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An in vitro study for reducing 
the cytotoxicity and dose dumping 
risk of remdesivir via entrapment 
in nanostructured lipid carriers
Fatemeh Amiri , Sepideh Ziaei Chamgordani  & Hedayatollah Ghourchian  *

The aim of this study was to synthesize and evaluate nanostructured lipid carriers (NLCs) loaded with 
Remdesivir (RDV) to control its side effects in COVID-19 patients. Due to the low solubility and short 
half-life of RDV in the blood, an injectable formulation was prepared using sulphobutylether-beta-
cyclodextrin. However, it can accumulate in the kidney and cause renal impairment. NLCs improve the 
parenteral delivery of hydrophobic drugs such as RDV by increasing drug solubility and bioavailability. 
For the synthesis of RDV-NLCs, the aqueous phase containing Tween 80 was injected into the lipid 
phase under rapid stirring and was sonicated. The experimental conditions were optimized using 
Box-Behnken design and Design Expert software. The optimum formulation contained a total lipid 
of 2.13%, a total surfactant of 1%, and a hot bath time of 71 min. The optimum formulation showed 
particle size, polydispersity index, zeta potential, and entrapment efficiency values of 151.0 ± 1.7 
nm (from 149.1 to 152.1), 0.4 ± 0.1 (from 0.3 to 0.5), −43.8 ± 1.2 mV (from −42.4 to −44.7), and 
81.34 ± 1.57% (from 79.52 to 82.33%), respectively. RDV-NLCs showed acceptable stability for 30 days 
at 25 ℃ and were compatible with commonly used intravenous infusion fluids for 48 h. FE-SEM images 
of RDV-NLC showed spherical particles with a mean diameter of 207 nm. The NLC-RDV formulation 
showed a sustained release of RDV with a low risk of dose-dumping, minimizing potential side effects. 
In addition, RDV in the form of RDV-NLC causes less cytotoxicity to healthy normal kidney cells, which 
is expected to reduce renal impairment in COVID-19 patients.

At the beginning of 2020, the world faced a new coronavirus disease named COVID-19 by the World Health 
Organization (WHO). This infection is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)1. To date, WHO has reported about 768 million confirmed cases of COVID-19, resulting in nearly 
7 million deaths globally. The outbreak is defined as a pandemic, but no specific drug is available for its treat-
ment. SARS-CoV-2 belongs to beta-coronaviruses, which also include SARS-CoV and MERS-CoV. The novel 
coronavirus has an 80% homology with the coronavirus associated with the acute respiratory syndrome (SARS-
CoV), which became widespread in China in 2002, and some of its enzymes have more than 90% homology. A 
“conventional drug in new use” becomes a feasible solution when a newly synthesized drug is not immediately 
available for patients.

Remdesivir (RDV) has shown activity against SARS and MERS in animal and  in vitro models, both of which 
belong to the coronavirus family, theoretically supporting its effectiveness in treating COVID-191. Studies con-
ducted by the Wuhan Institute of Virology on the effect of RDV on COVID-19 have shown that this drug is one 
of the fastest and most potent antiviral agents available for this disease2.

RDV (GS-5734), a prodrug, is metabolized inside cells into an alanine metabolite (GS-704277), which is fur-
ther processed into the monophosphate derivative and finally into the active nucleoside triphosphate derivative. 
The produced nucleoside triphosphates can then be mis-integrated into viral RNA by the viral RNA-dependent 
RNA polymerase for genome replication3. RDV, as an RNA-dependent RNA polymerase inhibitor, can inhibit the 
replication of multiple coronaviruses in respiratory epithelial cells. According to Gordon et al., the triphosphate 
form of RDV competes with its natural counterpart, ATP4. Once remdesivir is added to the growing chain, it 
cannot cause an immediate stop. On the contrary, it will continue to extend three more nucleotides down to 
stop the strand1.
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As per the FDA protocol, the recommended dosage of RDV for COVID-19 treatment is a single loading 
dose of 200 mg on Day 1, followed by once-daily maintenance doses of 100 mg from Day 2 infused over 30 to 
120 min via intravenous (IV) infusion. The recommended total treatment duration is 5 to 10 days. In patients 
with renal impairment, RDV is not recommended for those with an estimated glomerular filtration rate (eGFR) 
of less than 30 mL/min5.

The most common side effects of RDV for COVID-19 include acute respiratory failure and organ dysfunc-
tion, hypoalbuminemia, hypokalemia, anemia, and thrombocytopenia6. The use of RDV for COVID-19 has been 
associated with potential kidney damage, such as renal and urinary disorders and renal tubular necrosis7. This 
is mainly because of renal clearance of RDV, with 74% excreted in the urine8. Additionally, the low solubility 
of RDV in water (0.339 mg/ml)9 leads to its low bioavailability and requirement for multiple doses to achieve 
therapeutic drug levels3. To resolve this problem, sulfobutylether-beta-cyclodextrin has been reported to be used 
in an injectable formulation. The mentioned reagent also has renal clearance and may accumulate in the kidney 
of COVID-19 patients with renal impairment. Therefore, an efficient alternative formulation for better delivery 
of RDV with minimum side effects is required.

Nanosized drug-carrier systems have been developed in the past decades and are divided into polymeric and 
lipid nanoparticles10. Polymeric nanoparticles are solid colloidal particles made of non-biodegradable synthetic 
polymers or biodegradable macromolecular materials from synthetic, semisynthetic, or natural resources. They 
have some disadvantages, such as the cytotoxicity of polymers and the lack of suitable large-scale production 
techniques. In contrast, lipid nanoparticles have less toxicological risk due to the natural and biological origins 
of their materials. Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are the most com-
mon lipid nanomaterials. The advantages of SLNs are the use of biodegradable physiological lipids, the avoid-
ance of organic solvents related to the production method, the possibility of large-scale production, improving 
the drug bioavailability, the protecting of sensitive drugs from rigorous environments, and controlling drug 
release11. Nevertheless, SLNs show disadvantages such as unpredictable gelation tendency, unexpected dynamics 
of polymorphic transitions, particle growing, high water content of SLN dispersions, adjustment of drug release 
profile, limited drug loading (DL) capacity due to the crystalline structure of solid lipids, and drug expulsion 
during storage due to the formation of a perfect crystal12.

