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A B S T R A C T   

Remdesivir is the only clinically available antiviral drug for the treatment of COVID-19. However, its very limited 
aqueous solubility confines its therapeutic activity and the development of novel inhaled nano-based drug de
livery systems of remdesivir for enhanced lung tissue targeting and efficacy is internationally pursued. In this 
work 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) hyperbranched dendritic nano-scaffolds were employed 
as nanocarriers of remdesivir. The produced nano-formulations, empty and loaded, consisted of monodisperse 
nanoparticles with spherical morphology and neutral surface charge and sizes ranging between 80 and 230 nm. 
The entrapment efficiency and loading capacity of the loaded samples were 82.0% and 14.1%, respectively, 
whereas the release of the encapsulated drug was complete after 48 h. The toxicity assays in healthy MRC-5 lung 
diploid fibroblasts and NR8383 alveolar macrophages indicated their suitability as potential remdesivir carriers 
in the respiratory system. The novel nano-formulations are non-toxic in both tested cell lines, with IC50 values 
higher than 400 μМ after 72 h treatment. Moreover, both free and encapsulated remdesivir exhibited very similar 
IC50 values, at the range of 80–90 μM, while its aqueous solubility was increased, overall presenting a suitable 
profile for application in inhaled delivery of therapeutics.   

1. Introduction 

Remdesivir, sold under the brand name Veklury®, is a broad-spectrum 
antiviral medication developed by Gilead Sciences [1]. It was proposed in 
2009 as a potential treatment against hepatitis C and with limited effects 
against the Ebola outbreak in Congo in 2017. Remdesivir was also found to 
be effective against a broad range of animal and human coronaviruses 
(CoV) such as the Severe Acute Respiratory Syndrome (SARS-CoV-1) and 
the Middle East Respiratory Syndrome (MERS-CoV) coronaviruses. When 
the highly transmissible SARS-CoV-2 emerged in late 2019 in China, 
resulting in the global COVID-19 pandemic, remdesivir was one of the 
most effective clinical candidates that drew attention as a putative ther
apeutic weapon against the disease [2]. In fact, remdesivir is the only 
clinically available antiviral drug that has been approved by the US and 

European authorities for the treatment of COVID-19 in hospitalized adult 
and pediatric patients [3]. 

Remdesivir is the phosphoramidate prodrug of an adenosine analog 
acting as inhibitor of viral RNA synthesis (Fig. S1, Supplementary Mate
rials). The prodrug diffuses into cells where it is metabolized into the active 
nucleoside triphosphate derivative, which competes with its natural 
counterpart for incorporation by the viral RNA-dependent RNA poly
merase [1]. In the marketed product Veklury®, remdesivir (100 mg) is 
administered by intravenous infusion and because of its very limited 
aqueous solubility, sulfobutylether β-cyclodextrin sodium is included in 
the formulation to increase solubility [4]. However, recent reports suggest 
that the current mode of administration is unlikely to produce sufficiently 
high concentrations of remdesivir and its active metabolites in the lungs to 
effectively eliminate SARS-CoV-2 [5]. This fact, in combination with the 
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reported adverse reactions (ADRs) associated with systemic administra
tion [6], are shifting attention on inhaled nano-formulations of remdesivir 
to enhance lung tissue targeting and efficacy [7]. 

