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Nanoparticles (NPs) have been used as an effective carrier for transmucosal 

delivery of drugs through their prolonged residence time and deposition, or the 
enhanced permeation through the mucosa. In this study, we aimed to design a 
nanocarrier using the combined mucoadhesive (M) properties of chitosan (CS) and 
alginate (ALG) polymers for the intranasal delivery of favipiravir (FVR) in treating SARS-
CoV-2 infection. The optimized FVR-loaded mucoadhesive CS-coated ALG-NPs (FVR-MCS-
ALG-NPs) rendered suitable size (233.5 nm), zeta potential (-21.6 mV), loading capacity 
(26.0%), and encapsulation efficiency (84.6%) for transmucosal delivery. Superior 
mucoadhesiveness and higher permeation and deposition in the porcine nasal mucosa 
of the FVR-MCS-ALG-NPs over uncoated-NPs (3-fold) and free FVR (6-fold) were 
observed. Both NP formulations rendered good biocompatibility in RPMI 2650 nasal 
epithelial cell and porcine nasal mucosa. Significant inhibition of coronavirus replication 

was also observed in the FVR-MCS-ALG-NPs vs free FVR (EC50 6.63 vs >230 μg/mL, 
respectively) suggesting a promising carrier for FVR to enhance its antiviral activity and 
deposition in the nasal mucosa.   
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    CHAPTER 1 INTRODUCTION 
INTRODUCTION 

1.1 Background of the study 

The novel coronavirus disease 2019 (COVID-19) caused by severe acute 

respiratory syndrome-corona virus 2 (SARS-CoV-2) has developed a major pandemic, 

which causes a surge in mortality and morbidity worldwide [1]. In 2019, the World 

Health Organization (WHO) has declared SARS-CoV-2 as a global public health 

concern, which is also expected to greatly affect global economies. Due to 

transmission dynamics and polyphasic characteristics of the infection, COVID-19 has 

placed an enormous burden on the healthcare system. To curtail the impact of 

subsequent local waves of COVID-19, treatment strategies based on potent antiviral 

medicines against SARS-CoV-2 are required.  

Clinical investigations on repurposed antivirals that were initially used for 

other coronaviruses such as SARS and Middle East Respiratory Syndrome (MERS) CoV 

and other RNA virus infections have shown to shorten the course of the disease by 

targeting key enzymes of the virus, hence interfering with the viral cycle and reducing 

viral load and shedding [2]. While the use of repurposed antivirals seems to be 

promising to some patients, major hindrances still exist concerning its therapeutic 

dosage, safety, and delivery. For instance, FVR a broad -spectrum antiviral drug that is 

being repurposed for SARS-CoV-2 faces major challenges in their physicochemical 

properties that limits its pharmacologic potential. Recent reports found that 

pharmacokinetic/pharmacodynamic (PK/PD) indices of FVR fail to achieve sufficient 

concentrations when half maximal effective concentration (EC50) values are 

compared with the plasma PK, which partially explains limited clinical success [3]. 

Problems on solubility, permeability (biopharmaceutics classification system class IV, 
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BCS IV) and rapid metabolism were the main causes for FVR’s poor PK, bioavailability, 

and efficacy [4, 5].  

High doses (3600 mg/day) are required for FVR to achieve effective 

concentration against SARS-CoV-2 and to compensate for the loss in drug 

concentration during delivery [6]. Combination therapy of FVR with steroids and other 

antiviral agents and monoclonal antibodies (mAbs) have been explored to enhance 

its efficacy. However, the significantly high dose requirement and multiple 

medications can trigger problems in antiviral resistance, drug interaction, detrimental 

side effects, and toxicity risk to patients, especially geriatrics and those with 

underlying diseases. [7-9]. To achieve successful drug repurposing, it is imperative to 

explore the best way possible to maximize drug efficacy with the new target disease 

or infection. Several pharmaceutical technological approach via co-crystallization, 

ionic-liquid based formulations, and lipid-based nanoparticle have been done to 

address the abovementioned limitations of FVR. However, the disadvantage of drug 

polymerization and the risks of instability and lipid degradation of these formulations 

were reported. 

In addition, a suitable strategy that would require less time and resources is 

to adopt a different route of administration from its initial mode of delivery. The 

modification of route of delivery has been investigated for various drugs that resulted 

in their improved bioavailability and high drug concertation at the new site of action 

[10-13]. The intranasal delivery route has gained a lot of attention in the delivery of 

various drugs and treatments due to their simplicity, non-invasiveness, ease of 

administration, fast onset of action, less adverse effects, and circumvent first-pass 

metabolism [14-16]. In contrast to conventional oral and parenteral administration of 

antivirals, intranasal delivery provides a superior advantage as an alternative route 

since the nasal mucosa is the common initial site of infection and the primary 

location for viral replication [17]. The application of nanocarriers can also be 
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advantageous in intranasal delivery owing to their small size and high surface area 

that can be beneficial for the absorption in nasal epithelia. Nanoparticles (NPs) have 

also been known in nasal and lung delivery as drug carriers that could overcome 

mucociliary clearance and phagocytosis by alveolar macrophages, enhancing 

absorption through the epithelium and the respiratory system [18]. Studies have also 

shown that macrophages are less efficient in engulfing ultrafine particles than larger 

particles [19].  However, recent studies provide evidence that conventional NPs are 

receptive to entrapment and rapid clearance in the mucus [20]. Therefore, this study 

aims to fabricate a mucoadhesive polymeric based-NPs to enhance the 

physicochemical properties of FVR and to successfully deliver and deposit this drug 

through the nasal cavity in treating SARS-CoV-2.  

1.2 Rationale and significance  

Intranasal administration provides a promising alternative route in delivering 

antivirals for SARS-CoV-2 treatment because it closely matches the normal route of 

infection. However, its poor drug permeability, mucociliary clearance, low drug 

retention time are common limitations for a successful intranasal drug delivery [21, 

22]. The utilization of NPs has been shown to enhance drug absorption owing to their 

unique characteristics, small size, and large surface area.   

To optimize intranasal administration, we aim to fabricate mucoadhesive 

and -penetrating nanoparticles by combining the different bioadhesive mechanisms 

of various polymers and their roles in promoting intranasal absorption. Cationic 

chitosan (CS) and anionic alginate (ALG) polymers were chosen as the materials to 

construct NPs due to their different mucoadhesion mechanisms by electrostatic 

interaction and hydrogen bonding to mucin, respectively. A non-ionic mucoadhesive 

poloxamer was also chosen to stabilize the system due to its absorption-enhancing 

effects in nasal epithelia [23]. In addition, CS/ALG-based NPs have also shown great 

advantages as carriers in encapsulating hydrophobic molecules and demonstrated 
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high tolerance in vitro and in vivo [24, 25]. Furthermore, the combined advantage of 

NPs as drug carriers and the nasal administration as an alternative route of delivery 

aims to improve the efficacy, bioavailability, and pharmacokinetics of repurposed 

antiviral drugs for SARS-CoV-2. 

1.3 Objectives of the study 

The overall objective of this study is to fabricate a mucoadhesive CS-coated 

ALG NPs (FVR-MCS-ALG-NPs) to successfully deliver and deposit FVR in the nasal 

mucosa for the treatment of SARS-CoV-2 infection. To achieve this, the following are 

the specific objectives formulated: 

1. To fabricate, optimize, and characterize FVR-MCS-ALG-NPs. 

2. To evaluate the biocompatibility and cellular uptake of the FVR-MCS-ALG-

NPs in vitro in human nasal epithelial cells (RPMI 2650) and its 

mucoadhesive properties in vitro. 

3. To evaluate the efficacy of the optimized FVR-MCS-ALG-NPs as an antiviral 

agent against SARS-CoV-2 in the PEDV model. 

1.4 Hypothesis 

The optimized mucoadhesive FVR-MCS-ALG-NPs can improve the nasal mucosal 
absorption, permeation, and deposition of FVR, while subsequently enhancing its 
anti-coronavirus effect for the treatment of SARS-CoV-2 infection. 
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CHAPTER 2 REVIEW OF RELATED LITERATURES 
REVIEW OF RELATED LITERATURES 

 

2.1 Pathogenesis of SARS-CoV-2 

Up to this day, the pathogenesis and treatment strategies underlying 

nCOVID-19 are still developing and barely understood. The virus can be transmitted 

from person-to-person via the respiratory droplets and aerosolization that are “shed” 

when the infected person coughs, sneezes, breathes, or speaks. The inhaled 

microparticles from an infected person are deposited in the airways depending on 

the size, breathing dynamics, and others [26]. Once deposited, the viral particles will 

land on the airways covered with an aqueous layer and mucus. The thick and sticky 

mucus layer in the airway will immobilize the viral particle where it will propel to the 

epithelium or be washed off by the mucociliary clearance down to the nasopharynx 

and the lungs [26].  

Coronaviruses consist of four structural proteins: (1) nucleocapsid proteins 

(N) that is bound to the RNA genome and facilitates RNA synthesis, (2) spike proteins 

(S) that are critical for binding to host cell receptors and to facilitate its entry, (3) 

envelope protein (E) that facilitates assembly, envelop formation, and budding, and 

(4) membrane protein (M) for viral integration (Fig. 1) [1]. The S forms a large 

protrusion on the viral surface; hence it is named “corona” (Latin word for crown). 

The S-protein is composed of three sections: (1) large ectodomain, (2) 

transmembrane domain, and (3) intracellular tail. The ectodomain comprises of 

receptor-binding subunit (S1) and membrane-fusion subunit (S2) [27]. Electron 

microscopic analysis of the S-protein showed a clove-shaped trimer S1 head and a 

trimeric S2 stalk. When the viral particle reaches the epithelium, the S-protein binds 

to the angiotensin-converting enzyme -2 (ACE-2) receptor of the ciliated secretory 
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cells of the nasal epithelium. During the viral entry, the S1 binds to the receptor, and 

the S2 fuses the host and viral membranes and mediates clathrin-endocytosis [28].  

The virus then invades the host cell by releasing its viral content and 

undergoes replication (Fig. 2). The viral genomic-RNA (+) undergoes polypeptide 

translation and encode nonstructural proteins (NSPs) that are crucial for the 

assembly of the structural proteins needed for the new virion. The NSPs 1a and 1ab 

are translated and cleaved to form functional NSPs including helicase or RNA-

dependent RNA polymerase (RdRp) complex. The RdRp is responsible for the 

structural proteins (SPs) RNA. The SPs S1, S2, envelop (E) and membrane (M) are 

translated by ribosome-bound in the endoplasmic reticulum (ER) and presented onto 

its surface to initiate virion assembly. And finally, the new virions are released from 

the infected host cell through exocytosis [29, 30]. 