NLCs are the second generation of SLNs, which were developed to resolve some problems raised by SLNs. In 
contrast to SLN being produced from solid lipids, NLCs are produced by controlled mixing of solid lipids with 
liquid lipids, leading to unique nanostructures in the matrix. Since liquid lipids solubilize lipophilic molecules 
more than solid lipids, the NLC particles can provide a higher loading capacity and better release control. When 
SLNs are prepared from solid lipids, their matrix forms a perfect crystal lattice with limited space to accommodate 
the active ingredients. In contrast, the employment of solid and liquid lipids in NLCs can distort the production 
of a perfect crystal. The NLC matrix contains imperfections, providing space to accommodate the drug molecules 
in amorphous clusters, which can avoid drug expulsion. In the SLN, the drug is mainly dispersed in molecular 
form, while NLCs are composed of oily droplets embedded in a solid lipid matrix. Moreover, NLCs offer several 
other advantages, including better stability, a simple manufacturing process, biocompatibility, controlled drug 
release, improved performance in producing final dosage forms such as creams, tablets, capsules, injectables, 
and production of suspensions with higher solid content (e.g., 30–50% solid)12,13.

Altogether, it seems that the incorporation of RDV into NLCs offers many advantages, such as improving 
the solubility of the drug, enhancing bioavailability, and increasing the half-life of the drug after intravenous 
injection. In addition, it is expected that NLCs provide a controlled and sustained RDV release to minimize the 
required doses for achieving therapeutic drug levels and preventing RDV side effects on body organs.

Response surface methodology is a cluster of mathematical and statistical techniques that helps analyze and 
model formulation obstacles. The most important purpose of this technique is to optimize the response surface, 
which is influenced by various process parameters. In addition, response surface methodology computes the 
relationship between the obtained response surfaces and the controllable input parameters14. As a response sur-
face methodology, the Box-Behnken experimental design (BBD) is an excellent statistical method for optimizing 
formulations with multiple variables. Identifying the most significant factors for a response variable can minimize 
the trials required to determine the optimal formulation15. Thus, BBD can reduce the cost of the experiments 
and the researchers’ time by reducing the complex experimental parameters and simplifying the experiments.

This study utilized BBD to optimize the NLCs for RDV and investigate the impact of various variables on 
particle size, polydispersity index, zeta potential, and entrapment efficiency (EE). Then, the physicochemical 
characteristics of the NLCs, including their in vitro drug release properties and compatibility with infusion 
fluids, were evaluated. This vital information can aid in the practical application of the formulation, particularly 
for drug delivery. Finally, assessing the relative cytotoxicity of RDV–NLC to RDV suspension in the Vero cell 
provided valuable insights into the formulation’s potential safety and efficacy compared to the conventional 
drug formulations.

Materials and methods
Materials
RDV (≥ 99%) was obtained as a gift sample from Sobhan Oncology, Tehran, Iran. Medium-chain triglyceride 
(MCT; Nutricia Co., Ireland) was used as liquid-lipid, and glycerol monostearate (GMS; Sigma-Aldich) and 
stearic acid (SA; Merck Co., Germany) were used as solid-lipid materials of NLC. Lecithin from soybean was 
purchased from Serva Co. (Germany), and Tween 80 was purchased from Sigma. All other chemicals used in 
the study were of analytical grade. Additionally, all formulations were prepared using double-distilled deionized 
water. For cell culture studies, Dulbecco’s modified eagle medium (DMEM) and fetal bovine serum (FBS) were 
purchased from Gibco (Grand Island, NY, USA). 0.25% trypsin–EDTA was purchased from DACell Co. (Tehran, 
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Iran). Dimethyl sulfoxide (DMSO; Merck Co., Germany), streptomycin/penicillin (PAN-Biotech Co, Aidenbach, 
Germany), and [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) were purchased from 
Sigma and stored at -4 °C in the dark. The Vero cell line (derived from the kidney of an African green monkey, 
ATCC: CCL-81) was obtained from the Pasteur Institute of Iran (Tehran, Iran).

Methods
Preparation of RDV‑NLC
RDV-NLC was prepared by the emulsion evaporation at a high temperature and solidification at a low tempera-
ture. The synthesis was performed under atmospheric pressure, and the lipid and aqueous phases were prepared 
separately. Briefly, total lipids (GMS:SA:MCT with the weight ratio of 3:2:1, respectively)16, RDV, and lecithin 
were mixed and wholly dissolved in ethanol at 75 ± 2 ℃ (temperature above the melting point of the solid lipids) 
in a water bath to get the lipid phase. Wang et al. have previously reported that the mentioned NLCs lipid com-
position showed a high negative zeta potential value16, mainly due to the carboxyl groups in MCT structure17, 
indicating an excellent long-term stability of the formulation. Furthermore, a biphasic drug release pattern was 
found with drug burst release at the initial stage, followed by a sustained release at a constant rate. The negative 
charges may also protect against agglomeration of the prepared nanoparticles by generating adequate repulsive 
forces18. MCT can also help encapsulate a higher amount of drugs and reduce particle crystallinity, which imparts 
better stability and higher suitability for controlled release16.

Tween 80 was dissolved entirely into the water and heated to the same temperature as the lipid phase to obtain 
a clear aqueous phase. The Tween 80/lecithin ratio of 8:1.2 was kept constant in all formulations, where it was 
previously reported to show good chemical and physical stability19,20. The aqueous phase (Tween 80/lecithin) 
was injected into the lipid phase within the isothermal condition under rapid stirring at 1200 rpm for 71 min to 
get the homogeneous emulsion14. The resulting hot lipid emulsion was probe sonicated for 20 min15. In order to 
acquire RDV-NLC dispersions, the obtained hot nanoemulsion was quickly dispersed into cold deionized water 
(0–2 ℃) under stirring at 1200 rpm for 2 h. The blank NLCs (without RDV) were also prepared using the same 
procedure21. Phosphatidylinositol and other anionic components in the lecithin contribute to the negative charge 
and stability of the emulsion. In particular, the mentioned ratio (8:1.2) caused a more negative zeta potential than 
the critical value of −30 mV for NLC particles14. All steps must be done consecutively and without interruption 
to ensure the stability of the emulsion during the preparation process. The optimized formulation was stored 
in a glass vial covered with aluminum foil in a refrigerator at 4 ℃ for further investigations14. Also, for FE-SEM 
microscopy, the sample was prepared in the form of powder using the freeze-drying method.

