quate drug, by our estimates of the requisite dosing (5–10% of IV
dose). For our in vitro drug release study, we elected to use PBS

at 37°C under sink conditions. Albumin, a major drug binding
component of plasma, is not a major component of pleural fluid
in the lungs making it unnecessary to include it in the release
medium.[49] To compare, we also prepared a SBECD based cy-
clodextrin inclusion complex (IC) to mimic Gilead’s commercial
remdesivir formulation.[8] Gilead’s formulation contains a 1:30
ratio of remdesivir to SBECD stabilizer at 5 mg mL−1 remdesivir
concentration (150 mg mL−1 SBECD, 96.8% excipient). Both for-
mulations, nanocrystal and IC, were analyzed for drug release at
2 and 5 mg mL−1 initial concentrations (Figure 3A). All formula-
tions had nearly identical drug release kinetic profiles indicating
that the nanocrystals, like the ICs, are simple solubilizing for-
mulations. However, the nanocrystals can solubilize remdesivir
at much lower excipient concentration than the SBECD based
formulation (5% formulation weight P2 compared to 96.7% for-
mulation weight SBECD).

We also measured the changes in the particle size during the
process of the drug release from the P2 stabilized nanocrystals.
The initial nanocrystals at both drug concentrations had approx-
imately the same size, about 750 nm (Figure 3B (top)). Subse-
quently, the nanocrystals began to separate into smaller nanopar-
ticles of roughly 150–200 nm as seen in Figure 3B, with the initial
nanocrystals disappearing. Notably, on the number size distri-
bution in Figure 3B, almost the entire particle population con-
sists of the smaller 150–200 nm particles at 4 h. This smaller
population first appeared after around 1 h of drug release and
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Figure 3. In vitro analysis of drug release from P2 stabilized remdesivir nanocrystals: A) The release of the drug over time in PBS at 37°C of nanocrystals
at two concentrations and remdesivir cyclodextrin inclusion complexes at the same concentrations. B) The intensity and number distribution by DLS of
nanocrystals at zero time point and after 4 h of drug release. C) The particle size corresponding to the two peaks observed in DLS intensity distribution
plots at different time points during the drug release process. D) The percentage of particles that are in each peak in plot (C) as measured by the number
distribution on DLS. E) In vitro antiviral activity of the remdesivir nanocrystals compared to remdesivir positive control in DMSO and the P2 polymer
stabilizer alone in the A549-Ace2 cell model.[51] A,C,D) The drug concentration in the release experiment and size measurement was either 2 or 5 mg
mL−1 (0.10 or 0.25 mg mL−1 P2, respectively).

encompassed about 80% of the crystals present (Figure 3C,D).
Up until 8 h, this population grew until it encompassed 95% of all
crystals in solution. After 24 h, when just about 10% of the drug
remained in both the nanocrystal and SBECD formulations, the
population had reverted to just a single peak. We hypothesize that
upon dilution, the 750 nm nanocrystals break up into smaller ag-
gregates which have a larger surface area/volume ratio. At later
time points, only the larger crystals remain as most of the smaller
ones have dissolved.

After demonstrating that our nanocrystals have a similar re-
lease profile to a commercial remdesivir IC formulation mimic,
we assessed our nanocrystal formulation antiviral efficacy (IC50
Comparison). Virus replication was monitored using SARS-CoV-
2 virus that expresses nanoluciferase in place of ORF7a. Nanolu-
ciferase expression as measured by luminescence correlates with
virus replication. Replacement of ORF7a with a reporter protein
does not impact virus replication and allows for high throughput
screening of compounds for antiviral activity. A549 cells (human
alveolar epithelial cells) expressing Ace2, a prominent receptor
for SARS-CoV-2, are pre-treated with formulations at varied con-
centrations followed by infection with the SARS-CoV-2 reporter
virus.[50] After 48 h, nanoluciferase expression is assayed and nor-
malized to expression observed in DMSO treated controls. Fig-
ure 3E demonstrates that our nanocrystals maintain similar effi-

cacy to the control free remdesivir making them suitable candi-
dates for aerosol delivery directly to the lungs.