Pulmonary drug delivery nanotechnology is a relatively new concept 
and has become an appealing route to treat lung diseases. Nano-based 
drug delivery systems such as micelles, liposomes and lipid-based car
riers [8], chitosan-poly(lactic-co-glycolic) acid nano-formulations 
[9-11], or polymeric nanoparticles [12] are designed to enhance the 
effectiveness of drugs at targeted lung regions, as well as lower 
dose-related toxicities and ADRs in non-target organs [6-13]. Already, in 
the fight against COVID-19, actively investigated therapeutic strategies 
employ nanoparticles [14,15]. In recent publications, 
anti-inflammatorry dexamethazone - the first drug to show life-saving 
efficacy in patients infected with SARS-CoV-2 - is investigated as a 
liposomal formulation targeting pulmonary macrophages or other im
mune cells for more effective anti-oedema and anti-fibrotic effect [16]. 
Furthermore, nanospray inhalation of remdesivir and hydroxy
chloroquinone using poly(lactic-co-glycolic) acid nanocarriers [17], as 
well as aerosolized remdesivir nanoliposomal carriers [18], are pro
posed as effective alternatives for COVID-19 treatment. As the 
SARS-CoV-2 infects primarily through the respiratory tract (upper air
ways and lungs) and mainly affects the lungs, the use of inhaled delivery 
becomes increasingly important for the non-invasive, quick and direct 
administration of therapeutics [19]. The fact that Gilead has initiated 
clinical testing of an inhaled solution of remdesivir [20] serves to 
intensify the importance of inhaled delivery for treatment of COVID-19 
and validate all efforts in the field. 

Within this framework, in continuation of our investigations in nano- 
formulations for effective and safe delivery of hydrophobic cargo [21, 
22], and aspiring to contribute to the above reported efforts [16–18] for 
an inhaled formulation of remdesivir, we present herein the employ
ment of the dendritic-linear-dendritic (DLD) bis-MPA hyperbranched 
dendritic scaffold (HDS, and specifically, the bis-MPA PEG6k-OH, 
pseudo generation 4, Fig. S2, Supplementary Materials) in the synthesis 
of remdesivir-loaded nano-formulations. The employed HDS comprises 
two hyperbranched bis-MPA blocks attached through ester bonds to a 
middle hydrophilic PEG chain and belongs to a group of dendritic 
scaffolds suitable for biomedical applications [23–25]. The novel 
remdesivir-loaded nanomaterials (mentioned henceforth as RHDSs and 
their empty counterparts as EHDSs) were characterized by 
physico-chemical and electron microscopy techniques, and evaluated 
for their suitability as potential remdesivir carriers in the respiratory 
system through release studies and toxicity assays in healthy MRC-5 
lung diploid fibroblasts and NR8383 alveolar macrophages. 

2. Experimental 

2.1. Materials and methods 

All necessary information regarding materials and equipment used 
are provided in Supplementary Materials. 

2.2. Synthesis of RHDSs 

A modification of the oil-in-water (O/W) single emulsion/solvent 
evaporation method [26–28] was applied for the formulation of the 
remdesivir-loaded HDSs, according to our previously reported work 
[21]. Specific details are provided in Supplementary Materials. 

2.3. Determination of remdesivir loading capacity and entrapment 
efficiency 

The determination of the loading capacity and entrapment efficiency 
of remdesivir into the hyperbranched dendritic nanocarriers was per
formed via HPLC analysis. The procedure is described in detail in Sup
plementary Materials. 

2.4. In vitro remdesivir release study 

The release of remdesivir from RHDSs was monitored with HPLC. 
The procedure is described in detail in Supplementary Materials. 

2.5. 5. Biological evaluation 

The remdesivir concentration in all solutions employed in biological 
evaluation was estimated using the determined loading capacity of the 
RHDSs and the release curve (Fig. 3A), according to our previously re
ported work [21]. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe
nyl-tetrazolium bromide) assay was employed according to a published 
procedure [21,29]. Specific details are provided in Supplementary 
Materials. 

Cell cultures (MRC-5 and NR8383 cells) were developed according to 
published protocols [30,31] with slight modifications. Specific details 
are provided in Supplementary Materials. 