 
Fig. 1 The SARS-CoV-2 structure and the in-depth look into the structure of its spike 

glycoprotein (Created with BioRender.com). 
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SARS-CoV-2 infection results in all-encompassing immune and inflammatory 

responses in the host that leads to tissue damage. Acute respiratory distress 

syndrome (ARDS) is the most common immunopathological complication of SARS-

CoV-2 infection [31]. ARDS is a complex complication that is difficult to control due 

to the cytokine storm associated with the uncontrollable release of pro-

inflammatory cytokines including interferons (IFN)-𝛼 and 𝛾, interleukin (IL)-1 𝛽, 1, 3, 6, 

10, 12, and 18, and -1RA, tumor necrosis factor (TNF)- 𝛼, transforming factor (TGF) 

beta and other chemokines such as CCL2, CCL3, CXCL8, CXCL9, and CXCL10 [32]. 

The cytokine storm and low lymphocytes are also observed in other severe corona 

infections including SARS and MERS CoV that are associated with their disease 

progression and severity [33, 34]. Current data showed that the mortality rate of 

SARS-CoV-2 is significantly higher in patients aged 60 and above and patients with 

underlying diseases such as diabetes and cardiovascular diseases [35]. 

 
Fig. 2 SARS-CoV-2 replication in humans (Created with BioRender.com) 
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2.2 Current treatment strategies for nCOVID-19 

As the effective treatment against SARS-CoV-2 is still ongoing, some 

medications have demonstrated a beneficial effect in patients for immediate 

response to the infection. Some of these are off-label use drugs for malaria such as 

chloroquine and hydroxychloroquine, natural products and Chinese herbal 

medicines, and patient-derived plasma therapy.  

The chloroquine and hydroxychloroquine have been proven before as an 

effective treatment for SARS and MERS in vitro and in vivo [36]. These drugs were 

initially approved medication as immunomodulatory drugs for malaria. Both drugs 

were investigated for antiviral effects through their competitive binding to ACE2 

receptors on host cells and their anti-inflammatory effects. In recent studies, 

chloroquine resulted to a more potent antiviral effect than hydrochloroquine [37]. Its 

superior effect against SARS-CoV-2 was proven through the detection of viral RNA and 

the N protein expression in Vero E6 cells, which resulted in the inhibition RNA 

replication of SARS-CoV-2 [38]. In a clinical study in China, which involved over 20 

participants, chloroquine showed a slightly higher recovery rate than in the 

lopinavir/ritonavir group at 7-, 10- and 14-days of treatment [39].  

In addition, natural compounds and Chinese herbal medicines seem to 

contribute a potential treatment option in SARS-CoV-2 infection. Chinese herbal 

medicines such as Weijing decoction and others have been shown to have decreased 

mortality and alleviate symptoms of nCOVID-19 with maximum safety and lesser 

toxicity [40, 41]. Some components of Chinese herbal medicines including emodin 

from the genus Rheumand polygonum, baicalin from Scutellaria baicalensis, 

scutellarin from Erigeron breviscapus, tetra-O-galloyl-β-D-glucose from Galla 

chinensis, and luteolin from Veronicalina riifolia, shown to inhibit the ACE2 receptor 

interaction of SARS-CoV-2 in the host cells [42, 43]. 
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2.2.1 RdRp inhibitors as repurposed antiviral therapeutics against nCOVID-19 

Drug repurposing or repositioning is a basic strategy of using approved or 

investigational drugs beyond their scope during emergencies. These drugs proven to 

be safe in humans can skip phase 1 and 2 clinical trials, hence shortening the clinical 

investigation. Although the mechanism of infection for SARS-CoV-2 is still not clear, 

the basis of using repurposed antiviral drugs is those that are genetically like SARS-

CoV-2 and other coronaviruses [44]. As per the recent development on studying 

SARS-CoV-2, the replication of the virus depends directly on the RNA-dependent RNA 

polymerase (RdRp) enzyme. The RdRp is a conserved enzyme encoded by RNA 

viruses that represent a unique class of processive nucleic acid polymerases, carrying 

out DNA-independent replication/transcription processes. Interestingly, the RdRp 

protein of SARS-CoV-2 showed an identical binding site with the same amino acid 

residue having 96% structural similarity with SARS-CoV and other coronaviruses [45]. 

Hence, antivirals that act and target protease and polymerase enzymes can be 

promising for the treatment of SARS-CoV-2. Several RdRp inhibitors against SARS-CoV-

2 are being used including ribavirin, remdesivir, galidesivir. In this study, we focused 

on favipiravir (FVR) and in overcoming its physicochemical limitations as antiviral 

agent for coronavirus.   

2.2.2 Favipiravir  

Favipiravir (FVR) (MW: 157.104 g/mol) or 6-fluoro-3-hydroxyl-2-pyrazine 

carboxamide is a prodrug that is converted to its active form, FVR-ribofuranosyl-5B-

triphosphate (FVR-RTP) intracellularly by ribosylation and phosphorylation (Fig. 3A-B) 

[3]. FVR is a broad-spectrum oral antiviral agent from a member of the class of 

pyrazines that is pyrazine substituted by aminocarbonyl, hydroxy, and fluoro groups 

at positions 2, 3, and 6, respectively. FVR appears as a white to yellow crystalline 

powder. This compound with a pKa of 5.1 and Log P <1.63 of soluble in acetonitrile 
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and methanol (>30 mg/mL) but is almost insoluble in water (<1 mg/mL) and ethanol 

(<10 mg/mL). 

It is originally designed to selectively inhibit RNA-dependent RNA 

polymerase (RdRp) in various serotypes and strains of influenza A, B, and C in Japan 

[46]. Moreover, FVR was also investigated to be a broad-spectrum antiviral agent 

against other negative-sense RNA viruses including RSV (Pneumoviridae, EC90 = 

36 μM), CCHFV (Nairoviridae, EC50 = 6.37 μM), LSAV (Arenaviridae, EC50 = 29.3 μM), 

JUNV (Arenaviridae, EC50 = 0.79 μM), Rabies virus (Rhabdoviridae, EC50 = 32.4 μM), 

and EBOV (Filoviridae, EC50 = 67 μM). It was also found to inhibit positive sense RNA 

viruses such as Flaviviridae ZIKA (EC50 = 22 μM), WNV (EC50 = 53 μM), YFV (EC50 = 

180 μM), and enterovirus EV71 (Picornaviridae, EC50 = 68.74 μM).  

In recent studies, FVR was reported to efficiently reduce SARS-CoV-2 

infection with an EC50 of 61.88 μM, half-cytotoxic concentration (CC50) of >400 μM, 

and selectivity index of >6.46 [38, 47]. This wide gap of CC50 and EC50 give a wide 

margin of safety for the required high doses of FVR to achieve its effective 

concentration of 40-80 μg/mL in treating nCOVID-19 [48]. In some parts of Asia, 

particularly in Thailand, FVR is given to nCOVID-19 patients at 1600 mg dose on the 

first day, a sudden decrease to 400 mg twice a day from day 2 to 6, followed by 400 

mg doses once a day on the 7th day, which has an estimated AUC of 1453.73 μg 

h/mL and 1324.09 μg h/mL on the 1st and 7th day, respectively [48]. The maximum 

plasma concentration can be reached after 2 hours following oral administration and 

rapidly decreased with a short half-life of 2-5.5 h [49]. FVR is also high protein bound 

in human plasma (54%) having 65% and 6.5% bound percentages in the albumin and 

𝛼1-acid glycoprotein, respectively [46, 50]. The FVR is primarily metabolized by 

hepatic enzyme aldehyde oxidase and partially by xanthine oxidase to its inactive 

oxidative metabolite (T-705M1), which are excreted to its hydroxylated form by the 

kidneys [49]. Because of its high protein binding, short half-life, and fast hepatic 
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metabolism and excretion, FVR can boost its plasma concentration by dose- and 

time-dependent self-inhibition of the inactivation of metabolism of the FVR while 

subsequently increasing the FVR/T-705M1 metabolite ratio after chronic dosing [49]. 

This increase in circulating FVR/T-705M1 ratio is supposed to mediate cellular uptake 

and the trapping of active FVR-RTP in the tissue by increasing the extracellular-

intracellular concentration gradient [51]. This phenomenon can explain the 

accelerated circulating clearance of FVR after chronic and repeated administration. 

However, constant monitoring of the tissue distribution of FVR-RTP is still necessary 

to prevent toxicity [48, 51].  

The SARS-CoV-2-RdRp complex was more active by at least 10-folds than 

any other RdRp viruses known [52]. Currently, anti-viral drugs that act on RpRd like 

FVR are being used as promising candidates for the treatment of nCOVID-19. Over the 

past few years, clinical investigations on the efficacy of FVR in the management of 

nCOVID-19 have been done worldwide. In China, Chen, Zhang [53] conducted 

prospective open-labeled multicentric clinical trials to compare FVR and Umifenovir 

(UFR) to manage nCOVID-19 patients within the 12-day maximum duration of 

symptoms onset. Results showed no significant difference in the recovery rate of the 

two groups with 61.21% and 51.67% recovery for FVR and UFR, respectively, after the 

7th day of treatment. Further analysis confirmed that patients who received FVR had 

significant clinical improvement among patients with moderate symptoms (71.43% 

vs. 55.86%) after 7 days. In Japan, FVR was given to patients at a dose of 1800 mg for 

day 1 followed by 800 mg twice a day on subsequent days. It was found out that a 

significant clinical improvement was shown at 7th to 14th-day treatment in different 

cases with a rate of 73.8% and 87.8%, 66.6% and 84.5%, and 40.1% and 60.3% for 

mild, moderate, and severe disease, respectively [54].  
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2.3 Nanotechnology approaches for the treatment of nCOVID-19 

NPs (NPs) are being used in various fields of medicine because of their 

remarkable characteristics. According to the Food and Drug Administration (FDA), 

nanotechnology presents unique physicochemical and biological properties that 

cannot be seen in macro and micro materials. The NPs’ size, surface charge, and 

tunable surface; their exceptional release kinetics, and targeted delivery are some of 

its highlighted characteristics that paved the way for developing safer and more 

efficacious therapeutics for many diseases and infections primarily viral infection 

including hepatitis, HIV, and influenza [55, 56]. Several published studies have 

reported the consideration of nano-based antivirals as a promising treatment strategy 

against SARS-CoV-2 [57-59]. Lipid-based nanocarriers have been utilized in delivering 

mRNA vaccines against this virus that are currently rolling out worldwide. In addition, 

as we currently see the potential of nanotechnology-based vaccines in producing 

effective immunization and providing safe alternatives, scientists are now looking at 

the benefits of this platform in delivering antiviral medications. In recent publications, 

NPs are being exploited to enable efficient antiviral transport by overcoming 

biological barriers like mucus in ARDS. Patel, Patel [60] demonstrated the increased 

oral bioavailability of lipophilic efavirenz-nanosuspension due to its enhanced 

solubility, permeability, and absorption in rabbits. Also, NPs can improve the 

physicochemical properties of antivirals, but they can also reduce the dose 

frequency while subsequently limiting adverse drug effects (ADR). Sneha, Vedha Hari 

[61] improved this through lamivudine-polymeric NPs loaded buccal films for HIV 

therapy in pediatrics. The results showed an excellent sustained release of 

lamivudine for 8 h, hence reducing the dose and unwanted toxicity in pediatrics. 
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Fig. 3 (A) Conversion of FVR to its active form (FVR-RTP) via ribosylation and 
phosphorylation. (B) Mechanism of action of FVR-RTP against nCOVID-19 
 

Furthermore, buccal administration of lamivudine-polymeric NPs had high 

tolerability and acceptance to pediatric patients with HIV due to its convenience. The 

advantage of NPs has also been evaluated against respiratory viral infections such as 

H1N1 in combating multidrug resistance. Selenium surface decorated NPs loaded 

with amantadine [62] and oseltamivir [63] showed efficient antiviral activity in vitro. In 

addition, Hu, Chen [64] proved the enhanced antiviral activity and sustained drug 

release of polyethylene glycol/poly (lactic-co-glycolic acid) (PEG-PLGA) NPs loaded 

with diphyllin and bafilomycin against influenza. The Food and Drug Administration 

(FDA) has approved some NP-based antivirals for hepatitis and HIV such as 

peginterferon alfa-2a (Pegasys®) for the treatment of hepatitis virus B and C [65], and 
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VivaGel® a dendrimer-loaded SPL7013 used as a microbicide against human 

immunodeficiency virus (HIV) and herpes simplex virus (HSV) [66].  