2.4. Aerosol Characterization of P2 Remdesivir Nanocrystals

Finally, we analyzed the ability of the formulation to be
aerosolized into respirable particles using an air jet nebu-
lizer. An air jet nebulizer was chosen rather than a vibrating
mesh nebulizer to facilitate the delivery of a drug suspension.
The Nebutech 8960 was selected as a simple, inexpensive device
which is readily available to respiratory therapists. It reflects the
urgent need to adopt a simple and inexpensive solution for a
potentially large number of patients. Using our 10 mg mL−1

frozen formulation, it was thawed and diluted to a concentration
of 1.5 mg mL−1 remdesivir. We analyzed the aerosol particle
output of the nebulizer from 0 to 2 min. Figure 4A shows how
the choice of excipient can have significant impact on the foam-
ing of the solution in the nebulizer. Generally, foaming leads to
inconsistent output over time and should be avoided. Our P2
stabilized nanocrystals had minimal foaming when compared to
just water. On the other hand, significant foaming was evident
(Figure 4A (right)) in the F127 stabilized nanocrystals which led
to the inconsistent output over time as shown in Figure S2 in the
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Figure 4. Aerosol output from the nebulization of P2 stabilized nanocrystals. A) The foaming of: left—water only; center—P2; and (right) F127 (0.25 mg
mL−1 stabilizer). B) DLS particle size of P2 stabilized nanocrystals before (green) and after nebulization (blue), as well as after incubation at room
temperature during the nebulization process (red). C) Impactor analysis showing amount of remdesivir mass in various particle cutoff sizes for P2
stabilized nanocrystals with and without 0.0015 mg mL−1 oleic acid (initial remdesivir concentration at 1.5 mg mL−1). Vacuum flow rate on NGI at 15 L
min−1, nanocrystal suspension volume at 3 mL, 2-min collection time. D) MMAD, GSD, % of Mass in fine particles (FP Dose %), FP Dose (μg), and
percentage of nominal remdesivir dose which was output are calculated as described in the methods.

Supporting Information. Another factor effecting aerosol parti-
cle output is the solution viscosity. Figure S5 in the Supporting
Information shows there was no major difference in viscosity
comparing water to our 2.5 mg mL−1 remdesivir nanocrystal sus-
pension (0.125 mg mL−1 P2). After being placed in the nebulizer
and aerosolized for two minutes, the P2 stabilized nanocrystals
exhibited little if any change in the particle size compared to
the initial suspension or the nanocrystals incubated at room
temperature during the aerosol study. Figure 4C shows the dis-
tribution of drug mass in particles of various aerosolized particle
diameter cutoff ranges. We aerosolized P2 stabilized nanocrys-
tals prepared without and with oleic acid. Both formulations had
MMADs near the respirable particle size cutoff near 5.3 um.

In both formulations, the FP Dose % (fraction of mass that
is in respirable particles) is near 50%. The FP Dose in μg was
108.42 and 141.28 μg for the formulations prepared without and
with oleic acid, respectively. The output rate is typically about
0.5 mL min−1 for these nebulizers indicating that we delivered
about 7.2% and 9.4% of the dose in the fine particles (respirable)
using formulations prepared without and with oleic acid, respec-
tively. These percentages compare the delivered dose in the fine
particle fraction when compared to the nominal 1.5 mg mL−1

remdesivir solution delivered over 2 min. Using the Next Gen-
eration Impactor (NGI) is not the most accurate measurement of
total drug output, since there may be losses in sample recovery

at each stage, so these measurements of drug output should be
considered approximations which are likely lower than the true
value.

3. Discussion

It is clear that remdesivir can prevent viral replication in vitro,
but the success of the drug in humans has been called into
question.[10,11] We believe this can be overcome, and remdesivir
use can be improved by altering the route of drug delivery. To this
end, in late March 2020, we realized (along with others[52,53]) that
an inhalable formulation of remdesivir would be beneficial for
COVID-19 treatment as it attacks the virus at the source of in-
fection and avoids first-pass metabolism. COVID-19 disease pro-
gression begins in the upper respiratory tract, and it slowly pro-
gresses deeper into the lungs.