3. Results and discussion 

3.1. Synthesis of RHDSs 

The RHDSs were synthesized according to a firstly applied on bis- 
MPA hyperbranched dendritic systems modification of the oil-in-water 
(O/W) single emulsion/solvent evaporation method [26–28], a pro
cess commonly applied for the encapsulation of hydrophobic molecules, 
as remdesivir. The synthesis was carried out through the addition of the 
organic phase with dissolved remdesivir to the aqueous (Phosphate 
buffered saline, PBS) DLD-polymer solution, followed by high-speed 
homogenization of the generated emulsion, sonication, and 

Fig. 1. A) FESEM images of EHDSs (at 100 nm) and B) FESEM images of RHDSs 
(at 100 nm, inset photo at 1 μM). 
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subsequent evaporation of the organic solvents, resulting in the pre
cipitation of the remdesivir-loaded hyperbranched dendritic 
nano-scaffolds, which were collected with centrifugation. Addition of 
emulsifying agent in the preparation mixture was not necessary, as the 
DLD polymer is soluble in the employed organic and aqueous solvents 
and the long PEG chain in its structure acts as viscosity regulator [32]. 
The remdesivir molecules are encapsulated within the dendritic nano
carriers through weak van der Waals forces and hydrogen bonds with 
the functional groups of the HDSs [33,34]. It is worth noting that the 
molecule of remdesivir has 4 hydrogen bond donor atoms and 13 
hydrogen bond acceptor atoms in its structure [35] that may well 
interact with the 32 hydroxyl groups of the polymer as well as with 

hydrogen bond acceptor oxygens of the PEG chain. The applied 
remdesivir-to-dendrimer molar ratio during synthesis was ≈1:1.5 to 
ensure sufficient excess of the carrier for the optimum entrapment of 
remdesivir and avoid drug precipitation. As the emerging 
nano-formulations are particularly hydrophilic, they were meticulously 
dried under vacuum before their further physico-chemical character
ization and biological evaluation. 

3.2. FT-IR spectroscopy 

In the Fourier-transform infrared (FT-IR) spectrum of RHDSs 
(Fig. S3, Supplementary Materials) peaks associated with both remde
sivir and the DLD-polymer are present. More specifically, the O–H 
stretching vibrations are detected as a broad band centered around 
3398 cm− 1. The small shoulder located at around 2943 cm− 1 is assigned 
to the asymmetrical stretching vibrations of the –CH3 groups of the bis- 
MPA hyperbranched units whereas the strong absorption band located 
at 2883 cm− 1 is typical of the C–H stretching vibrations of the bis-MPA 
units and the PEG chain [36,37]. The strong absorption band located at 
1467 cm− 1 is characteristic of the –CH3 asymmetric bending vibrations 
(bis-MPA dendron) and the bending vibrations of –CH2 (PEG chain, 
bis-MPA dendron). Moreover, the sharp absorption band located at 
1732 cm− 1 is attributed to the carboxylate C––O stretching vibrations 
(bis-MPA dendron). The C–O stretching vibrations are located around 
1344 cm− 1 and 1280 cm− 1 as a medium and a weak band, respectively. 
Moreover, the strong bands at 963 cm− 1 and 842 cm− 1 are indicative of 
the C–C stretching vibrations [36,37]. The absorption bands at 1240 
cm− 1 and 1209 cm− 1 can be assigned to the P––O absorption [38]. The 
sharp absorption bands at 1153 cm− 1 and 1042 cm− 1 are characteristic 
for the P–N and the P–O–C stretching vibrations [39,40], respectively. 

3.3. FESEM analyses 

Representative field emission scanning electron microscopy (FESEM) 
images of EHDSs and RHDSs (Fig. 1A and B) show that the EHDS sample 
consists of spherical, relatively monodisperse nanoparticles, with a 
relatively narrow size distribution between 80 and 120 nm. In the case of 
the RHDSs the presence of distinct globular nanoparticles with di
ameters between 100 and 230 nm and a wide particle size distribution is 
observed. The consequent increase in the diameter of the RHDSs in 
comparison to that of EHDS species is in accordance with the entrap
ment of remdesivir molecules within the dendritic nano-cavities and the 
consequent swelling of the nanocarrier. The size range of the generated 
nano-formulations is considered suitable for efficient cell uptake and 
low immunogenic response [41]. Most importantly, it is ideal for res
piratory tract direct applications, as inhalation of powder particles with 
diameters below 5 μm can lead to the efficient delivery into the lower 
part of the respiratory tract [17]. 