The utilization of NP-based delivery systems for antivirals follows the 

emergence of NPs antiviral therapeutics for nCOVID-19. In the diagnosis of nCOVID-19, 

many nanomaterials have been employed for their biosensing capabilities and other 

properties such as chemical stability, electrical conductivity, and localized surface 

plasmon resonance (LSPR) effect [67, 68]. Nano-platforms such as gold (Au) and silver 

(Ag) NPs, graphene-based NPs, and magnetic NPs have been integrated with various 

analytical devices to increase the sensitivity and specificity of nCOVID-19 diagnosis 

[69]. Au NPs are one of the most explored inorganic-based NPs as a material for 

diagnosis and biosensing, particularly colorimetric, electrochemical, and plasmonic-

based detections. Recently, Karakus, Erdemir [70] developed a probe Au-NP 

biosensors that exhibits dual sensing capability to detect SARS-CoV-2 spike antigen 

through saliva samples. The developed Au-NP-mAb biosensor allows simple and 

rapid analysis for both colorimetric and electrochemical assay with a detection limit 

of 48 ng/mL and 1 pg/mL, respectively. Furthermore, the integration of colloidal Au-

NP with lateral-flow (Au-NP LF) assay was investigated by Huang, Wen [71] for rapid 

detection of IgM antibody against SARS-CoV-2 via indirect immunochromatography 

method. The accuracy and sensitivity of the Au-NP LF were tested in serum samples 

of both healthy and nCOVID-19 patients compared to their real-time polymerase 

chain reaction (RT-PCR) results. Au-NP LF showed a remarkable sensitivity and 

specificity of 100 and 93.3%, respectively in detecting IgM in SARS-CoV-2 positive 

patients without any interference from other viral infections. 

NP-based platforms have recently been used as coatings or material in face 

masks designed for nCOVID-19 like polymer-based nanofibers [72, 73], copper [74, 75] 

and silver [74] NPs, and silver/silica composites [76] to render more efficient physical 

barrier with antiviral and antimicrobial properties. In recent years, the polymeric and 
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lipid-based NPs have been utilized in the development of vaccines for other 

coronaviruses like MERS-Cov and SARS-CoV both in avian and murine models [77-80]. 

The adaptive and ideal characteristics of NPs have also been utilized in developing 

highly promising platforms for nCOVID-19 vaccine development, especially in 

delivering new generations of vaccines, e.g., mRNA-based vaccines. As of 2021, there 

are at least 26 NP-based vaccine candidates against nCOVID-19 undergoing clinical 

trials. Two of the nCOVID-19 vaccines we use nowadays which were granted 

emergency used authorization (EAU) by the US-FDA in 2020 utilized lipid-based NPs 

as their delivery platform. The Moderna vaccine (mRNA-1273) is a mRNA vaccine 

loaded in cationic lipid NPs. This lipid-based mRNA vaccine high antibody response in 

clinical trials without any safety issues identified [81]. Further clinical studies on this 

vaccine also suggest that the mRNA-1273 showed 94.1% efficacy in preventing 

nCOVID-19 in over 30,000 volunteers enrolled in the study [82]. On the other hand, 

the BNT162b2 or the Pfizer-BioNTech vaccine also utilized ionizable cationic lipid-

based NP as its delivery vehicle. The first phase clinical trial of BNT162b2 showed 

promising safety and immunogenicity in young adults [83]. Furthermore, the safety 

and efficacy clinical studies in over 40,000 volunteer participants showed 95% 

protection in persons 16-year-old and above against nCOVID-19 with negligible 

adverse reactions such as muscle pain, fatigue, and headache [84]. These successes 

in the use of lipid NPs made a lasting impact in revolutionizing mRNA vaccine 

delivery. The engineered lipid-based NPs not only enable safe and efficient mRNA 

vaccine delivery but also maintain their stability [85]. Through these milestones, it 

opened the way for utilizing other NP platforms for various clinic applications [85].  

With this, researchers have looked upon the future possibilities of using NPs 

platforms in finding cures against nCOVID-19. For instance, the development of novel 

inhalable liposome [86] and magnetic [87] delivery of hydroxychloroquine has been 

investigated, resulting in the amplification pharmacodynamics and pharmacokinetic 
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profile of the drug as a treatment for nCOVID-19 in an animal model. Surnar, Kamran 

[88] also showed the potential use of polymeric NPs to enhance oral delivery of 

ivermectin (IVM) for the treatment of nCOVID-19. The IVM-polymeric NPs 

demonstrated potent antiviral activity by inhibiting viral spike protein and ACE-2 

receptors. In addition, Sanna, Satta [89] reported a promising approach in 

constructing remdesivir-loaded ACE-2 targeted NPs against SARS-CoV-2. The 

poly/(epsilon-caprolactone)/poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene 

glycol) (PCL/PLGA-PEG) polymeric NPs were conjugated with various ACE-2 targeting 

ligands which showed an improved antiviral effect against SARS-CoV-2. Moreover, the 

enhanced antiviral property of the targeted NPs was associated with its increased 

cellular uptake and its competitive binding mechanism in ACE-2 expressing cells. 

Ranjbar, Fatahi [90] summarized the probable advantages of NP platforms in drug 

delivery for nCOVID-19 (Fig. 4). 

 
Fig. 4 Advantages of NP-mediated antiviral delivery for nCOVID-19 [90] 
 

Although NPs seem to be an excellent platform to enhance viral inhibition 

and pharmacokinetics of antiviral agents, their scalability and production costs are 

the common challenges that affect their further development [91, 92]. Moreover, the 
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toxicity of NPs that is associated with their distribution and high permeability through 

most cells, tissues, and organs also limit their utilization as drug carriers [93]. Hence, 

for the nano-based antiviral delivery to work, scientists need to consider these issues 

to maximize the capacity of nanotherapeutics in fighting nCOVID-19. 

To have a  successful antiviral mechanism, NPs must target the crucial steps 

in the infection process including viral attachment, penetration, replication, and 

release [94]. Chen and Liang [95] reviewed various possible antiviral mechanisms of 

NPs which can be either direct or indirect viral inactivation through the inhibition of 

attachment or penetration depending on the nanomaterial used. Typically, these 

mechanisms can be associated with altering the capsid protein of the viral surface 

through physical or chemical means, while subsequently reducing its virulence and 

eventually decreasing viral load [94, 95].  Generally, viral replication starts with its 

attachment to the host cell by targeting specific receptors. If the NPs stop this 

attachment, the host cells can be free from infections. The entry of the virus into the 

host cells can be complex, which involves stable and multiple interactions with 

different cell surface receptors. Dey, Bergmann [96] synthesized multivalent flexible 

nanogels that could block the viral entry into the host cell. The development of 

multivalent NPs that could target heparan sulfate proteoglycans on the cell surface 

was designed using dendritic polyglycerol sulfate (DPS) to mimic cellular heparan 

sulfate. The interaction of the DPS with the host cell can block the virus from its 

interaction with cell surface receptors. In addition, the research also concluded that 

the DPS nanogels render nontoxicity and multivalent interaction with viral 

glycoproteins, thus forming a shielded virus that would prevent its interaction with 

the host cell. Seemingly, viral suppression can be possible by blocking penetration 

and entry of the virus into the host cell through the alteration of the cell surface 

membrane and its protein structures [95]. Recently, Halder, Das [97] proved the use 

of highly monodispersed Au NPs to efficiently inhibit herpes simplex virus (HSV) 
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infections. The authors reported that the Au NPs render no toxicity to normal cells 

and showed dose-dependent antiviral activity with an EC50 of 32.3 𝜇M and 38.6 𝜇M 

in HSV-1 and 2, respectively. Further analysis revealed that the enhanced antiviral 

activity of Au NPs was associated with its capability in interrupting the viral 

penetration stage. The authors also noted the possible invasion of Au NPs into 

infected Vero cells during its entry stage and could interfere the viral proliferation.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
32

 

Ta
bl

e 
 1

 P
ol

ym
er

ic 
NP

-b
as

ed
 d

el
ive

ry
 o

f a
nt

ivi
ra

l a
ge

nt
s 

NP
s p

la
tfo

rm
 

Sy
nt

he
sis

 
An

tiv
ira

l a
ge

nt
 

An
tiv

ira
l a

ct
ivi

ty
 

Be
ne

fit
s 

of
 n

an
oc

ar
rie

r 
fo

r 
dr

ug
 

de
liv

er
y 

 
CS

/T
PP

 N
Ps

 
[9

8]
 

El
ec

tro
sta

tic
 

cr
os

s-
lin

kin
g 

via
 io

no
tro

pic
 

ge
lat

ion
 

𝛼
 in

te
rfe

ro
n 

(𝛼
-IN

F) 
↑ 

an
tiv

ira
l r

es
po

ns
e 

in 
vit

ro
 

an
d 

in 
viv

o 
in 

𝛼
-IN

F-
CS

/T
PP

 
NP

s t
re

at
ed

 g
ro

up
 c

om
pa

re
d 

to
 t

he
 c

on
tro

l 
as

 o
bs

er
ve

d 

in 
th

e 
sig

nif
ica

nt
 ↑

 i
n 

th
e 

OA
S2

 
an

d 
PK

R 
an

tiv
ira

l 
m

ar
ke

rs.
 

 

Su
sta

ine
d 

re
le

as
e 

an
d 

an
tiv

ira
l 

re
sp

on
se

 in
 𝛼

-IN
F-

CS
/T

PP
 N

Ps
 w

er
e 

ob
se

rv
ed

 in
 v

ivo
 a

nd
 in

 v
itr

o.
 