The SARS-CoV2 virus targets ciliated cells in the respiratory
tract. Early data suggested that the infection begins in the nose,
and then spreads deeper into the lungs, when the infection gets
more serious.[46] Thus, delivering drug to the most serious site
of infection, by inhalation delivery, would be ideal. Nebulizers
(specifically jet nebulizers) are commonly used in clinical set-
tings and are cheap, disposable, and easy to use. This solution-
based drug product approach has a well understood develop-
ment strategy and approval process with the FDA from a device
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perspective.[27,28] The absence of vaccines, and the high mortal-
ity rate, at the time this work was initiated made the prospects of
rapid regulatory approval a priority in consideration of an appro-
priate delivery technology.

The formulation itself would require quick approval to be ben-
eficial while vaccines remained elusive and as-yet untested with
respect to long-term efficacy and necessity of a booster shot.
Rapid approval of the formulation remains a priority and would
be beneficial as new variants cause increasing concerns with dis-
ease transmissibility, severity, and vaccine efficacy. Criteria were
developed to minimize barriers to the drug product formula-
tion approval. These were: 1) achieve high solubility of remde-
sivir (reduced overall inhaled dose volume from a nebulizer), 2)
use GRAS excipients, and 3) minimize the excipient use (ideally
less than 5% of formulation weight) to maximize the drug for
efficacy without impacting safety. To meet these requirements,
we believed that a nanocrystal formulation could be the best ap-
proach for developing an inhalable remdesivir therapy conducive
to rapid approval. The bottom-up approach to nanocrystal synthe-
sis is the simplest and involves the least expensive instrumenta-
tion and development process. This is perhaps more conducive
to the rapid scale up and clinical approval. However, the bottom-
up approach has its limitations. Namely, it can be more diffi-
cult to control crystal growth and produce small, monodisperse
nanocrystals.[30,31]

If successful, an inhalable formulation of remdesivir could
produce higher remdesivir concentrations at the site of dis-
ease without increasing systemic toxicity, which could poten-
tially improve therapeutic outcomes in COVID-19. Indeed,
there are several recent examples of nebulized treatments
for COVID-19, some of which have entered clinical trials
([NCT05116865],[NCT04578236],[NCT04381364]). For example,
Gilead has attempted to bring an inhaled formulation of remde-
sivir to market [NCT04480333]. Their inhalable formulation is
identical to their formulation designed for IV administration, uti-
lizing SBECD at a 30:1 weight ratio to solubilize remdesivir. The
MMAD of the formulation was 2.7 um, and in a non-human
primate model, they utilized a delivered dose (deposited in the
lungs) of 0.35 mg kg−1 (over 60 min) to achieve lung concen-
trations of remdesivir comparable to the 10 mg kg−1 IV dose.[24]

Thus, our initial assumption that dosing at 5–10% of the IV dose
would be adequate was correct. Additionally, they utilized a Pari
LC Plus nebulizer, which is of comparable design to our Neb-
utech 8960. Our approach delivers 7–9% of the formulation sus-
pension concentration in “respirable particles” (<5 μm). In 10 kg
non-human primates, we would require a dose of roughly 3.5 mg.
We estimate that this dose could be delivered from our nanocrys-
tal suspension over a comparable amount of time, 35 min (esti-
mating 2.5 mg mL−1 remdesivir suspension concentration, 8%
respirable dose, 0.5 mL min−1 output rate). Utilizing a single ex-
cipient, at an extremely low concentration (Gilead: 150 mg mL−1

SBECD, P2 Nanocrystals: 0.125 mg mL−1 P2), we estimate we
could deliver comparable doses to the SBECD-remdesivir formu-
lation in a shorter or comparable amount of time. In general, it
is better to minimize excipient use, especially in sensitive organs
like the lungs to minimize agitation and inflammation. In the
context of biosafety, the POx drug-delivery platform has demon-
strated exceptional safety and tolerability in vivo upon parenteral
administration.[54] We recognize that this does not necessarily

correlate to the tolerability when delivered to sensitive organs,
like the lungs. However, we are able to minimize the excipient
dose by utilizing such a small proportion of excipient relative to
API (5% by weight). A direct lung tolerability study is one of our
immediate next steps. It is clear that our system already has ex-
tremely high loading capacity utilizing a single excipient with the
formulation being 95% API by weight. Some other excipients,
such as DSPE-PEG, have shown promise in the preparation of
high loading capacity nanoparticles when used in conjunction
with certain polymers.[55–57] In these instances, the loading did
not exceed 70% by weight and they were only employed for par-
enteral administration.