The hot emulsification followed by the probe sonication technique used for RDV-NLC preparation in this 
study showed simplicity and easy scaling up for industrial applications22. Although the increase in the batch 
size can lead to changes in formulation characteristics like EE, size, and PDI of the NLCs, Rapalli et al. showed 
reduced entrapment and enhanced size during the scale-up of nanoparticles22.

BBD for optimization of NLC parameters
BBD helps evaluate critical experimental conditions with the maximum and minimum response, eliminating 
non-specific factors that do not affect the response variable and providing an optimized formulation with fewer 
trials. Based on a review of previous studies, specific parameters that could directly influence the desirable and 
optimum properties (particle size, polydispersity index, zeta potential, and EE) of the NLC system for intravenous 
delivery are total lipid content, total surfactant content, and hot bath time14,15. Furthermore, constraints were set 
on each factor influencing the formulation characteristics. A three-factor and three-level BBD was employed to 
optimize NLC using design expert 13.0.5.0 software (Stat-Ease Inc., Minneapolis, MN). BBD of three factors, 
namely, total lipid content (X1), total surfactant content (X2), and hot bath time (X3) at three different levels 
(low, medium, and high) were employed to investigate their effects on responses, including particle size (Y1), 
polydispersity index (Y2), zeta potential (Y3) and EE(Y4).

Characterization of RDV–NLC
The parameters such as particle size, zeta potential, and polydispersity index of the prepared RDV–NLC were 
determined by dynamic light scattering (DLS) and zeta potential analyzer (SZ-100z, Horiba Jobin Jyovin, Japan) 
at 25 ℃. All the dispersion samples were diluted with deionized water to obtain a suitable concentration for 
measurement. Each sample was determined in triplicate16,21.

The morphology of prepared RDV-NLC was determined using field emission scanning electron microscopy 
(FE-SEM, MIRA3, TESCAN, Czech Republic). The sample was prepared in the form of powder using the freeze-
drying method. After coating with gold, electron microscope images of the sample were prepared with different 
magnifications15.

Entrapment efficiency and drug loading
The EE and DL of RDV-NLC were determined by the centrifugal ultrafiltration method21. To determine the 
amount of free RDV from encapsulated one, 0.5 mL of RDV-NLC colloidal solution was diluted with 3.5 ml of 
ethanol 50% to avoid deposition (possibly via crystallization) of free RDV onto the NLC surface23. Then, the sam-
ple was placed in the upper chamber of a centrifuge tube matched with an ultrafilter (Amicon Ultra-15, Millipore 
Co., USA, MWCO 10 kDa) and centrifuged at 4000 rpm (CF16RX ΙΙ, Hitachi, Japan) at 25 ℃ for 15 min24,25. 
Thus, the encapsulated drug (RDV-NLC) remained in the upper chamber, and the aqueous phase (containing 
free RDV) moved into the sample recovery chamber through a filter membrane26. The rinsed optimized formu-
lation was used for the in vitro release experiment27. The filtrate was collected, diluted with ethanol 50%, and 
measured at 245 nm using a nano-drop UV spectrophotometer (2000C, Thermo, USA)28. Thereafter, using the 
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data of UV absorption of solutions in the concentration ranges from 16.5 to 200 μg/ml, a calibration curve with 
the regression equation of y = 0.0062x + 0.0508 and R2 = 0.99 was plotted29,30. Then, using the UV absorption of 
the solution in the lower chamber and the regression equation of the related calibration curve, the amount of 
free RDV was calculated. EE% and DL% were calculated using Eqs. (1) and (2):

where WTotal, WFree, and WNLC represent the weight of total RDV, free RDV, and NLC particles, respectively30.

X‑Ray diffraction (XRD) analysis of RDV‑NLC
XRD patterns of both RDV and RDV-NLC (freeze-dried) were obtained using an X-ray diffractometer (Rigaku, 
Ultima IV, Japan) for equivalent amounts of samples. The range of 2θ angle scanning was 5–50° with a voltage 
of 40 kV and a current of 40 mA31.

Physical stability of RDV‑NLC
The storage stability of RDV-NLCs was studied by storing the optimized formulation in a glass vial covered with 
aluminum foil at 4 and 25 ℃. To prevent bacterial growth, 0.02% (w/v) sodium azide was added to the RDV-NLC 
suspension32. Samples were withdrawn after 30 days of storage and assessed for changes in physical appearance, 
particle size, polydispersity index, zeta potential, and EE33,34.

In vitro release assay
A conventional dialysis diffusion method was chosen to investigate RDV release21. The dialysis membrane physi-
cally separates free RDV from RDV-NLC since only the released drug can pass through the membrane35. Imme-
diately after the separation of free RDV from optimized NLC formulations, the drug release study was performed 
using a dialysis cellulose membrane. Three mL of RDV-NLC (containing three mg RDV) was put into a dialysis 
bag (MW cutoff 3.5 kDa, Sigma–Aldrich, USA) and sealed from both ends.

The dialysis bag was placed in 200 mL dissolution medium (PBS/ethanol, 1:1, v/v, pH 7.4)36 and stirred with 
a magnetic stirrer under 100 rpm at 37 ± 0.5 ℃ for 72 h16. Aliquots of 2 mL were withdrawn at selected time 
intervals and were replaced with a fresh dissolution medium to maintain a constant volume (200 mL)21. The 
samples were analyzed by UV–Vis spectroscopy at 245 nm. To control the release of RDV from the RDV solution, 
3 mg of RDV was dissolved in 3 ml of PBS/ethanol (1:1, v/v) and put into the dialysis bag. Then, the experiment 
was followed the same way as that mentioned for RDV-NLC. RDV calibration curve was plotted using RDV 
solutions in PBS/ethanol (1:1, v/v) by the UV–Vis spectroscopy method. The in vitro dissolution of RDV from 
RDV solution and RDV-NLC was statistically analyzed15.