 ↑ 
ce

llu
lar

 u
pt

ak
e 

by
 h

um
an

 c
el

l 
lin

e. 
  

Pe
pt

ide
 

fu
nc

tio
na

liz
ed

 P
LG

A-
ba

se
d 

NP
s 

Dh
ok

e 
[9

9]
 

Int
er

fa
cia

l 
Ac

tiv
ity

 
As

sis
te

d 
Su

rfa
ce

 
Fu

nc
tio

na
liz

at
ion

 
(IA

AS
F) 

an
d 

Do
ub

le
 

em
ul

sio
n 

so
lve

nt
 

ev
ap

or
at

ion
 m

et
ho

d 

La
m

ivu
din

e 
No

ne
 re

po
rte

d.
 

2.1
7-

 a
nd

 3
.84

 –
 fo

ld
 ↑

 in
 c

el
lu

lar
 

up
ta

ke
 

an
d 

re
te

nt
ion

 
in 

He
pG

2 
ce

lls
.  

↑ 
AU

C 
an

d 
ef

fic
ien

t 
ta

rge
te

d 
str

at
eg

y 
to

 m
ice

 li
ve

r w
as

 o
bs

er
ve

d 
in 

ph
ar

m
ac

ok
ine

tic
s 

an
d 

bio
dis

tri
bu

tio
n 

stu
die

s. 
 

 
 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
33

 

NP
s p

la
tfo

rm
 

Sy
nt

he
sis

 
An

tiv
ira

l a
ge

nt
 

An
tiv

ira
l a

ct
ivi

ty
 

Be
ne

fit
s 

of
 n

an
oc

ar
rie

r 
fo

r 
dr

ug
 

de
liv

er
y 

 
CS

/T
PP

 N
Ps

 
[1

00
] 

     

El
ec

tro
sta

tic
 

cr
os

s-
lin

kin
g 

via
 io

no
tro

pic
 

ge
lat

ion
 

Sa
qu

ina
vir

 (S
QR

) 
Sig

nif
ica

nt
ly 

↓ 
vir

al 
pr

ol
ife

ra
tio

n 
fo

r 
bo

th
 

HI
V 

str
ain

s 
(N

L4
-4

 a
nd

 I
nd

ie-
C1

) 
in 

SQ
R-

CS
 N

Ps
 t

re
at

ed
 c

el
ls 

co
m

pa
re

d 
to

 
SQ

R 
su

sp
en

sio
n.

 
 

↑ 
SQ

R 
en

ca
ps

ul
at

ion
 (

75
%

), 
ce

ll 
ta

rge
tin

g 
ef

fic
ien

cy
 

(9
2%

), 
an

d 
up

ta
ke

, 
he

nc
e 

su
pe

rio
r 

an
tiv

ira
l 

ac
tiv

ity
. 

  

Th
iol

at
ed

 
CS

 
Na

no
fib

er
s (

NF
s) 

[1
01

] 

El
ec

tro
sta

tic
 

cr
os

s-
lin

kin
g 

an
d 

Co
ax

ial
 

el
ec

tro
n-

sp
inn

ing
 

Te
no

fo
vir

 (T
FV

) 
No

ne
 re

po
rte

d 
↑ 

dr
ug

 l
oa

din
g 

(1
3 

- 
25

 %
 w

/w
), 

su
sta

ine
d-

re
le

as
e, 

an
d 

en
ha

nc
ed

 
m

uc
oa

dh
es

ive
 

pr
op

er
tie

s 
we

re
 

ex
hib

ite
d 

by
 T

FV
 n

an
of

ibe
rs.

  
 No

nt
ox

ic 
in 

viv
o 

an
d 

in 
vit

ro
. 

    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
34

 

NP
s p

la
tfo

rm
 

Sy
nt

he
sis

 
An

tiv
ira

l a
ge

nt
 

An
tiv

ira
l a

ct
ivi

ty
 

Be
ne

fit
s 

of
 n

an
oc

ar
rie

r 
fo

r 
dr

ug
 

de
liv

er
y 

 
Lip

id-
co

at
ed

 
PL

GA
 

NP
s 

[1
02

] 

Em
ul

sio
n 

so
lve

nt
 

ev
ap

or
at

ion
 

La
te

nc
y-

re
ve

rsi
ng

 
ag

en
ts 

(LR
As

) 
LR

A-
NP

s 
ar

e 
re

nd
er

ed
 e

qu
al 

to
 ↓

 c
yt

ot
ox

ici
ty

 c
om

pa
re

d 
to

 f
re

e 
LR

Ds
; t

hu
s, 

LR
A-

NP
s 

co
ul

d 
po

te
nt

ial
ly 

de
liv

er
 ↑

 
LR

As
 re

qu
ire

d 
fo

r e
ffi

cie
nc

y. 
 

 LR
A 

co
m

bin
at

ion
s 

in 
NP

s 
ex

hib
ite

d 
sy

ne
rgi

sti
c 

lat
en

cy
 

re
ve

rsa
l 

wi
th

 
lo

w 
cy

to
to

xic
ity

 i
n 

th
e 

HI
V 

ce
ll 

m
od

el
 a

nd
 C

D4
+ 
T 

ce
lls

.  

↑ 
ac

cu
m

ul
at

ion
, 

lo
ng

er
 r

et
en

tio
n,

 
an

d 
su

sta
ine

d 
re

le
as

e 
we

re
 

ob
se

rv
ed

 in
 L

RA
-N

Ps
 

              



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
35

 

NP
s p

la
tfo

rm
 

Sy
nt

he
sis

 
An

tiv
ira

l a
ge

nt
 

An
tiv

ira
l a

ct
ivi

ty
 

Be
ne

fit
s 

of
 n

an
oc

ar
rie

r 
fo

r 
dr

ug
 

de
liv

er
y 

 
CM

C/
Co

m
pr

ito
l-P

EG
 

Hy
br

id 
NP

s 
[1

03
] 

Do
ub

le
 

em
ul

sio
n 

so
lve

nt
 e

va
po

ra
tio

n 
Zi

do
vu

din
e 

(Z
VD

) 
No

ne
 re

po
rte

d 
ZV

D-
NP

s 
ha

d 
m

od
es

t 
dr

ug
 l

oa
din

g 
an

d 
slo

we
r r

el
ea

se
 th

an
 fr

ee
 Z

VD
. 

 Ef
fic

ien
t 

ce
llu

lar
 u

pt
ak

e 
in 

gli
om

a 
ce

lls
 a

nd
 n

o 
cy

to
to

xic
ity

 i
n 

bo
th

 
gli

om
a 

an
d 

ne
ur

o2
a 

br
ain

 
ce

lls
 

we
re

 
ex

hib
ite

d 
by

 
ZV

D-
NP

s 
co

m
pa

re
d 

to
 th

e 
co

nt
ro

ls.
  

 
Po

ly 
(vi

ny
l 

py
rro

lid
on

e)
 

PV
P/

Lip
id

-b
as

ed
 N

Ps
  

[1
04

] 

Do
ub

le
 

em
ul

sio
n 

so
lve

nt
 e

va
po

ra
tio

n 
Zi

do
vu

din
e 

(Z
VD

) 
No

ne
 re

po
rte

d 
Sig

nif
ica

nt
 

im
pr

ov
em

en
t 

in 
th

e 
ce

llu
lar

 t
ra

ns
po

rt 
th

ro
ug

h 
m

ur
ine

 
ne

ur
o2

a 
an

d 
He

La
 c

el
ls 

by
 Z

VD
-

PV
P/

Lip
id

 N
Ps

 
co

m
pa

re
d 

to
 

fre
e 

ZV
D.

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 36 

2.4  Intranasal delivery of anti-viral 

Intranasal drug delivery has been recognized as an alternative route for 

parenteral administration since the richly vascularized nasal mucosa provides an 

effective route for drug absorption [105, 106]. The human nasal cavity is divided in 

the midline by the septum, creating two physiologically distinct nasal passages with 

the external nares or nostrils in the anterior and the choana in the posterior end 

[107]. The nostrils can be subdivided into three turbinates or conchae as superior, 

middle, and inferior conchae [107]. The anterior part of the nasal passage contains 

numerous hairs that act as filters of large, inhaled particles. To safeguard high drug 

deposition of nasal sprays in the nasal cavities, the droplets require at least 30 – 120 

𝜇m. The larger particles tend to deposit in the anterior part of the nasal cavity while 

finer particles can penetrate further with high chances of deposition in the lungs 

[108, 109].  

Aerosol inhalation has been studied and utilized for so long in delivering 

drugs through the nose. The nasal cavity has a complex design, with specific 

anatomical regions targeted by drug delivery for nasal deposition. It has a large air-

filled surface area of 160 cm2 and a volume capacity of 15 mL [108]. The three 

turbinates in the nasal cavity serve as the primary target for local [110] and systemic 

[111] drug delivery. In addition, the olfactory region that sits above the superior 

turbinate with a surface area of about 5 cm2 is being targeted for nose-to-brain drug 

delivery [112]. The respiratory region along the inferior turbinate is the main site for 

systemic absorption of drugs due to its large surface area (120 – 150 cm2) and highly 

vascularized and permeable chorion. Other regions contain glands that produce 

nasal mucus serving as another layer of protection for the entire nasal cavity. The 

nasal epithelium constitutes basal cells, ciliated cells, and mucus-secreting goblet 

cells held together by intercellular tight junctions [14] (Fig. 5). The main blood supply 
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of the nose comes from the external carotid system via sphenopalatine and facial 

arteries and the internal carotid system through the ophthalmic artery [14].  

2.4.1 Factors affecting drug absorption 

One of the most important factors to consider in intranasal delivery is the 

site and surface area of drug absorption. The relatively small surface area of the 

nasal cavity limits the high volume of drugs to be administered to avoid drug loss 

through anterior or posterior run-off. Newman, Steed [113] reported that the 

intranasal administration of insulin of about 80 to 160 µL showed 100% retention in 

the nasal cavity with no passage to the lungs. The unit volume administered was 

also found significant since the administrate ion of single 100 µL volume results in 

more retention the over large surface area than administering two 50 𝜇L volumes 

[113, 114]. Furthermore, viscosity of the formulation is another factor due to 

retention and absorption issues. Kundoor and Dalby [114] reported that the increase 

in the viscosity of the formulation causes the decrease in the retention of drug in the 

nasal cavities which can also be associated with an increase in the droplet size. To 

maximize the delivery and retention of drugs, Foo, Cheng [115] studied the 

importance of spray administration angle on intranasal deposition. The combination 

of administration and plume angle of 30° led to the retention of the drug in the 

anterior region of the nose, with an approximately 90% deposition efficiency [115].  