Fig. 2. Particle size distribution of A) EHDSs and B) RHDSs.  

Fig. 3. A) Cumulative release percentage of remdesivir with regard to the total entrapped remdesivir vs. time and B) from left to right: i) remdesivir dispersed in PBS, 
ii) EHDSs dispersed in PBS, and iii) RHDSs dispersed in PBS after 48 h of release study. 
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3.4. Particle size analysis and z-potential 

Z-potential and DLS measurements were carried out in order to 
further estimate the surface charge and the mean hydrodynamic diam
eter (Fig. 2A and B) of the EHDS and RHDS species. The mean hydro
dynamic diameter of EHDSs and RHDSs was determined to be 109.0 ±
18.7 nm and 185.0 ± 30.5 nm, respectively. The results are in complete 
agreement with the FESEM observations and indicate the effect of 
remdesivir encapsulation on the size of the emerging nanocarriers. The 
z-potential value of EHDSs was estimated to be 1.0 ± 0.2 mV, verifying 
the neutral surface charge of bis-MPA HDSs, whereas the z–potential of 
RHDSs was − 7.0 ± 0.6 mV. As expected, encapsulation of the neutral 
remdesivir molecules at pH 7.4 (PBS), had no effect on the surface 
charge of the generated nano-formulations. Although the observed 
z–potential values of both empty and remdesivir-loaded samples in so
lution were relatively low and could have affected the stability of the 
produced nano-formulations inducing the formation of large secondary 
aggregates due to weak repulsive forces, no significant aggregation was 
observed. It is likely that the employed hyperbranched G4-PEG6k-OH 
dendrimer could have provided an effective shielding potentially 
attributed to its low core-to-PEG ratio and hence a high PEG surface 
density, resulting thus in improved stealth properties or steric repulsion 
between the HDSs during remdesivir loading [25,27,42]. The observed 
slightly negative or neutral z-potential values of the generated 
nano-formulations are suited for bio-applications, as they are considered 
ideal for membrane penetration and tissue absorption [43,44]. 

3.5. Loading capacity and entrapment efficiency 

The in situ loading capacity and entrapment efficiency of remdesivir 
in HDSs was estimated to be 82.0% and 14.1%, respectively. The ob
tained results can be considered sufficiently good and favorably 
compare to those reported for other types of remdesivir nanocarriers 
[18]. The production of hydrophilic nano-formulations with a heavily 
entrapped organic compound points out the potential of the relatively 
unexplored G4-PEG6k-OH HDSs as carriers of pharmacophores. The 
relatively high loading capacity and entrapment efficiency of remdesivir 
can be assigned to the large length of the PEG chain and the high gen
eration of the employed DLD-polymer, as also observed in other litera
ture reports [28,45–47]. In general, long PEG chains and dendritic 
polymers of high generation form bulkier dendritic cavities, thus 
resulting in larger inner space and less dense conformations that 
enhance the degree of encapsulation [28,45–47]. 

3.6. Release study 

The release profile of the encapsulated remdesivir is a crucial 
parameter for the determination of the pharmacokinetic behavior of 
RHDSs. Fig. 3A shows the percentage of remdesivir released in PBS pH 
7.4 with regard to the total entrapped remdesivir versus time. The re
sults show complete release of remdesivir from the RHDSs during the 48- 
h study, indicating total dissolution of the nano-formulations. By 
examining the release profile, it can be seen that up to the first 30 min 
there is an initial burst release of ~45% of the initial remdesivir present, 
mainly attributed to loosely bound or adsorbed remdesivir molecules on 
the large surface of the nanoparticle [48,49]. This initial rapid release is 
followed by a slower release phase between 60 and 180 min, reaching a 
plateau after 24 h, probably associated with penetration of water into 
the nanoparticle, the dissolution of remdesivir and its diffusion into the 
aqueous medium. This continuous and sustained release indicates that 
remdesivir is well entrapped in the HDSs. The observed complete release 
of remdesivir may be related with the high hydrophilicity of the HDSs, 
the high PEG molecular weight (6 kDa) and the low aggregation rate of 
the produced nano-formulations [42]. Specifically, the presence of 32 
hydroxyl groups on the hyperbranched G4-PEG6k-OH polymer, as well 
as the embedded hydrophilic PEG-chain in its structure, render the 

generated nano-formulations completely miscible with water and 
contribute to the efficient remdesivir release. 