Other groups have also developed nanoparticle based for-
mulations of remdesivir. Vartak et al. have developed a li-
posomal formulation for inhalable delivery demonstrating an
MMAD of 4.56 μm and an FPF of about 74% (P2 Nanocrystals
≈50% FPF).[58] However, this formulation still uses a significant
amount of excipient and may be limited by drug release kinetics
from the liposome or liposomal uptake into cells. Other liposo-
mal formulations for inhalation have been developed with simi-
lar results.[59] Other systemic, PLGA formulations of remdesivir
have been developed as well.[60]

Notably, there is one clinically approved nanocrystal suspen-
sion on the market. It is a steroid formulation of the drug Budes-
onide for treating asthma developed by Astrazeneca (marketed
as Pulmicort Respules).[61] An in vitro analysis was performed on
this formulation testing the influence of nebulizer choice, which
greatly affects the delivered dose.[62] Additionally, FDA disclosure
documents indicate that in in vitro conditions, only 17% of the
nominal dose is actually delivered at the mouth piece-so this is
our baseline delivery efficiency to achieve with our remdesivir
formulation. It is not clear if this 17% is in the fine particle frac-
tion or a total output. In our formulation, we estimate that we
deliver 15% of the nominal concentration in the P2 Nanocrys-
tals and 20% in the P2-Oleic Acid Nanocrystals (based off total
output, not just fine particle). Our formulation is close to reach-
ing the standard set by the lone clinically approved nanocrystal
suspension for aerosol delivery. Notably, both our formulation
and the Budesonide suspension are designed to be used with jet-
nebulizers. The nominal dose of remdesivir which we need to de-
liver is significantly higher than Budesonide (Budesonide Dose =
250–500 μg). To achieve higher doses, we can increase the con-
centration of the drug nanocrystals or at lower concentrations,
nebulizers could easily be refilled and additional dose delivered.

There are many polymers which have been used to stabilize
nanocrystals in the past such as Poloxamers (also known as
“Pluronics”), which contain PEG, a GRAS agent. Additionally,
some excipients are already clinically approved to be included in
pulmonary formulations, such as ethanol, Tyloxapol, and oleic
acid.[32] To the best of our knowledge, we are the first to report on
the use of POx block copolymers for drug nanocrystal formula-
tions, and in particular, inhalable drug delivery systems. As poly-
meric micelles, POx polymers have consistently demonstrated
the ability to widen the therapeutic windows and improve ther-
apeutic efficacy.[43,63,64] Notably, our P2 POx polymer was able
to stabilize the drug nanocrystal of remdesivir as the sole stabi-
lizing agent and at very low concentrations. This was the only
excipient we studied capable of this kind of stabilization under
our stringent requirements. As POx polymers have shown the
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ability to solubilize a diverse array of poorly soluble drugs as
micelles,[44,63–65] we believe they can also stabilize a vast array as
nanocrystal formulations as well. While this is a step forward in
improving therapy for COVID-19, it is perhaps more important
in its implications as a semi-ubiquitous solubilizer for nanocrys-
tal formulations which could be used to rapidly develop new drug
formulations for existing and novel diseases in the future.