2.4.2 Factors affecting the passage across the epithelium 

After being retained in the nasal mucosa, the drug must cross the nasal 

epithelium for intracellular metabolism for prodrug activation and systemic 

absorption. The mucus covering the entire epithelial surface has become a rate-

limiting step in drug permeation. The mucin, which is formed from the mucus, is a 

protein that can bind to the drug and thus affect its diffusion through the epithelium 

[116]. The drug absorption in the nasal epithelium has been challenging because of 
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the constant elimination of deposited drug particles by mucociliary clearance during 

its diffusion through the mucus layer. Mucociliary clearance is one of the major 

limitations for nasal delivery. It is an innate defense mechanism in removing inhaled 

insoluble particles such as biologicals, chemicals, and physical nature (e.g., dust) 

from the respiratory tracts [117, 118]. The inhaled particles are trapped in a blanket 

of mucus that sits on the ciliated epithelial cells and transported to the pharynx 

down to the esophagus via the rhythmic beating of the cilia [117, 118]. The 

deposited inhaled particles that are trapped in the mucus are eliminated by this 

mechanism within 30 minutes [105]. 

During the deposition, the particles may penetrate through the epithelium 

by either transcellular (across the cell membrane) or paracellular route (between 

cells) [119] (Fig. 6). Generally, lipophilic drugs are transported via transcellular 

mechanism either passive diffusion or through receptor-, carrier-, and vesicle-

facilitated transport [120-122]. On the other hand, the paracellular transport 

mechanism is mostly for polar molecules that can cross through the gaps between 

the epithelium, except molecules with a molecular weight (MW) of >1,000 Daltons 

(Da) such as peptides and other proteins [121, 123].  

Three basic physicochemical characteristics have a significant impact on the 

transepithelial passage of a molecule: (1) molecular weight (MW), (2) polarity, and (3) 

degree of ionization. As previously discussed, non-polar molecules take the 

transcellular route, while polar molecules can either take transcellular or 

paracellular routes depending on their MW. As a general knowledge, higher MW limits 

the paracellular entry through the tight epithelial junctions. Rapid nasal absorption 

was observed in drug molecules below 300 Da, while drug molecules above 1 kDa 

had slower absorption, which resulted in low bioavailability (0.5-5%) [120, 124-126]. 

Although the degree of ionization has minimal effect in the intranasal absorption, this 
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is still considered as one of the criteria in drug diffusion since only the non-ionizable 

fractions of the drug molecules diffuse, hence faster absorption [126].  

 

 
Fig. 5 Anatomy of the human nasal cavity and the olfactory epithelium 

 

2.4.3 Pharmacokinetics of intranasal delivery of drugs 

The drug’s physicochemical characteristics serve as the fundamental 

determinant of its efficient absorption in the nasal mucosa and adequate 

bioavailability in achieving desired pharmacologic effect either locally or systemically. 

However, it is still imperative to study the pharmacokinetics of drugs administered 

through this route to have a deeper understanding of its benefits compared to other 

conventional delivery routes. Cass, Efthymiopoulos [127], studied the 

pharmacokinetics of zanamivir (ZMR) (MW:332 Da, Log P: -3.2), an antiviral drug for 

influenza A and B virus after IV, oral, and intranasal administration in healthy 

volunteers. In their study, the ZMR was administered randomly as single or multiple 

doses via different routes. Serum and urine samples were used to quantify the 

absorbed and excreted ZMR for the analysis of its pharmacokinetics. In addition, 

nasal washes and throat gargles were also used to recover drug concentration in the 
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nose and throat, respectively. As a result, ZMR was well tolerated in all doses and 

routes, without any adverse effects observed throughout the study. The IV route 

resulted in linear kinetics after a single administration of up to 600 mg without any 

alteration in the kinetics after repeated administration of ZMR.  

Fig. 6 Transport mechanisms in the nasal epithelium 
 

Also, the oral route had a very low bioavailability of 2%, while intranasal 

administration rendered a median serum concentration of 10-20%, with maximum 

serum concentration reached within 1-2 h. Further analysis also confirmed that the 

median serum t1/2 of ZMR after intranasal administration was within 2.5-5.05 h which 

is indicative that the elimination rate is greatly affected by its absorption in the nasal 

cavity. Sumatriptan (MW:295 Da, Log P: 0.9), a vasoconstrictor for migraine which is 

more lipophilic than ZMR but almost has similar MW also showed modest 

bioavailability of 16% after intranasal administration in comparison with SQ route 

(~100%) [128]. However, it is also worth mentioning that the Tmax of intranasal 

administration is 1.5 h compared to 0.17 h of the SQ route, which also reflects that 

the low bioavailability of intranasal administration is associated with its slower 
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absorption in the nasal mucosa. To further prove the effect of drug absorption in the 

bioavailability of the intranasal route, Haschke, Suter [129], studied the intranasal 

pharmacokinetics of midazolam (MW:326 Da, Log P: 2.5), a benzodiazepine that is 

even more lipophilic than sumatriptan. The mean bioavailability of midazolam after 

intranasal administration ranged from 79-92 % with a mean Cmax of 28-30% and Tmax 

of 9.4-11.3 min, which mainly attributed to its rapid absorption due to its high 

lipophilicity. Furthermore, midazolam was also co-administered with CS as an 

absorption and retention enhancer which significantly increased the Cmax (80%) and 

reduced the Tmax (7.2 min) in the high-dose formulation.  

In summary, the pharmacokinetics of the intranasal route relies mainly on its 

absorbance and retention on the nasal cavity brought by the physicochemical 

characteristics of the molecule. This can be achieved through several approaches 

including the co-administration of absorption promoters that could open the tight 

junctions and increase the paracellular transport [130, 131], utilization of bioadhesive 

formulations to increase the contact time and slow down the mucociliary drainage 

[120, 126], and the use of nanotechnology for better drug transport [14]. 

2.4.4 Nanotechnology-mediated strategy for intranasal delivery of antivirals 

Nanotechnology has proven its advantage as an efficient strategy in 

improving nasal drug delivery. For the drug to be efficiently delivered through the 

nasal mucosa, several barriers like the improvement of nasal residence time or drug 

deposition, mucociliary clearance, and mucosal absorption are the three essential 

processes that must be addressed. From a general point of view, it is expected that 

the smallest particles must penetrate to any membrane. In transmucosal permeation 

smallest nanosized particles permeate through the paracellular route since the 

normal diameter of the tight junctions of the epithelial cells is < 8.4 Å [132]. On the 

other hand, larger particles use the transmucosal route through either endocytosis or 

carrier-/receptor-mediated transport [133]. However, it is still imperative to know and 
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understand how the particles are taken up by the cells in the nasal cavity. Behrens, 

Pena [134] reported a comparative analysis of the uptake of bioadhesive and non-

bioadhesive NPs in MTX-E12 (mucus-producing) and Caco-2 (non-mucus producing) 

cell lines using fluorescent markers and confocal microscopy. As a result, the 

bioadhesive NPs had a significant increase in mucus binding and cellular transport 

than non-bioadhesive NPs. However, it was also found out that the hydrophobic 

non-bioadhesive NPs had slightly higher uptake in Caco-2 followed closely by 

bioadhesive NPs. Through this comparison, the researchers hypothesized that the 

presence of mucus plays a vital role in the cellular uptake of NPs. To prove this 

concept, the mucus secreted by the MTX-E12 was removed before incubation with 

both NPs. Interestingly, the cellular uptake of the two NPs showed no significant 

difference proving that the presence of mucus significantly affects the permeation of 

the NPs through the cells.  

Another interesting mechanism to note for the cellular uptake is the effect 

of the NP materials on the transepithelial electrical resistance (TEER). Artursson, 

Lindmark [135] first investigated the significant effect of cationic CS on a dose-

dependent decrease in the TEER of Caco-2 cell monolayer. Smith, Wood [136] also 

investigated the effect of CS on the tight junction complex at the molecular level 

through immunofluorescence and Western blot analysis. It was found that the 

significant reduction in the TEER of Caco-2 monolayer to up to 83% is caused by the 

translocation of tight junction proteins from the membrane to the cytoskeleton, 

hence the disruption and opening of the tight junction. 

Nanotechnology has also been used as a drug carrier to overcome 

mucociliary clearance and evade phagocytosis by alveolar macrophages to increase 

drug absorption in the respiratory system [18]. It was also found that the alveolar 

macrophages are less efficient in engulfing ultrafine particles than larger particles 

[19]. Despite the capabilities of NPs in overcoming the permeation and mucociliary 
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clearance, the improvement of particle residence in the nasal cavity seems to be 

impossible for all NP platforms. In addition, the final form of the formulation either a 

liquid or dry powder matters longer retention. For instance, insulin/CS powder 

formulation was found to have greater absorption and bioavailability of 3.6%  than 

insulin/CS solution, which can be attributed to the much higher deposition of 

powders in the nasal cavity [133]. There has been an apparent disparity between the 

nasal delivery of NPs in either powder or solution forms. NPs in solutions have been 

reported to overcome mucociliary clearance and improve mucosal absorption; 

however, the NP solution also compromises drug deposition in the cavity. To meet 

this gap, NPs for intranasal administration have been developed using mucoadhesive 

materials to increase the retention and deposition of drugs regardless of the final 

dosage form.  

2.5 Mucoadhesive polymers in intra-nasal drug delivery 

The nasal cavity is a promising administration route for anti-viral drugs, as it 

serves as the first point of contact for inhaled respiratory viruses. Intranasal delivery 

can be challenging due to the rapid clearance and disposition of inhaled materials 

from the nasal cavity. For these reasons, the utilization of mucoadhesive polymers 

was developed to enable longer retention and higher drug disposition in the nasal 

mucosa.  

2.5.1 Mechanisms of mucoadhesion 

Bioadhesion is a phenomenon when two biological surfaces adhere to each 

other by interfacial forces. The bond between the mucoadhesive material and the 

mucus which we referred to as “mucoadhesion” can be achieved through a series of 

steps and mechanisms. Mucoadhesion has gained a lot of interest in the 

pharmaceutical sciences due to the increasing demand for drug localization in the 

mucosa to render non-invasive therapy to patients, especially for drug molecules like 
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proteins and oligonucleotides that are difficult to deliver systemically. Several 

research has been published on the promising potentials of mucoadhesive drug 

delivery in drug localization at the site of action including the GI tract or even 

systemic absorption via the nasal cavity.  

Mucous membranes or mucosa are moist surfaces on various body cavities 

composed of epithelial membranes containing mucosal cells that secrete mucus. 

Mucus is present in all body mucosa such as the oral cavity, gastrointestinal region, 

reproductive tract, eyes, and respiratory tracts [137, 138]. It is a highly hydrated gel 

that is composed of 95% water, 5% mucin glycoprotein, and some electrolytes [139]. 

Mucin is the primary and the most important constituent of mucus, which is 

composed of a protein core and carbohydrate-made side chains that are covalently 

bound with the protein core via O-glycosidic linkage [140, 141].  