Evaluation of compatibility with infusion fluids
The compatibility assessment with different injectable diluents was studied to ensure the safety of parenteral 
infusion delivery. RDV-NLC was diluted with two commonly used intravenous infusion fluids, including 0.9% 
sodium chloride solution (normal saline) and distilled water (sterile water for injection). After dilution, the for-
mulation compatibility was assessed, and the formulations were observed for any signs of precipitation or phase 
separation. The diluted solution particle size, polydispersity index, and EE were determined after 48 h at 25 ℃37–39.

In vitro cytotoxicity study
The Vero cell line was initiated in 1962 from the kidney tissue derived from a normal, adult African green mon-
key (Cercopithecus aethiops)40. The Vero cell line has been widely used in virus replication studies and plaque 
assays41,42. The cytotoxic effects of RDV, blank NLC, and RDV-NLC on Vero cells were evaluated using cell cyto-
toxicity assay. Briefly, monolayers of Vero cells (1 × 104 cells/well) grown in 96-well plates were incubated with 
RDV solution, blank NLC, and RDV-NLC for 24, 48, and 72 h. The concentration of NLC in either blank NLC 
or RDV-NLC ranged from 0.03 to 2.81 mM in the culture medium41. Since RDV has low solubility in water, it 
cannot be diluted directly with the culture medium; thus, it was dissolved in DMSO 0.5%41 and then diluted in 
the culture medium in the range of 0.5–44.22 μM.

After 24, 48, and 72 h, the cells were stained with MTT solution (50 mg/ml) and incubated for 4 h at 37 ℃. In 
the next step, the formed formazan crystals were dissolved in 100 μL DMSO, and the absorbance was determined 
at 570 nm using a microplate ELISA reader (Power wave XS2, Bio Tek, USA)43. The percentage of cell viability 
was calculated using Eq. 3:

where ODc, ODb, and ODt are the optical density of ‘control’ (non-treated Vero cells), culture medium, and 
treated Vero cells, respectively44.

Statistical analysis
The statistical significance was calculated using the student’s t-test, and the p-value of < 0.05 was considered 
significant. The results were reported as mean ± standard deviation.

(1)EE% = 100 × [(Wtotal −Wfree)/Wtotal].

(2)DL% = 100 × [(Wtotal −Wfree)/WNLC],

(3)Cell viability% = 100 × [(ODt − ODb)/(ODc − ODb)],
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Results
BBD analysis
The selected levels of independent variables used for BBD to prepare RDV-NLC were 1, 5.5, and 10% for X1; 1, 3, 
and 5% for X2; and 1, 2.5, and 4 h for X3. Moreover, the selected goals for dependent variables (responses) were 
minimizing the Y1 and Y2 and maximizing the Y3 and Y4. As shown in Table 1, the design was composed of 15 
experimental runs. Table 1 shows the observed responses in BBD for optimization of RDV-NLC formulation.

Polynomial equations were created by Design-Expert Software, which signified the mathematical linkages 
between the factors and the observed responses and checked for their significance by ANOVA, considering 
two conditions; first, the model is considered adequately fitting when the lack of fit p-value is > 0.1, i.e., non-
significant. Second, the effectiveness of each independent factor is considered significant when the effect does 
not equal zero, and its p-value is < 0.05. Generally, a positive sign is assigned for the positive factor effect, whereas 
a negative sign represents the negative effect.

The design suggested that the most appropriate models for analyzing Y1, Y2, Y3, and Y4 are quadratic, linear, 
two-factor interaction, and quadratic models, respectively. The model terms were significant for all responses, 
whereas the lack of fits was non-significant, thus proving the adequacy of model fits.

The estimated effects of the independent variables on dependent factors, their level of significance, and associ-
ated p-values for the responses are presented in Tables 1 and 2. As shown, the model terms are significant for all 
responses, whereas the lack of fits are non-significant, thus proving the adequacy of model fits.

Effects on particle size
The design suggests that the quadratic model is the most appropriate model for analyzing the response (Y1). 
As shown in Table 2, the model terms are significant (p = 0.0098), whereas the lack of fit is non-significant 
(p = 0.8739), thus proving the adequacy of model fit. The influence of different factors and their interactions on 
particle size in terms of actual factors could be represented by Eq. (4):

Total lipid content (X1 at p = 0.0116) showed a significant positive effect on particle size. This positive effect can 
be attributed to a decrease in the emulsifying efficiency of surfactant and an increase in particle agglomeration45. 
Moreover, higher total lipid content increases the viscosity and the surface tension, resulting in higher particle 
size33.

Effects on polydispersity index
The design suggests that the linear model is most appropriate for analyzing the response (Y2). As shown in 
Table 2, the model terms are significant (p = 0.0280), whereas the lack of fit is non-significant (p = 0.8171), thus 
proving the adequacy of model fit. The X2 parameter refers to the total surfactant content (Tween 80 and lecithin), 
which at p = 0.0280 showed a significant positive effect on the polydispersity index. This finding is consistent 
with previous reports46.

The influence of total surfactant content (X2) on the polydispersity index in terms of actual factors could be 
represented by Eq. (5):

(4)Particle size(Y1) = −10.816+ 48.564X1 − 7.143X1X3 + 11.855X2X3 − 2.012X2
1 − 4.517X2

2 .

Table 1.   Observed responses in BBD design for optimization of RDV-NLC formulation. The particle size, 
polydispersity index, and zeta potential were measured by the DLS technique. EE% was calculated using 
Eq. (1). BBD box-behnken experimental design, NLC nanostructured lipid carrier, RDV remdesivir.