4. Conclusions

To conclude, we have developed a novel formulation of remde-
sivir as a drug nanocrystal which is 95% remdesivir by weight
and conducive to the delivery of the drug directly to the site of
disease, in the lungs. Remdesivir is highly efficacious against
COVID-19 in vitro, but some questions have been raised about
its in vivo efficacy. Roughly 50% of our formulation is nebu-
lized into respirable particles (<5 um), and the output is consis-
tent with the clinically approved Pulmicort Respules formulation
from Astrazeneca-the only clinically approved drug nanocrystal
suspension for pulmonary delivery. Our future work will focus
on developing novel POx based excipients which could reduce
drug nanocrystal size and lower the MMAD to improve delivery
efficiency deep into the lungs. Additionally, we will perform in
vivo toxicity, therapeutic efficacy, and pharmacokinetic studies to
evaluate remdesivir and POx accumulation in the lungs. While
pharmacokinetic performance was not the nature of the present
study, we have recently published the underlying considerations
that must go into work of this nature.[26] We believe that our POx
platform could be used to rapidly develop nanocrystal formula-
tions for future diseases to improve therapeutic outcomes.

5. Experimental Section
Materials: Methyl Triflate, 2-Methyl-2-oxazoline, 2-n-Butyl-2-oxazoline,

Acetonitrile, Ether, Acetone, Deuterated Water, Deuterated Methanol, 3.5
kDa Dialysis membrane, Potassium carbonate, Methanol, Tyloxapol, Oleic
Acid, Piperidine, Ultra Pure Water, phosphate-buffered saline (PBS), and
3.5 kDa Slidealyzers were purchased from Sigma Aldrich. Remdesivir and
Tyloxapol were purchased from Medkoo, Pluronic F127 (F127) was ob-
tained from BASF. Sulfobutylether-𝛽-cyclodextrin (SBECD) was purchased
from Medchem Express. A Salter Labs 8900 jet nebulizer (SunMed; Grand
Rapids, MI) was used for all aerosol studies. Impaction stages were
washed with methanol (Fisher Scientific).

Polymer Synthesis: Triblock copolymer P[MeOx-b-BuOx-b-MeOx], P2,
with degrees of polymerization of the blocks 38-33-38 was synthesized ac-
cording to previously described methods.[64,66] For the synthesis of poly-
mers, methyl tri-fluoromethanesulfonate (MeOTf), MeOx, and BuOx were
dried by refluxing over calcium hydride (CaH2) under inert nitrogen gas
and subsequently distilled. Briefly, MeOTf was added to a reaction flask
under low oxygen and water vapor conditions and in argon gas environ-
ment (1 eq.). 3 mL of dry acetonitrile was used as a solvent. MeOx was
added at desired molar ratio (38 eq.) and mixed overnight at 80°C. Com-
plete monomer consumption and block length were confirmed by 1H-
NMR (methanol solvent). BuOx was added to the reaction mixture under
dry conditions at the desired block length (33 eq.) and mixed overnight at
80°C. 1H-NMR was again used to confirm completion and block length.
MeOx was then added and the reaction mixture was stirred overnight at
80°C (38 eq.). Terminating Piperidine was added in threefold molar excess
and the reaction mixture was mixed overnight at room temperature. Potas-
sium Carbonate was added to dry the mixture. The mixture was then gravity
filtered and washed with acetone. Acetone was removed by Rotovap, and
then the mixture was added to ice cold ether in a 9:1 ether:reaction mix-

ture volumetric ratio. The vials were then centrifuged at 1000 × G for 5 min
to pellet the precipitated polymer. Ether was decanted and the precipitate
was dissolved in ultrapure water and dialyzed (3.5 kDa membrane) against
water for 4 days changing the surrounding medium every 24 h. Samples
were lyophilized and final structure confirmed by 1H-NMR.