Mucoadhesive materials are composed of hydrophilic macromolecules 

which consist of several hydrogen bonds forming groups. Due to the cysteine-rich 

subdomains of mucin glycoproteins, it allows the formation of intra-/inter-molecular 

disulfide bonds with these macromolecules facilitating mucoadhesion [142]. 
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Mucoadhesive were initially used as denture fixatives due to the presence of 

hydroxyl, carboxyl, and/or amine groups on its molecule that promotes adhesion 

when moistened [149, 150]. Commonly, natural mucoadhesives such as carbomers, 

CS, sodium ALG, cellulose, and their derivatives are used in dental medicine and 

pharmaceutical sciences in formulating tablets, patches, pastes, ointments, etc., 

[149]. Mucoadhesion is a complex process that involves three steps that describe the 

interaction of the mucoadhesive material and the mucosa by Ponnusamy, 

Sugumaran [151] (Fig. 7). The first phase is called the (1) contract stage wherein the 

mucoadhesive material touches the mucous membrane to form intimate contact. It 

can be brought mechanically by holding and pressing the material onto the mucosa 

which can be further enhanced contact by wetting and/or spreading the material to 

increase its surface area. The second stage is called the (2) inter-penetration stage, 

wherein the mucoadhesive material diffuses into the mucus layer. Lastly is the (3) 

consolidation stage, wherein it strengthens the mucoadhesive via mechanical or 

chemical interaction or the combination of both for more prolonged adhesion. 

Mechanical bonds refer to the physical interaction of the mucoadhesive with the 

mucosa, while chemical bonds happen through strong primary or weak secondary 

bonds, depending on the mucoadhesive functionalities [151].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49 

 
Fig. 7 Process of the interaction of MPNPs with the mucosa (mucoadhesion) 

 

Numerous theories have been proposed by various research explaining 

deeply how this phenomenon work. Although no standalone theory could explain 

these interactions, various theories were combined to define the process [152-154]. 

Below are the five widely accepted theories that involve mucoadhesion: 

• Mechanical theory 

The mechanical interlocking theory of mucoadhesion refers to the interaction 

and locking mechanism of the mucoadhesive material onto the irregularities of the 

mucosal surface. The rough surface not only provides a lock-and-key mechanism in 

promoting adhesiveness but also increases the surface area of the mucoadhesive 

while improving its wetting characteristics. Seemingly, the increase in the surface area 

also amplifies the viscoelastic and plastic dissipation of the energy at the interface 

during the joint failure [155].  

• Electronic theory  

The electronic theory relies on the transfer of electrons upon the contact of 

the mucoadhesive and the mucosa by the differences in their electronic structures. 
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Through this, the electrical double layer of the interface will be formed and 

eventually triggers adhesion due to the attractive forces of the electrons [156].  

• Diffusion theory 

Diffusion theory, also interpenetration theory, relies on the concentration 

gradient and its relation with the available molecular chain lengths and their 

mobilities [157]. This theory was first proposed by Voyutskii [158] in his discussion on 

the autohesion of rubbery polymers. He explained that when two polymers come in 

contact, the polymer chains in the rubbery state have sufficient mobility to diffuse 

across the initial interface [158]. The interpenetration depth of polymer across an 

adhesive interface also depends on its molecular weight, diffusion coefficient, and 

contact time [157].  

• Wetting theory 

The wetting theory refers to the extemporaneous spread of the 

mucoadhesive polymeric material onto the mucosal surfaces and its immediate 

interaction with the mucus. The wetting theory applies to liquid systems and their 

surface and interfacial energies to develop adhesion. The affinity of the liquid onto 

the surface can be analyzed using contact angle goniometry to determine the 

contact angle of the liquid on the surface. As a general rule, low contact angle 

would mean a greater affinity of the liquid onto the surface [149]. 

• Adsorption theory 

This theory refers to the attachment of the mucoadhesive material 

considering their hydrogen bonding, hydrophobic interactions, and van der Waals’ 

forces with the mucosa [156]. After the initial contact of the two surfaces, the 

material interacts with mucosa due to the surface forces acting between the atoms 

of the two surfaces. This interaction can be either (1) a primary chemical bond of 

covalent nature or a (2) secondary chemical bond that is brought by different forces 
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of attraction such as their surface charge, hydrophobicity, and functional groups 

[156].  Below are the thorough discussions concerning these chemical interactions 

that play a crucial role in mucoadhesion: 

❖ Hydrogen bond  

Hydrogen bond are formed, when the hydrogen atoms themselves or 

as a functional group of hydrophilic nature such as amino, hydroxyls, 

carboxyls, and sulfate groups are covalently linked to a highly electronegative 

like oxygen,  nitrogen, and fluorine atoms and another electronegative atom 

bearing a lone pair of electrons. Qaqish and Amiji [159] explained that in 

addition to electrostatic interactions between the D-glucosamine residue of 

CS and the sialic acid residue of mucin, the attractive forces through 

hydrogen bonding and/or hydrophobic interaction are also involved in CS-

mucin binding mechanism. Dinu, Yakubov [160] also reported the mucin 

immobilization in calcium-ALG by hydrogen bonding.  

❖ Van der Waals’ interaction  

This interaction is a relatively weak force which includes attraction and 

repulsion between atoms, molecules, and surfaces, as well as other 

intermolecular forces caused by the correlations in the fluctuating 

polarizations of nearby particles [161]. For example, TM, Lau [162] explained 

that the sialic acid and ester sulfates in the mucus layer render a negative 

charge that would create electrostatic interaction with positively charged 

polymers like CS. Also, negatively charged polymers can form electrostatic 

interaction through their interaction with the positively charged amino acid 

terminals of the mucin backbone [163]. Although electrostatic interaction is 

the weakest form of interaction that arises from the dipole-dipole and dipole-

induced dipole interaction amongst chemical bonds involved in 

mucoadhesion, this is still the most widely accepted theory of all.  
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❖ Hydrophobic bond 

Also described as the “hydrophobic effect”, refers to the interaction 

of the indirect bonds that occur when a lipophilic group is present in the 

aqueous solution. The non-polar molecule adjacent to the water molecule 

can form a hydrogen bond that could lower the system entropy. The 

hydrophobic interaction is vital in the tail-to-tail aggregation of mucins. This 

can form when the hydrophobic naked protein core of the mucin or its lipid 

components interact with the diffusion compound (drug/polymer) [163]. The 

intensity of the hydrophobic interaction relies on the high energy and low 

sensitivity of the environment. For instance, the gastric environment where 

the pH is low could have greater hydrophobic interaction than physical 

interaction due to the suppression of electrostatic phenomenon [164].  

 

The selection of the polymers used in this study is merely due to their highly 

tunable properties, biocompatibility, and mucoadhesive properties that benefit the 

intended transmucosal delivery. CS and ALG were two established polymers that 

efficiently encapsulate hydrophobic molecules with excellent stability. In addition, 

the CS coating on the polymeric ALG NPs could be an advantage in the pH-

dependent release in the nasal epithelia. Most importantly, the CS, ALG, and 

Poloxamer were preferred in constructing the nanoparticulate carrier owing to their 

different mucoadhesive properties. Below is detailed information on CS, ALG, and 

Poloxamer in various pharmaceutical preparations. The summary of mucoadhesive 

studies on these polymers is presented in Tables 3-4. 

 

2.5.2 Alginate  

Alginate (ALG) is a water-soluble linear anionic polysaccharide primarily 

isolated from several brown algae worldwide such as Ascophyllum nodosum, 
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Laminaria hyperborean, and Macrocystis pyrifera [165]. ALG is extracted from algae 

by mixing with the mineral acid to remove the counterions, such as calcium, 

magnesium, sodium which are naturally incorporated with ALG in seawater, and then 

produce alginic acid which is neutralized by alkalies such as sodium carbonate or 

sodium hydroxide to produce sodium ALG [166, 167]. Although ALG can be extracted 

from bacteria like Pseudomonas and Azotobacter species, these sources are still 

unavailable for commercial applications [168]. Currently, most ALG is commercially 

above 30,000 metric tons synthesized from farmed brown seaweeds annually [169]. 

The chemical structure of ALG is composed of ꞵ-D-mannuronic acid (M) and α-L-

glucuronic acid (G) residues which are covalently linked by 1,4- glycosidic linkage in 

different sequences or blocks [170]. The block patterns can be consecutive G blocks 

(G residue) which exhibit rigid and folded structural conformation, consecutive M 

blocks (M residue) providing flexible and linear conformation, or an alternating G and 

M block (GM block) (Fig. 8) [170, 171]. Not only compositions but also block 

sequences may vary depending on the sources of algae [172]. ALG has several 

remarkable properties such as its good biocompatibility, biodegradability, chemical 

versatility, mucoadhesiveness, pH sensitivity, cross capability, low toxicity, prolonged 

circulation time, and gelling properties [173, 174]. In addition, it can be modified 

chemically to alter these properties [167]. ALG has been explored as an ideal 

biomaterial especially in chemotherapeutic agent delivery [174]. The drug 

encapsulation occurs through the gelation of ALG by ionic crosslinking of the 

carboxylate components of the guluronate moieties on the ALG’s backbone with 

different divalent cations (e.g., Ba2+, Mg2+, Ca2+) to obtain the NPs [175]. However, 

these nanocarriers are not stable at room temperature [176] and can easily cause 

leakage of the active moieties loaded in the core of the NPs [177]. Reports showed 

that these limitations could be overcome by coating the ALG NPs with cationic 

biopolymer in the form of CS. It was also reported that the 2-step process of forming 
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CS-ALG-NPs by ionotropic gelation of ALG with Ca2+ followed by electrostatic 

interaction by CS could increase the drug loading and stability and create a more 

rigid structure of the NPs [178]. 