Furthermore, it should be noted that despite the lack of aqueous 
solubility of remdesivir (0.028 mg mL− 1 at room temperature) [50], no 
precipitation of the drug is taking place, as also visually exhibited in 
Fig. 3B. Based on the release measurements in PBS pH 7.4 after 48 h, the 
dissolved remdesivir was calculated to be 0.24 mg mL− 1, while the 
resulting concentration of the dissolved bis-MPA nanocarriers in the PBS 
solution was 1.43 mg mL− 1. The obtained results indicate the enhanced 
aqueous solubility of remdesivir, induced by its formulation with the 
bis-MPA (G4-PEG6k-OH) dendritic scaffold, and favorably compare to 
other literature reported results on remdesivir nanocarriers [17,18] and 
formulations with Tween-80, PEG-400, or sulfobutylether-beta- 
cyclodextrin (SBECD) [48]. The release data of remdesivir from the 
RHDSs were fitted to several kinetic equations (zero order, first order, 
Higuchi, Korsmeyer-Peppas, Hixson-Crowell). The mathematical model 
which very satisfactorily describes the release kinetics is the first order 
model, with a high correlation coefficient R2 ≈ 0.997 (Fig. S4A, Sup
plementary Materials). First order kinetics are suggestive of concentra
tion and time dependent release of the hydrophobic drug from the 
hydrophilic matrix [51–54]. Further fitting of the data to the Kors
meyer–Peppas equation (R2 ≈ 0.937, Fig. S4B, Supplementary Mate
rials) led to the determination of the exponent of release n value of 
0.267. According to the Korsmeyer–Peppas model, n < 0.45 points out 
that drug release is governed by diffusion according to the Fickian 
diffusion mechanism [49–55]. 

A summary of the physico-chemical characteristics of the produced 
empty and remdesivir-loaded nano-formulations is presented in Sup
plementary Material Table S1. 

3.7. Stability studies 

The stability of the produced RHDSs was evaluated via FESEM 
(Fig. S5, Supplementary Materials) and z-potential measurements after 
storage in PBS solution (pH 7.4) at 4 ◦C for two months. The nano- 
formulations did not show significant morphological alterations (eg. 
caking or phase separation) or extensive aggregation phenomena 
maintaining their surface charge above − 10 ± 0.8 mV, thus indicating 
their stable profile over long time periods. 

3.8. Biological activity 

In order to assess the suitability of the generated nano-formulations 
for biological applications, the toxicity of the EHDSs and RHDSs against 
the healthy MRC-5 lung fibroblasts, a cell line that is commonly utilized 
in vaccine development as transfection host [29], and NR8383 alveolar 
macrophages that play a critical role in pulmonary defense and in
flammatory responses [30], was determined with the MTT assay. Free 
remdesivir was also employed for comparison purposes. The results 
obtained after 72 h of exposure of the cells to EHDSs, RHDSs, and 
remdesivir are given in Table 1, while the IC50 curves are given in 
Fig. S6, Supplementary Materials. The first result to be noted is that 
EHDSs do not show any significant degree of cytotoxicity as their 
recorded IC50 values in both tested cell lines range over 400 μМ at 72 h 
incubation time. The recorded complete lack of toxicity of the produced 
EHDSs nanomaterials in the tested cell lines is in complete agreement to 
our previous publication where it was shown that they were non-toxic 
towards breast cancer cells and healthy fibroblasts [20], and strongly 
advocates the biocompatibility of the bis-MPA dendritic scaffold. The 
second positive result to be noted is that RHDSs give IC50 values in the 
same concentration range as free remdesivir (80–90 μM in our study), in 
complete agreement to IC50 values reported in the literature in other cell 
lines, like MRC-5 [56] and Vero and Calu-3 [57], indicating that the 
presence of the bis-MPA dendritic scaffold does not alter the biological 
effect of released remdesivir on human cells, which remains at the usual 
levels of toxicity. 
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4. Conclusions 