Bottom-Up Nanocrystal Synthesis: Remdesivir nanocrystals were pre-
pared by the solvent-anti solvent precipitation method.[31] Briefly, remde-
sivir was solubilized in methanol at a concentration of 80 mg mL−1 and
polymers (F127, P2, Tyloxapol) were dissolved to a concentration of 10 mg
mL−1 in methanol. Oleic acid was used at a working concentration of 1 mg
mL−1 in methanol. Nanocrystal suspensions were synthesized at remde-
sivir concentrations ranging from 2.5 to 20 mg mL−1. The desired volume
of suspension in UltraPure Water (Ranging from 2 to 10 mL in this work)
was placed in a scintillation vial under rapid stirring (900 rpm). Remdesivir
and polymer stabilizers were mixed together in the desired ratios with a
given weight % of stabilizer as determined by Equation 1. For example, in a
2 mL, 5 mg mL−1 suspension, 125 μL of remdesivir and 50 μL of P2 would
be used. These were added to the scintillation vial under rapid stirring and
allowed to mix for 30 seconds. The suspensions were then transferred to
microcentrifuge tubes and centrifuged at 10000 × G for 5 min to pellet
most of the suspension. Supernatant was removed and the nanocrystals
could then be redispersed to the desired concentration. For long term stor-
age, samples were frozen in liquid nitrogen with a concentration of 20%
trehalose (v/v) as a cryopreservant

Mass Stabilizer∕Mass Remdesivir × 100 (1)

SBECD Formulation Preparation: Remdesivir ICs were prepared by
adding remdesivir in methanol dropwise at roughly 7 drops/minute to
an aqueous solution of SBECD under vigorous stirring at a 1:30 remde-
sivir:SBECD ratio by mass creating a roughly 2 mg mL−1 remdesivir so-
lution. After drops finished, the solution was stirred for an additional 1
h. The solution was then put on Rotovap to remove methanol and then
lyophilized to form a powder which is 3.2% remdesivir by weight. Solu-
tions were hydrated to the desired concentration in ultra-pure water and
allowed to stabilize for 15 min before use.

Nanocrystal Size and Zeta Potential Characterization: Nanocrystal par-
ticle sizes were measured by DLS where we used both the intensity distri-
bution and the number-based distribution measurements to gain insights
about the formulation. Morphology was determined using Transmission
Electron Microscopy (TEM). Zeta Potential of nanocrystals were measured
using a Particle Metrix Zetaview Instrument at 20-fold dilution in 0.1X PBS.

In Vitro Drug Release Studies: Remdesivir nanocrystals and SBECD
IC’s were prepared at 2 and 5 mg mL−1 and the release rate from the for-
mulations was measured under sink conditions in PBS at 37°C. 100 μL
of sample was placed in a 3.5 kDa slidealyzer dialysis devices after wash-
ing the membrane with PBS. Samples were incubated in triplicate at time
points of 0.5, 1, 2, 4, 8, and 24 h. The solution was removed from the dial-
ysis device and lyophilized. It was then rehydrated in 100 μL of methanol
and drug concentration was measured by HPLC after centrifugation and
removal of salts.

HPLC Analysis of Remdesivir: Remdesivir concentrations were ana-
lyzed by Agilent 1100 HPLC system on a Reverse Phase C18 column from
Supelco. Briefly, 70 μL of remdesivir to be measured in methanol was
added to 30 μL of HPLC water for sample analysis. Mobile phase was 70:30
methanol:water ratio with a 1.0 mL min−1 flow rate. Column temperature
was set to 40°C and the retention time of remdesivir was about 5 min.
Injection volume was 10 μL. Remdesivir was analyzed at 280 nm on a UV
Photodiode Array detector.

Methanol Detection by NMR: For quantifying methanol removal from
the nanocrystal suspensions, 1H-NMR was used. 1H-NMR spectra were
recorded on an INOVA 400 at room temperature. The spectra were cali-
brated using the solvent signals (D2O 4.80 ppm). Samples of nanocrystal
suspensions were dissolved in deuterated water before and after centrifu-
gations. Samples were centrifuged to pellet remdesivir nanocrystals and
then supernatant was analyzed on 1H-NMR. The methanol solvent peak
area near 3.3 ppm was used to determine the amount of methanol remain-
ing in the nanocrystal suspension.
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In Vitro Antiviral Studies: Antiviral studies were performed according
to previous protocols.[51,67] The A549 cells expressing Ace2 (A549-Ace2)
were seeded at 1 × 104 cells/well in black walled clear bottom 96 well
plates the day prior to treatment and infection. Drug stocks and controls
were prepared fresh within an hour of each replicate and diluted in saline
prior to addition to the 96 well plates. Prepared drug stocks were then
diluted 1:100 in cell maintenance media (Gibco DMEM supplemented
with 10% heat-inactivated FBS, 1% Gibco NEAA, 1% Gibco Pen-Strep) to
achieve a 2x concentration. Maintenance media was removed from cells
and cells were pre-treated for 1hr with 2x drug. Cells were then either mock
infected or infected at a Multiplicity of Infection (MOI) = 0.02 with SARS-
CoV-2-nLuc. The final concentration of drug after the addition of inoculum
was 1x. Cells were then incubated for 48 hr at 37°C with 5% CO2. Virus
growth was measured with NanoGlo Luciferase Assay System (Promega)
and cell viability was measured with CellTiter-Glo 2.0 Cell Viability Assay
(Promega). Luminescence was measured using a Promega GloMax
Explorer System plate reader. Background luminescence from vehicle
treated wells subtracted from all other treated wells. Drug treatment ex-
periments were performed in three independent experiments in technical
duplicate.