Formulation 
code

Independent variables Dependent variables

Total lipid (%) Surfactant (%)
Hot bath time 
(h)

Y1: Particle size 
(nm)

Y2: 
Polydispersity 
index

Y3: Zeta 
potential (mV) Y4: EE (%)

F1 5.5 5 1 84.13 ± 46.28 0.34 ± 0.01 −40.88 ± 0.63 75.47 ± 0.08

F2 5.5 1 1 191.33 ± 19.66 0.43 ± 0.01 −42.15 ± 1.89 79.1 ± 2.68

F3 5.5 3 2.5 197.07 ± 61.06 0.35 ± 0.01 −45.82 ± 0.52 83.65 ± 0.07

F4 1 3 1 58.97 ± 11.31 0.24 ± 0.01 −44.46 ± 3.89 81.92 ± 0.04

F5 1 3 4 111.47 ± 16.50 0.23 ± 0.01 −30.99 ± 4.81 70.38 ± 0.04

F6 10 3 4 130.07 ± 11.90 0.96 ± 0.00 −46.4 ± 9.63 87.04 ± 0.13

F7 10 3 1 189.87 ± 5.28 0.41 ± 0.00 −49.56 ± 3.35 81.7 ± 0.03

F8 5.5 3 2.5 176.17 ± 40.17 0.36 ± 0.01 −46.3 ± 3.67 84.89 ± 0.15

F9 5.5 1 4 65.61 ± 0.60 0.29 ± 0.00 −42.6 ± 1.41 75.98 ± 5.56

F10 5.5 5 4 128.7 ± 10.30 1.00 ± 0.00 −57.90 ± 9.50 88.04 ± 0.07

F11 5.5 3 2.5 105.83 ± 2.32 1.00 ± 0.00 −37.60 ± 9.32 100 ± 00

F12 1 1 2.5 4.57 ± 0.05 0.18 ± 0.00 −45.2 ± 7.95 86.82 ± 0.05

F13 10 1 2.5 80.23 ± 2.17 0.45 ± 0.01 −43.22 ± 2.05 82.74 ± 0.09

F14 1 5 2.5 38.80 ± 12.75 1.00 ± 0.00 −47.8 ± 9.03 82.06 ± 0.45

F15 10 5 2.5 158.70 ± 10.76 1.00 ± 0.00 −55.1 ± 9.77 89.53 ± 0.05
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Effects on zeta potential
The design suggests that the most suitable model for analyzing the response (Y3) is the two-factor interaction 
model. As shown in Table 2, the model terms are significant (p = 0.0385), whereas the lack of fit is non-significant 
(p = 0.7392), thus proving the adequacy of model fit. Generally, higher |zeta potential| is preferable for optimizing 
nanoparticles and nanovesicles, and increasing zeta potential increases their physical stability. The data revealed 
that total surfactant content (X2 at p = 0.0336) showed a significant negative effect on zeta potential values, and 
higher total surfactant content increased |zeta potential|. The increased negative charge of nanoparticles is due 
to the negative charge of surfactant molecules. Hot bath time (X3 at p = 0.1704) did not show a significant effect 
on zeta potential values.

The influence of different factors and their combination on zeta potential, in terms of actual factors, is rep-
resented by the Eq. (6):

Effects on entrapment efficiency
The BBD suggests that the quadratic model is the most suitable model for analyzing the response (Y4). As shown 
in Table 2, the model terms are significant (p = 0.0163), whereas the lack of fit is non-significant (p = 0.3490), 
thus proving the adequacy of model fit. The data revealed that hot bath time (X3) exhibited a significant positive 
effect (p = 0.0394) on EE% values. As shown, total lipid content (X1 at p = 0.3552) and total surfactant content 
(X2 at p = 0.0840) did not show any significant effect on EE% values. The influence of different factors and their 
interactions on the EE% of NLCs (Y4), in terms of actual factors, could be presented by Eq. (7):

Design-Expert software created an optimized formulation with an overall desirability of 0.773. Independent 
variables of the optimum formulation had the following values: total lipid content (X1): 2.128%, total surfactant 
content (X2): 1%, and hot bath time (X3): 71 min. So, the optimized formulation was synthesized, and four 
responses were evaluated.

Particle size and zeta potential analysis
The analysis of particle size, polydispersity index, and zeta potential are essential for the evaluation of drug 
systems21. In the optimized conditions the RDV-NLC mean diameter was obtained by DLS technique as 
151.0 ± 1.7 nm (from 149.1 nm to 152.1 nm) with a polydispersity index value of 0.4 ± 0.1 (from 0.3 to 0.5). 
This indicated a relatively narrow and uniform particle size distribution. Furthermore, the obtained mean zeta 
potential of −43.8 ± 1.2 mV (from −42.4 mV to −44.7 mV) indicated a negative charge at the surface of the 
nanoparticles. Phosphatidylinositol and other anionic components in lecithin contribute to the negative charge 
of NLCs19,47. Furthermore, hydroxyl groups of Tween 80 can also produce a slight negative charge.

Additionally, MCT produces a more negative charge due to its carboxyl groups. It should be noted that nano-
particle stabilization can also occur by a combination of electrostatic and steric forces caused by lecithin and 
Tween 80, respectively17. The presence of probable similar charges might protect against agglomeration of the 
prepared nanoparticle formulations by generating adequate repulsive forces18. As mentioned earlier, increasing 

(5)Polydispersity index(Y2) = 0.175+ 0.125X2.

(6)ZP(Y3) = −47.416+ 1.67X2 + 2.611X3 − 1.381X2X3.

(7)
EE(Y4) = +93.453− 3.17X1 − 7.374X2 + 5.891X3 + 0.321X1X2 + 1.157X1X3

+ 1.308X2X3 − 0.048X
2
1 + 0.499X

2
2 − 2.942X

2
3 .

Table 2.   Estimated effects of factors and associated p-values for the responses.

Response Particle size Polydispersity index Zeta potential Entrapment efficiency

Factor effect  p-value Factor effect  p-value Factor effect  p-value Factor effect  p-value

Model (Quadratic) 0.0098 Model (Linear) 0.0280 Model (Two-factor interaction) 0.0385 Model (Quadratic) 0.0163

Lack of fit 0.8739 Lack of fit 0.8171 Lack of fit 0.7392 Lack of fit 0.3490

Factor Coefficient estimate  p-value Coefficient estimate  p-value Coefficient estimate  p-value Coefficient estimate  p-value

Intercept 160.89 0.5489 −46.23 84.27

X1 38.58 0.0116 – – – – 0.6850 0.3552

X2 – – 0.2491 0.0280 −3.56 0.0336 1.31 0.0840

X3 – – – – −2.30 0.1704 2.20 0.0394

X1 X2 – – – – – – 2.89 0.0283

X1 X3 −31.02 0.1063 – – – – 7.81 0.0047

X2 X3 42.74 0.0354 – – −4.14 0.0705 3.92 0.0124

X1
2 −42.67 0.0413 – – – – −0.9787 0.3510

X2
2 −45.06 0.0332 – – – – 2.00 0.1102

X3
2 – – – – – – −6.62 0.0050
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the zeta potential increases the physical stability of nanoparticles, and a minimum zeta potential of greater than 
−30 mV is required for good physical stability48.