The novel nano-formulations of remdesivir based on the hydrophilic, 
biocompatible bis-MPA PEG6k-OH DLD-polymer present favorable 
characteristics for application in inhaled aerosols for direct access to the 
respiratory track. Their structural properties in terms of size and charge 
are suitable for pulmonary delivery, their hydrophilic nature is 
compatible with the humid environment of the lungs, their quick 
remdesivir release and incremental effect on remdesivir solubility as
sures immediate action on mucus membranes and lung tissue. These 
qualities, in combination with their non-cytotoxic profile, their ease of 
preparation and storage stability compared to other type of nanocarriers 
(like liposomes), make them ideal candidates for the non-invasive 
administration of remdesivir through the pulmonary route with the 
advantages of rapid onset of action, improved therapeutic effect and 
alleviation of systemic toxicity. We hope that this first account on the 
synthesis, characterization, and toxicity evaluation of the remdesivir- 
loaded bis-MPA PEG6k-OH nano-formulations will provide insights 
and serve as a base for further investigations on the utilization of the bis- 
MPA hyperbranched dendritic scaffolds as carriers of inhaled thera
peutics not only against COVID-19, but also against other respiratory 
diseases. 

Author contributions 

Conceptualization, E.H.; Methodology, E.H., B.M., C.K. and A. 
Moschona; Biological assays, B.M.; Investigation, E.H, B.M., M.S., G.L. 
and M.P.; Resources, E.H, M.P., A. Mitraki and G.L.; Data Curation, E.H. 
and M.P.; Writing – Original Draft Preparation, E.H, B.M. and M.P.; 
Writing – Review & Editing, E.H, B.M., M.S., G.L. and M.P.; Supervision, 
A. Mitraki and M.P.; Project Administration, E.H. and M.P. All authors 
have read and agreed to the published version of the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors would like to thank Sevasti Papadogiorgaki and Aleka 
Manousaki, Electron Microscopy Laboratory, Biology Department, 
University of Crete, for their expert technical assistance with the FESEM 
observations. Dr. E. Halevas and Dr. B. Mavroidi gratefully acknowledge 
financial support by Stavros Niarchos Foundation (SNF) through 
implementation of the program of Industrial Fellowships at NCSR 
“Demokritos”. Dr. E. Halevas also acknowledges the Foundation for 
Education and European Culture (IPEP) founded by Nicos & Lydia Tri
cha. Dr. B. Mavroidi also acknowledges the financial support by the 

State Scholarships Foundation (ІΚΥ) through the implementation of the 
program ′ ′Reinforcement of Postdoctoral Researchers− 2nd Cycle”(MIS- 
5033021) (European Social Fund (ESF)− Operational Programme 
′ ′Human Resources Development, Education and Lifelong Learning’′. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jddst.2022.103625. 

Abbreviation list 

Bis-MPA Bis(hydroxymethyl)propionic acid 
DLD Dendritic-Linear-Dendritic 
DLS Dynamic light scattering 
EBOV Ebola virus 
EHDSs Empty HDSs 
FESEM Field emission scanning electron microscopy 
FT-IR Fourier-transform infrared 
HDSs Hyperbranched dendritic scaffolds 
MARV Marburg virus 
MERS-CoV Middle East Respiratory Syndrome-Coronavirus 
NiV Nipah Virus 
O/W Oil-in-water 
PBS Phosphate buffered saline 
PEG Polyethylene glycol 
Rem Remdesivir 
RHDSs Remdesivir-loaded HDSs 
RSV Respiratory Syncytial Virus 
SARS-CoV Severe Acute Respiratory Syndrome-Coronavirus 
SBECD Sulfobutylether B-cyclodextrin 
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