Aerosol Generation Inertial Impaction and Aerodynamic Characterization:
Inertial impaction was performed using a Next Generation Impactor
(NGI; MSP Corp.; MN, USA) following United States Pharmacopeia
(USP) method <1601>. Impactor stages were precooled to 4°C for at
least 90 min before experiments. Vacuum for the NGI was set to 15 L
min−1 and a solenoid wired to the vacuum pump was set to 2 min.
Aliquots of the remdesivir formulation were synthesized and frozen at
10 mg mL−1, thawed and then diluted to 1.5 mg mL−1. The nebulizer
(Nebutech 8960) was filled with 3 mL of the remdesivir formulation and af-
fixed to the inlet of the NGI via custom mouthpiece adapter. The nebulizer
was actuated by connecting the pressurized air tubing (50 psi)and gen-
erating the aerosol at an airflow rate of 8 L min−1. Next the solenoid was
switched on and nebulized material was collected over the 2 min. This was
repeated thrice with fresh NGI plates, inlets, and remdesivir nanocrystal
suspensions.

The impactor size segregates the aerosol with cut-off aerodynamic di-
ameters of A, B, C, D, E, F, G μm for stages 1–7, respectively, from which the
particle size distribution can be constructed (USP<1601>). NGI Impactor
stage cutoff diameters at the specified conditions are as follows: Stage 1
= >14.1 um, Stage 2 = <14.1 um, Stage 3 = <8.61, Stage 4 = <5.39 um,
Stage 5 = <3.3 um, Stage 6 = <2.08 um, Stage 7 = <1.36 um, and Stage
8 = <0.98 um. The deposited aerosol on the inlet, stages 1–7, and multi-
orifice filter (MOC) of the NGI was assayed by HPLC as described above
to quantify remdesivir mass. The values were used to construct an aero-
dynamic particle size distribution (APSD) from which MMAD, geometric
standard deviation (GSD) (Equation 2), and fine particle dose (FP Dose;
mass particles < 5.39 μm at 15 L min−1) could be determined. MMAD
was calculated by plotting the cumulative mass percent undersize of the
deposited remdesivir against its corresponding stage effective cutoff di-
ameter, translating to a probability (PROBIT) versus logarithm effective
cutoff diameter plot, and fitting a line through points on either side of 50th

percentile mass collected and solving for particle size (equal to 0 on PRO-
BIT scale). GSD was similarly calculated by determining the particle size at
the 84th and 16th percentile (1 and -1, respectively, on PROBIT scale) and
taking the square root of the former divided by the latter.[29] The FP Dose
was determined by summing the mass remdesivir collected on stages 4
through MOC of the NGI. The FP Dose % was determined by the percent-
age of delivered remdesivir which was in the respirable fractions. The per-
cent of the suspension output is the mass of remdesivir delivered divided
by the nominal dose.

GSD = [% mass of distribution at D84∕% mass of distribution at D16]0.5

(2)

1H-NMR of Polymers: 1H-NMR spectra were recorded on an INOVA
400 at room temperature. The spectra were calibrated using the solvent
signals (MeOD 3.31 ppm).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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