  

 
Fig. 8 Chemical structure of Alginic acid 

 

ALG has poor mucoadhesive properties making it the least favorable 

material in nasal drug delivery [179]. To improve its mucoadhesive property, 

Bernkop-Schnurch, Kast [180] covalently linked cysteine to the polymer backbone 

through carbodiimide chemistry. Results showed that the thiolated ALG 

demonstrated an increase in viscosity by about 50% when mixed with mucus at 

neutral pH compared to mucus/ALG mixture indicating an enhanced interaction with 

mucus. Further analysis also confirmed that the thiolated-ALG was able to form inter-

/intra-molecular disulfide bonds with great stability and prolonged residence time 

when used as excipient.  Below are some of the notable studies on ALG as a 

mucoadhesive material in delivering various types of drug molecules (Table 3).   
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2.5.3 Chitosan  

Chitosan (CS) is an FDA-approved cationic natural polymer from partial 

deacetylation of chitin (ꞵ-(1→4)-linked N-acetyl-D-glucosamine unit) (Fig. 10) [162].  It 

comprised of ꞵ-(1→4)-2-acetamido-2-deoxy-b-D-glucan (N-acetyl D-glucosamine 

unit/acetylated monomer) and ꞵ-(1→4)-2-amino-2-deoxy-b-D-glucan (D-

glucosamine/deacetylated monomer) linked via ꞵ-,4 glycosidic bonds with less 

molecular weight and crystallinity than chitin. CS is the second most abundant 

biopolymer with ideal properties for biomedical research such as bioactivity, 

biocompatibility, biodegradability, non-toxicity, and its broad-spectrum antibacterial 

activity [139]. Furthermore, CS is used to construct NPs as a drug delivery system due 

to its excellent mucoadhesive properties and modifiable characteristics. The 

mucoadhesive property of the positively charged CS can be explained by its 

interaction with the negatively charged mucin [191]. Sogias and Williams [191] also 

demonstrated the role of the primary amino group (protonated) of CS concerning the 

electrostatic interaction, hydrogen bonding, and hydrophobic effects on gastric mucin 

aggregation. Results suggest that the reduction in the number of amino groups of CS 

via partial deacetylation also reduces its interaction with mucin as shown in the 

reduction of mucin aggregation. In addition, due to the formation of hydrogen 

bonding, the deprotonated amino group of CS interacts with the nonionic hydroxyl 

groups alongside the mucin molecules [139]. CS has been used in nasal delivery of 

polar drug molecules across the epithelial membrane due to its strong 

mucoadhesive properties and transient opening of the cell-cell tight junctions. Illum, 

Farraj [192] reported that using cationic CS for nasal administration promotes 

excellent enhancement in the absorption of insulin across the nasal mucosa of rats 

and sheep. Furthermore, they also noted that the histological examination confirmed 

that CS rendered non-toxic and non-irritating to the nasal membrane for up to 30-
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mins of exposure. In addition, several research proved the increased absorption of 

macromolecules and their in vivo bioavailability across nasal epithelial barriers with 

CS as demonstrated by its plasma concentration and AUCs [133, 193, 194]. CS was 

also recently investigated for improved nasal mucosa absorption of poorly water-

soluble drugs with poor bioavailability. Jin and Zhao [195] used CS in the nasal 

delivery of poorly water-soluble drug hesperidin for the treatment of inflammatory 

lung disease. The developed hesperidin-loaded CS NPs showed significant 

improvement in the cellular uptake in vivo and in vitro compared to the free 

hesperidin. The hesperidin-CS NPs also showed a remarkable suppression of 

inflammatory cytokines and vascular permeability in mice, demonstrating an 

improved drug delivery of hesperidin when loaded in CS NPs. Table 4 shows recent 

studies on CS as a material for various delivery routes. 

 
 

Fig. 9 Chemical structure of Chitosan (CS)
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2.5.4 Poloxamer 

Poloxamer, also Pluronic, belongs to the unique class of synthetic tri-block 

copolymers comprising central hydrophobic chains of poly (propylene oxide) (PPEO) 

and two hydrophilic chains of poly (ethylene oxide) (PEO) (Fig. 10) [206]. In this study, 

poloxamer acts as the surfactant to increase the solubility and dispersion of FVR in 

the aqueous phase and to facilitate high drug loading into the CS-ALG-NPs. 

Poloxamer is also a mucoadhesive agent, but its mechanism is still unclear. Some 

studies linked its mucoadhesion mechanisms to its temperature-dependent self-

assembly and gelling properties.  Because of its thermo-responsive feature, it attracts 

significant attention in the biomedical field. One of the most common uses of 

poloxamer in the biomedical field is the development of hydrogels for drug delivery, 

wound dressing, biosensors, and implantable devices. Apart from being thermo-

responsive, its amphiphilic nature and mucoadhesive properties make it ideal for 

various biomedical applications [206, 208]. Xu, Xu [209] develop a thermosensitive 

and mucoadhesive heparin-poloxamer (HP) hydrogel using 𝜀-polylysine (EPL) as a 

functional excipient for endometrial injury. It was found that the rheological and 

mucoadhesive properties of the HP hydrogel can be tunable by altering the amount 

of EPL in the formulation. It was also proven that the addition of EPL provides a 

significant increase in the drug release in vitro compared to the HP hydrogel. 

Moreover, the mucoadhesiveness and accelerated release of drug from the hydrogel 

had significantly increased its absorption in the uterus basal layer and endometrial 

glans after 8 h of administration in the uterus cavity. Below are some of the notable 

studies on poloxamer as a mucoadhesive material in delivering various types of drug 

molecules (Table 5).  
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Fig. 10 Chemical structure of Poloxamer 
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     CHAPTER 3 METHODOLOGY 
METHODOLOGY 

3.1.  Fabrication of favipiravir-loaded mucoadhesive chitosan-alginate 

nanoparticles (FVR-MCS-ALG-NPs) 

FVR-MCS-ALG-NPs was fabricated by oil-in-water emulsification and ionotropic 

gelation as previously reported by Sorasitthiyanukarn and co-workers [219] with some 

modifications. Briefly, 1 mL of FVR (anhydrous, >98% purity from Aurore 

Pharmaceuticals, India) solution in methanol was added dropwise into ALG (medium 

viscosity: ≥ 2000 cP at 2% in H2O at 25 °C; MW: 490 kg/mol; 

mannuronate/guluronate ratio, M/G ratio: 1.56 from Sigma-Aldrich, USA) aqueous 

solution (20 mL, 0.6 mg/mL dissolved in Milli-Q® water; pH was adjusted to 5.5 by 

1% acetic acid) containing various concentrations of Poloxamer 407 under 

continuous magnetic stirring at 1000 rpm for 20 min followed by sonication at a 

frequency of 45 kHz and sonic power at 80 W for 15 min using an ultrasonication 

bath (Model CP 230, Crest Ultrasonic Corp., NY, USA). CaCl2 aqueous solution (4 mL, 

0.67 mg/mL dissolved in Milli-Q water) was added dropwise using an automatic 

syringe pump (NE 100, New Era, Pump System Inc., NY, USA) at a rate of 20 mL/h and 

continuously stirred for 30 min. The resulting suspension was combined with 4 mL of 

CS (molecular weight, MW: 73 kDa, degree of deacetylation, DD: 91.74% was supplied 

by Marine Bio-Resources, Thailand) aqueous solution in various ALG: CS mass ratios 
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(pH of CS solution was adjusted to pH 5.5 by 10% NaOH solution) and stirred for 

another 30 min at ambient room temperature (ART). The resulting suspension was 

equilibrated overnight in a light-proof cabinet at ART. FVR-MCS-ALG-NPs was obtained 

as a clear dispersion in an aqueous solution. The uncoated-FVR-ALG NPs was 

prepared in similar manner but without the addition of CS. 

3.2.  Experimental design for optimization by Box-Behnken Design (BBD) and 

Response Surface Methodology (RSM) 

To optimize the fabrication process and to determine the effect of various 

factors in the particle size,  potential, encapsulation efficiency (EE), and loading 

capacity (LC) of the FVR-MCS-ALG NPs, a three-factor, two-level Box-Behnken design 

was used based on the preliminary experimental data gathered considering the ALG: 

CS mass ratio, FVR concentration, and poloxamer 407 concentration as the 

independent variables. A total of 15 formulation conditions was generated using 

Design-Expert® with three replicated center points to limit the error. The detailed 

summary of independent and dependent variables to achieve the optimum FVR-CS-

ALG NPs is shown in Table 6.  As described above, the ALG: CS mass ratio (A), FVR (B), 

and Poloxamer 407 (C), was selected as the main factors, with their corresponding 

levels. Data were analyzed using the ANOVA test available in the software, and a 

polynomial model equation for each response was generated. 
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Table  6 Different levels of variables in Box-Behnken Design 

Variables 
Levels  
Low  Medium High 

Independent      
A = ALG: CS mass ratio 1:0.025  1: 0.50 1: 0.10 
B = FVR (mg) 5  10 15 
C = Poloxamer 407 (%w/v) 1  1.5 2 

Dependent Constraints  
     Y1 = Particle size (nanometer, 
nm) 

Minimize  

     Y2 =  potential (millivolts, mV) ± 20  

     Y3 = EE (%) Maximize  
     Y4 = LC (%) Maximize  

 

3.3. Physicochemical characterization 

3.3.1. Particle size, polydispersity index, and  potential 

The hydrodynamic size and dispersity were determined by dynamic light 

scattering (Zetasizer Nano ZS®, Malvern Panalytical Ltd., UK) at a controlled 

temperature of 25 ± 2 ºC with a detection angle of 90º. The surface charge was 

determined using laser doppler electrophoresis of the same instrument. All 

samples were measured in triplicates.  

3.3.2. Morphological characterization 

Transmission Electron Microscope (TEM, JEM-1400Flash, JEOL Ltd., Tokyo, 

Japan) and Field Emission-Scanning Electron Microscope (FE-SEM, JSM-7610F, Oxford 
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X-Max 20, JEOL Ltd., Tokyo, Japan) was used to observe the morphology of the FVR-

NPs. The samples were freshly prepared by diluting the samples 50× with filtered 

Milli-Q™ water to homogeneously disperse the particles. An aliquot of the MPNP 

suspension was dropped onto the grid, stained with uranyl acetate, and allowed to 

dry for 24 h in a desiccator.  

3.3.3. Loading capacity and encapsulation efficiency 

The LC and EE of the FVR-MCS-ALG NPs was determined using an indirect 

method as described by Sorasitthiyanukarn [219]. In brief, an aliquot of the 

suspension was subjected to ultracentrifugation with a speed of 105,000 × g at a 

controlled temperature of 4 ºC for 1 h. The supernatant was collected and diluted 

with an appropriate volume of Milli-Q™ water and vortexed for 5 min. The amount of 

free FVR from the supernatant was quantified by determining its absorbance at 363 

nm using a UV-Vis spectrophotometer (Agilent Cary 60, Agilent Technology Ltd., CA, 

USA) after appropriate dilution in acetonitrile. The quantitative estimation of FVR 

from the supernatant was computed against the calibration curve of the FVR in 

acetonitrile with a concentration range of 0.5-18 µg/mL (Appendix A). The % EE (Eq. 

1) and %LC (Eq. 2) of the FVR-MPNPs were calculated as follows: 
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Eq. 1 

% EE = [(Wt – Ws)/Wt] x 100 

Eq. 2 

% LC = [(Wt – Ws)/Wnp] x 100 

Whereas Wt is the total amount of FVR used in FVR-MPNPs, Ws is the amount 

of FVR in the supernatant after ultracentrifugation and Wnp is the weight of the FVR-

MPNPs obtained after lyophilization. 

3.3.4. Thermal analysis 

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were 

done on the thermogravimetric analyzer (TG 209 F3 Tarsus®, Netzsch, Germany) 

from 30 to 500 ºC in the nitrogen atmosphere at a constant heating rate of 20 ºC 

min-1. Moreover, the x-ray diffraction (XRD) pattern of the same samples were 

obtained on a wide-angle x-ray diffractometer (PANalytical X’Pert Pro model, 

Germany) operated at 30 mA and 40 kV, and a scanning speed of 0.2º, 2 Ɵ/step at 

room temperature. 