Entrapment efficiency and drug loading determination
The EE% and DL% are important appraisal factors for the preparation of lipid nanoparticles as drug carriers21. 
The centrifugation ultrafiltration method was chosen to evaluate these parameters because of its convenience and 
high efficiency compared to other methods16. The EE% and DL% of the optimized RDV–NLC was 81.34 ± 1.57% 
(from 79.52 to 82.33%) (n = 3) and 1.91 ± 0.04% (n = 3), respectively. These results can be attributed to the unique 
matrix structure of NLCs31, the high affinity of the lipophilic drug RDV to GMS, SA, and MCT31, and the low 
solubility of RDV in water (0.339 mg/ml)9,49.

We also evaluated and compared the XRD patterns of RDV and RDV-NLCs to investigate the changes in 
RDV crystallinity after loading into NLC particles. As shown in Fig. 1, the characteristic peaks of RDV were not 
observed in RDV-NLCs, indicating that RDV was stabilized in an amorphous form in NLCs. This also confirms 
the successful entrapment of RDV in the lipid cores of NLCs50. XRD results were well-matched with previous 
reports in the literature50,51.

In NLCs, the solid lipid matrix encloses tiny oil sections, leading to massive crystal order disturbance, which 
greatly affects drug EE to a great extent31. Therefore, incorporating the liquid lipid MCT in the solid lipids leads 
to a massive crystal order defect, resulting in a lipid matrix with imperfections in the crystal lattice52. These 
imperfections in the crystal matrix provide sufficient space to accommodate many drug molecules, subsequently 
leading to a high EE and DL capacity31.

Morphology investigation
The FE-SEM images of RDV-NLC revealed spherical shapes with relatively smooth surfaces and particle diam-
eters from 77 to 358 nm (207 nm on average) (Fig. 2). This size is well correlated with the particle size obtained 
from DLS (151 ± 1.7 nm). Furthermore, the occasional clumps (Fig. 2a) might be associated with the shrinkage 
of nanoparticles during drying or the concentration of the dispersion medium31.

Figure 1.   Comparison between XRD patterns of RDV and RDV-NLC.

Figure 2.   FE-SEM images of the optimized RDV-NLCs with three magnifications from (a) to (c): 10, 100, and 
200 kx.
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Physical stability of RDV‑NLC
The physical stability studies of the RDV-NLCs were carried out through 30 days of storage at 4 ℃ and 25 ℃ 
independently and evaluated for changes in physical appearance, particle size, polydispersity index, zeta potential, 
and EE% (Table 3). RDV-NLCs showed no phase separation or noticeable change in appearance after a month 
compared to day one. However, the results indicated a decrease in the particle size and an increase in the poly-
dispersity index. This could be attributed to the ongoing changes in lipid matrix crystallinity and polymorphic 
phase transitions53. In addition, the decrease in particle size may be due to drug expulsion, which is consistent 
with the increase in the polydispersity index and decrease in EE.

Moreover, there was no significant change in the zeta potential, indicating the stability of the developed 
formulation against lipid nanoparticle aggregation or agglomeration and gelation phenomena. This finding is in 
accordance with data reported in the literature48. Nevertheless, after 30 days, the EE% of RDV-NLCs decreased 
by about 23% and 17% at 4 ℃ and 25 ℃, respectively. This may be attributed to the polymorphic behavior of the 
solid lipids incorporated in the formulation of NLCs, which were presented as imperfect crystal and amorphous 
types in NLCs after the preparation. During storage, a few more perfect crystalline β-polymorphs of solid lipids 
in NLCs may be formed upon exposure to kinetic energy (light or temp), leading to slight drug expulsion49,52–54.

An independent stability test has also been conducted to evaluate the EE% of RDV-NLC after 30 and 90 days. 
The results for stability of RDV-NLC after 3 months were satisfactory (Table 4).

Overall, the data indicated that RDV-NLCs are stable at both storage conditions with a slight change in 
parameters. In addition, they suggest 25 ℃ relative to 4 ℃ is a better storage temperature for RDV-NLCs33.

Kinetics of RDV release
To consider the risk of RDV–NLC dose dumping, the release pattern of RDV solution and RDV–NLC was com-
pared. To maintain the sink condition, PBS/ethanol (1:1, v/v) was used as the dissolution medium to improve 
the solubility of RDV55.

Figure 3 represents the kinetics of RDV release from RDV solution and RDV–NLC while entrapped in a dialy-
sis bag and stirred in PBS/ethanol. As seen, RDV showed a biphasic release pattern. However, the rate of RDV 
release from RDV–NLC was lower than that from RDV solution, indicating the control of RDV release by NLCs.

As seen, in the case of RDV solution, at the first 10 h, 90% of RDV is released from the dialysis bag (Fig. 3, 
blue curve). Thereafter, due to the equilibration of RDV concentration on both sides of the dialysis bag, the 
RDV release is almost stopped. However, in the case of RDV-NLC, the RDV release rate is much slower, so, at 
the first 6 h, just about 30% of RDVs are released. In the next step, a gradual and sustained release of about 10% 
is observed for more than 66 h.

The mechanism behind this biphasic slow-release pattern of RDV from NLC could be explained according 
to the hydrophobic structure of RDV, which tends to stay in the lipid matrix of NLC. It was previously reported 
that the drug could be incorporated between fatty acid chains, among the lipid layers, or in any imperfections 
in the NLC structure56. GMS and SA in the NLC structure rapidly solidified during the cooling process to form 
a solid lipid core due to their high melting points. Simultaneously, the MCT was encapsulated in this solid lipid 
core or distributed around it randomly. As MCT has higher solubility in nanodrug formulation, large amounts 
of the drug are loaded in the outer lipid layer. In the burst release stage, the RDV loaded in the shell was released 
easily and rapidly. Meanwhile, in the sustained release stage, RDV loaded in the solid lipid core is released by 
matrix degradation and erosion, which results in a prolonged release57. Other factors contributing to the fast 
release are the large surface area, low viscosity, and high diffusion coefficient of nanoparticles, as well as the short 
diffusion coefficient of RDV and surfactant concentration58.

Table 3.   Changes in RDV-NLCs characteristics, measured by the DLS, with respect to time after storage at 4 
or 25 °C. Each point represents the mean value of three measurements.

Characteristics Temperature (℃) First day 30th day

Particle size (nm)
4 151.0 ± 1.7 110.2 ± 6.9

25 151.0 ± 1.7 126.2 ± 7.2

Polydispersity index
4 0.4 ± 0.1 0.7 ± 0.0

25 0.4 ± 0.1 0.5 ± 0.1

Zeta potential (mV)
4 −44.5 ± 0.3 −44.6 ± 0.6

25 −44.5 ± 0.3 −46.6 ± 1.6

Table 4.   Changes in RDV-NLCs EE% with respect to the times after storage at 4 or 25 ℃. Each point 
represents the mean value of three measurements. (EE% was calculated using Eq. 1).

Characteristics Temperature (℃) First day 30th day 90th day

Entrapment efficiency (%)
4 81.3 ± 1.6 74.78 ± 0.75 72.92 ± 0.11

25 81.3 ± 1.6 75.93 ± 0.24 65.86 ± 17.91
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Thus, it seems that loading RDV into NLC particles leads to a controlled sustained-release pattern, which 
may decrease the risk of RDV dose dumping compared to RDV solution15.

Compatibility with infusion fluids
Dilution of RDV-NLC in either saline or distilled water and then storing the samples up to 48 h at 25 ℃ revealed 
the compatibility of formulations with common injectable liquids so that no signs of phase separation or pre-
cipitation were observed. However, the diluted RDV-NLCs in normal saline showed a slight decrease in particle 
size (from 151 ± 1.7 nm to 135.6 ± 6 nm) and an increase in polydispersity index (from 0.4 ± 0.1 to 0.6 ± 0.1) after 
this period (Fig. 4). The decrease in particle size might be due to drug expulsion, which is in accordance with the 
increase in the polydispersity index and decrease in EE% (from 85 ± 2.6% to 78 ± 1.1%). In contrast, the diluted 
RDV-NLCs in distilled water showed a significant increase in particle size (from 151 ± 1.7 nm to 245 ± 12 nm) 
and polydispersity index (from 0.4 ± 0.1 to 0.7 ± 0.1), maybe due to the aggregation of nanoparticles in pure 
water. So, it seems that the lipid nanoparticles are more stable in 0.9% sodium chloride solution compared to 
pure water39,59. However, 0.9% sodium chloride prevents aggregation of lipid nanoparticles due to the creation 
of sodium cation (Na +) and chloride anion (Cl-).

Moreover, the EE% of RDV-NLCs diluted with normal saline decreased by 7% after 48 h, which might be 
attributed to the ongoing changes in lipid matrix crystallinity and polymorphic phase transitions53. In compari-
son, the EE% of RDV-NLCs in distilled water showed a 1.2% decrease (from 80.3 ± 0.1% to 79.1 ± 0.3%), which 
was not significantly different from before dilution. Therefore, the results indicated that the diluted RDV-NLCs, 
especially in the presence of saline, are generally compatible with commonly used infusion fluids over 48 h stor-
age at room temperature37–39.

In vitro cytotoxicity assay
The cytotoxicity effect of the blank NLC, RDV solution, and RDV-NLC on the Vero cell line was investigated 
for 24, 48, and 72 h (Fig. 5a–c). As shown in Fig. 5, NLC, either in the form of blank NLC or RDV-NLC, at low 
concentrations not only prevents cell cytotoxicity but also increases cell growth. It is probably because of the 
presence of MCT in the NLC structure, which can enhance cell growth and proliferation60. A specific receptor 
for MCT at the cell surface is GPCR84 (one of the G-protein coupled receptors family), which is expressed at the 
surface of the different cells of the body such as heart, lung, liver, bone marrow, kidney, immune cells, etc. After 
binding MCT to the receptor, the LYN protein is activated in its downstream signaling in the cytoplasm, which 
in turn activates the AKT pathway61. In the AKT pathway, BAD and FOXO proteins, which are involved in cell 
apoptosis, are deactivated, and instead, GSK and TSC proteins are activated, which play a role in cell growth and 
protein translation62. Additionally, soybean lecithin is a precursor for the production of fatty acids in the cell, 
and phosphatidylcholine is one of its derivations. Phosphatidylcholine metabolism plays a crucial role in cell 
survival and proliferative signaling by providing the major cellular membrane components63.

However, the cell viability is decreased at higher concentrations of NLC. It has been proven that MCT can 
influence membrane characteristics and increase its fluidity. Thus, at higher concentrations, maybe through 
increasing the cell membrane permeability, MCT leads to more RDV uptake in the cell64. Enhancing the uptake 
of RDV can probably be an important issue for better treatment of COVID-19-infected cells with minimum side 
effects. Another reason for reducing cell viability in higher concentrations of NLC is probably the accumulation 

Figure 3.   The  in vitro release kinetics of RDV from RDV solution and RDV–NLC, entrapped in a dialysis bag 
and stirring in PBS/ethanol, 1: 1, v/v, pH 7.4, at 37 ± 0.5 °C for 72 h. Aliquots of 2 mL were withdrawn at selected 
time intervals and analyzed by UV–Vis at 245 nm. Each point represents the mean value of three measurements.
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of NLC particles at the surface of culture media, which prevents the oxygen supply to the cells and reduces their 
viability65.

Furthermore, increasing the RDV concentration decreases the viability of the Vero cells, which is in accord-
ance with previously reported studies41. Generally, due to the cytotoxicity of RDV, the RDV-NLC caused more 
cytotoxicity than the blank NLC at high concentrations. Figure 5a–c) indicated that cell viability decreases over 
time so that after 72 h, the toxicity of RDV and RDV-NLC were almost aligned at higher concentrations (> 25 μM 
of RDV and > 1.65 mM of NLC). The reason can be attributed to the sustained slow release of RDV from NLCs 
during 72 h of incubation, which was discussed in the previous section. On the other hand, the maximum cell 
densities cannot be greater than 50,000 cells/well in a 96-well plate66. According to the short doubling time of 
the Vero cell line (less than 24 h), decreasing the cell viability after 72 h may also be due to the saturation of wells 
and serum supply competition between cells.

However, RDV-NLC showed less cytotoxicity than RDV solution, especially in low to medium concentrations. 
Thus, it can be concluded that NLC reduces the cytotoxicity caused by RDV.

Recent clinical trials have shown that there is a significant relationship between acute kidney injury and RDV 
treatment in COVID-19 patients, especially for older patients or patients who suffer from kidney disorders67. 
Also, it has been proven that in RDV-treated COVID-19 patients, the rate of kidney glomerular filtration is 
reduced68. Therefore, the side effects of RDV cannot be ignored. However, the results of the MTT assay con-
firmed the negative effect of RDV and the positive effect of NLC components on cell viability. Additionally, the 
NLC component can make the cell membrane more permeable, so RDV-NLC likely has the potential to increase 

Figure 4.   Particle size (a), EE% (a), and polydispersity index (b) of RDV-NLCs diluted either in saline or in 
distilled water (DW) after one and 48 h. Each point represents the mean value of three measurements.
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RDV uptake for better antiviral activity against COVID-19-infected cells. Thus, it seems that the proposed RDV-
NLC formulation has the potential to be used as an alternative for RDV to reduce its side effects on body cells, 
especially kidney cells.

Comparison of RDV‑NLC with previously reported RDV formulations
So far, the injectable formulation of RDV has been used for the treatment of COVID-19 patients, which was briefly 
criticized in the introduction section. To our knowledge, there is only one report on RDV-NLC formulation50 
with a different lipid composition (campul MCM and polyoxyethylene 40 stearate). In the mentioned report, 
the storage stability of RDV-NLC was not evaluated, and the obtained zeta potential (−6.84 ± 0.59 mV) was 
much lower than the advised critical value of |30| mV14. This probably leads to nanoparticles agglomeration and 
reduction of storage stability. In contrast, the present RDV-NLC formulation showed much higher negatively 
charged zeta potential (−43.8 ± 1.2 mV) with acceptable storage stability (30 days). It seems that in addition to 
the proper composition of NLCs, the optimization of the formulation by BBD, especially the evaluation of the 
impact of variables on responses, were important parameters that affected stability.

Moreover, we observed a more sustained release of RDV from NLC compared to that reported in50, which 
might be due to the structure of lipids incorporated in NLC. In addition, as mentioned in the cytotoxicity assay 
section, our experimental results revealed that NLC (either in the form of blank NLC or RDV-NLC) not only 
showed less cytotoxicity against normal healthy cells but also increased cell growth. This evidence could explain 

Figure 5.   Cell viability of Vero cell line incubated with serial dilution of blank NLC, RDV solution, and 
RDV-NLC in culture media for 24 (a), 48 (b), and 72 h (c). The percentage of cell viability was calculated using 
Eq. (3). Each point represents the mean value of three measurements.
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the role of NLC in reducing the RDV side effects on normal Vero cells, which has not been considered in the 
above-mentioned report.

It was previously reported that RDV-loaded Nanoliposomes stabilized by chitosan/hyaluronic acid film 
showed antiviral activity against the human coronavirus OC4369. Compared with nanoliposomes, the lipid core 
of NLCs provides better stability70. Since RDV has low solubility in water, the mixture of solid-oil lipid core of 
NLC could be maintained stable for a long-term storage period, which was evaluated in our study. However, 
the mentioned report did not evaluate the physical stability of RDV-nanoliposome. Moreover, compared to 
the thin-film hydration method utilized for nanoliposome production, the NLC synthesis procedure is simple, 
convenient, and cost-effective, which makes it optimum for large-scale production.

Discussion
The spherical RDV–NLC with an EE of 81.34 ± 1.57% (n = 3) and drug loading capacity of 1.91 ± 0.04% (n = 3) 
was synthesized. The relatively low negative zeta potential of −43.8 ± 1.2 mV in this formulation led to its accept-
able stability. The in vitro RDV release assays revealed a biphasic controlled and sustained slow-release pattern 
that could prevent RDV dose-dumping compared to the RDV solution. Moreover, RDV-NLC formulation was 
compatible with the saline buffer as a commonly used intravenous infusion fluid. Additionally, in vitro cytotox-
icity assay on Vero cells, as a kidney tissue cell line, implied that RDV–NLC caused less cytotoxicity than RDV 
solution, especially at low concentrations. In fact, at low concentrations, NLC not only prevents cytotoxicity 
against normal cells but also increases cell viability, probably due to the presence of MCT and soybean lecithin 
in its structure. On the other hand, enhancing the uptake of RDV due to increasing the membrane permeability 
is expected to be one of the influences of MCT in NLC structure. It is an important issue for better treatment 
of COVID-19-infected cells with minimum side effects, although further assays are required to confirm this 
point. Based on MTT results and according to the recent findings about the effect of RDV treatment on acute 
kidney injury, it is anticipated that RDV-NLC formulation has the potential to be an alternative intravenous 
slow-released drug delivery system for RDV with fewer side effects, including less cytotoxicity and the minimum 
risk of dose-dumping.

Even though the synthesis of the proposed formulation follows a simple method and it is easily possible to 
scale it up for mass consumption in the clinic, there are also possible challenges. First, as mentioned previously, 
compounds such as MCT can increase membrane fluidity at high concentrations. Although this effect will lead 
to an increase in RDV uptake into the cells, in higher concentrations, it can be cytotoxic because of membrane 
dilution. Second, there is also a stability challenge about lipid carriers. Relatively low stability of lipid carri-
ers can limit the storage time of nano-drugs, especially in scaling up for broad clinical use. Therefore, for the 
commercialization of RDV-NLC formulation, the optimal concentration of the nano-drug and its storage time 
should be accurately considered. Furthermore, replacing the oral administration of RDV-NLC with intravenous 
administration needs an independent pharmacokinetic study that could be performed in the future.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article. Also, 
the datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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