3.4.  In vitro favipiravir release  

The release of FVR from the NPs was determined via the dialysis diffusion 

method by  Clementino, Pellegrini [220] with some modifications. A ready-to-use 

SnakeSkin™ dialysis tubing (10kDa MWCO, 35 mm dry; Thermo Scientific, Illinois, USA) 

was used as the membrane for the study. 20 mL of the suspension and free FVR 
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solution at the same concentration were separately placed in the tube and sealed 

with dialysis clips on both ends. The sealed samples was submerged in 500 mL 

simulated nasal fluid (SNF: sodium chloride 8.77 mg/mL, 2.98 mg/mL potassium 

chloride and 0.59 mg/mL calcium chloride in deionized water with 5% mucin and 

0.5% w/v bovine serum albumin; pH 5.5) and physiological fluid (PBS: potassium 

dihydrogen phosphate 1 mg/mL, dipotassium hydrogen phosphate 2 mg/mL, and 

sodium chloride 8.5 mg/mL in deionized water, pH 7.4)  to mimic nasal and 

physiological pH of human body fluids, respectively. The medium was maintained at 

37 ºC and magnetically stirred at 100 rpm. At pre-determined time points, 5 mL of 

the media was withdrawn and replaced with an equal volume of fresh media. The 

collected samples were centrifuged at 4000 rpm for 20 min to separate the FVR. The 

supernatant was diluted in acetonitrile and analyzed and quantified by UV-Vis 

spectrophotometer at 363 nm. The % cumulative FVR released was computed using 

Eq 3. The in vitro release study for all samples was done in triplicates. 

Eq. 3 

𝐶𝑅 (%) =
𝑉𝑒  ∑ 𝐶𝑛−1 + 𝑉𝑜 𝐶𝑛

𝑛−1
𝑖=1

m
× 100 

 

Whereas CR (%) is the cumulative FVR released from the medium, Ve is the 

volume which was taken out from the medium (mL), Vo is the volume of the release 

medium (mL), Cn is the concentration of the time point (mg/mL), and m is the total 
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amount of FVR (mg) in the dialysis bag. The release kinetic models, i.e., zero-order, 

first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, and Weibull were calculated 

using the DDsolver software, Microsoft Excel plugin program (Version 2010, Microsoft 

Corporation, Redmond, WA). The best-fitted model was selected based on the 

highest computed R2 adjusted and MSC values and the lowest AIC [219]. 

3.5.  Mucoadhesion studies 

3.5.1.  Effects of mucin on size and surface charge of FVR-MPNPs 

The hydrodynamic size and the -potential of the FVR-NPs were used to 

observe its interaction with the commercially available porcine mucin [221]. Porcine 

mucin-type III was utilized for this study owing to its reproducibility and consistency 

of results [222]. Briefly, mucin solution (0.4 mg/mL) was prepared in simulated nasal 

fluid (SNF) at pH 5.5. An equal amount of mucin solution and FVR-MPNPs suspension 

was transferred to a 50 mL volumetric flask and subjected to an orbital incubator 

shaker at a speed of 150 rpm and a temperature of 37 ºC to mimic normal 

physiological temperature. An aliquot of the incubated mucin: FVR-MPNPs mixture 

was collected at 0.5, 1, 2, 3, 4, and 5 h and was ultracentrifuged at 105,000 × g at a 

controlled temperature of 4 ºC for 1 h. The precipitate was washed twice with Milli-

Q™ water to remove unabsorbed mucin and resuspended in the same solvent. The 

resuspended FVR-MPNPs was analyzed for the change in hydrodynamic size and 

surface charge.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

76 

3.5.2. In vitro mucin adsorption studies and adsorption isotherms 

The adsorption and interaction of FVR-NPs and mucin was evaluated based 

on the published method [223]. In brief, an equal volume of mucin solution (0.4 

mg/mL in SNF) and the NP formulations (FVR-MCS-ALG or FVR-ALG NPs) (5 mg/mL) 

was transferred to a 50 mL volumetric flask and subjected to orbital incubator 

shaking at a speed of 150 rpm at 37 ºC. An aliquot of the incubated mucin: NP 

mixture was collected at 0.5, 1, 2, 3, 4, and 5 h and was ultracentrifuged at 105,000 

× g at a controlled temperature of 4 ºC for 1 h. The precipitate was washed twice 

with Milli-Q™ water to remove unadsorbed mucin and resuspended in the same 

solvent. Moreover, the unbound or unabsorbed mucin from the supernatant was 

quantified by bicinchoninic acid (BCA) protein analysis. An equal volume of BCA 

working reagent (50:1, Reagent A: B) and the supernatant was incubated at 37 ºC for 

2 h for color development. Afterward, the absorbance of the mixture was measured 

at 562 nm and quantified against the calibration curve of mucin (Appendix B). The % 

mucin binding efficiency was computed as follows:  

Eq. 4 

Mucin binding efficiency (%) = [(mucintotal – mucinunbound)/ mucintotal] x 100 
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3.6. Ex vivo transmucosal studies 

3.6.1. Collection and preparation of porcine nasal mucosa 

The porcine nasal mucosa (PNM) was excised from the noses of freshly 

slaughtered pigs in the local slaughterhouse and stored in ice during transportation 

to the pathology laboratory. The harvested porcine noses were cross sectioned using 

a pathology saw (Exakt 302, Exakt Technologies, Oklahoma, USA) through each nostril 

to expose the tissue. The nasal mucosa was precisely and carefully excised by 

surgical blade and forceps to separate the underlying cartilage of the nasal septum. 

The harvested PNM was washed several times with a normal saline solution to 

remove unwanted debris. The cleaned PNM was placed on ice and submerged in 

Hanks’ balanced salt solution in a sterile plate to maintain tissue integrity. 

3.6.2. Ex vivo transmucosal permeability study through porcine nasal mucosa 

The freshly harvested PNM was mounted onto the Franz cell with a 

permeation area of 1.77 cm2. SNF (pH 5.5) was used as the medium to mimic nasal 

physiological conditions. The PNM was pre-saturated with SNF by placing 500 µL of 

the medium onto the donor compartment and equilibrate for 15 min. Afterwards, 

the surface of the PNM was treated with 1 mL of freshly prepared FVR NP 

formulations (FVR-MCS-ALG or FVR-ALG NPs) or free FVR solution (at equivalent to 

amounts of FVR) onto the donor compartment. The receptor chamber was filled 

with 12 ml of the SNF, maintained at 37 ± 0.5 ºC and stirred at 150 rpm. The study 
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was conducted for 1h. At pre-determined time points, 500 µL of the medium was 

withdrawn from the receptor chamber. The same volume of fresh SNF maintained at 

the same temperature was replaced in the receptor after every sampling to keep the 

volume and temperature constant during the study. The collected samples were 

filtered before quantification of permeated FVR using a UV/Vis spectrophotometer at 

363 nm. The cumulative amount of FVR permeated per unit area (µg/cm2) was 

plotted as a function of time (min). After finishing the experiment, the FVR retained in 

the donor compartment was quantified by washing the apical side of the membrane 

several times to collect the adsorbed FVR on the surface. The flux (J, µg/cm2/min), 

permeability coefficient (P; cm2/min), and the enhancement ratio (ER) were 

estimated as per Eq. 5,6, and 7, respectively. 

The cumulative amount of FVR permeated per unit area (µg/cm2) was plotted as a 

function of time (min). After finishing the experiment, the FVR retained in the donor 

compartment was quantified. The flux at steady state (Jss) and permeability 

coefficient (KP) were estimated as per Eqs. 5 and 6, respectively. 

Eq. 5 

𝐽𝑠𝑠 =  𝛥𝑄𝑡 / 𝛥𝑡 ×  𝐴        

Eq. 6 

𝐾𝑃 = 𝐽𝑠𝑠/𝐶0         

Where 𝛥𝑄𝑡 (µg), difference in the permeated drug amount between the time 

points; 𝛥𝑡 (h), diffusion area (cm2); C0 (µg), initial drug concentration in the donor 
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compartment. To determine the effect on the permeability compared to the free 

FVR solution, the enhancement ratio of the flux (ERflux) was computed as (Eq. 7): 

Eq. 7 

𝐸𝑅𝑓𝑙𝑢𝑥 = 𝐽𝑠𝑠𝐹𝑉𝑅−𝑁𝑃𝑠 / 𝐽𝑠𝑠𝑓𝑟𝑒𝑒 𝐹𝑉𝑅      

 

3.6.3. Histopathological examination of porcine nasal mucosa for preliminary 

toxicity assessment 

The histopathological examination of the treated and untreated PNM was 

performed after 1 h of treatment to determine whether the treatments will cause 

any mucosal damage. PNM treated with the negative (no treatment) and 

experimental controls (FVR-MCS-ALG, FVR-ALG NPs and FVR solution) were fixed in 10 

% buffered formalin immediately after the experiment. The tissues were embedded 

in paraffin and processed accordingly for sectioning. The sectioned tissues were 

stained with hematoxylin and eosin and analyzed by a pathologist blinded to the 

experimental conditions.  

3.7.  In vitro biocompatibility and cellular uptake studies in human nasal 

epithelial cell (RPMI 2650) 

3.7.1 Cytocompatibility study 
RPMI 2650 human nasal epithelial cells (ATCC, USA) was cultivated in MEM 

media supplemented with 10% (v/v) fetal bovine serum (FBS) at 37 °C in a 95% 

air/5% CO2 incubator. To study the biocompatibility of the FVR-MCS-ALG NPs to RPMI 
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2650, the confluent cells in a 96-well plate was treated with the samples diluted in 

blank-MCS-ALG NPs and water, respectively to achieve various concentrations. The 

diluents were used as the control to observe the cytotoxic effect of the test 

samples. After 1 h of incubation with the treatments, the cells were washed and 

incubated again for 3 h with the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) solution (0.5 mg/mL). The amount of formazan crystals 

formed was dissolved in dimethyl sulfoxide (DMSO) and the optical density at 570 

nm (OD570) was measured by a microplate reader (Wallac 1420, Perkin-Elmer, USA). 

3.7.2 Cellular uptake 
To observe enhanced cellular uptake of the FVR and FVR-MPNP into the cells, 

a qualitative determination was performed through fluorescence microscopy 

(Fluorescence microscope, Nikon Eclipse Ts2, Nikon, Japan). Due to the weak 

fluorescence of FVR, 5-aminofluorescein (5-AF) was used and loaded in the MCS-ALG 

NPs. The confluent RPMI 2650 was treated with free or unencapsulated 5-AF and 5-

AF-MCS-ALG NPs for 4 and 24 h. The cells were washed with PBS 5× to remove the 

excess and uninternalized samples. To track the internalization of the test samples in 

RPMI 2650, the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 

min at room temperature and observed under fluorescence microscope. 
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3.8.  In vitro antiviral assay using PEDV model 

3.8.1. Cell and virus preparation 

Due to the complexity and hazard brought by the SARS-CoV 2 experiment, 

the researcher employed another coronavirus. The porcine epidemic diarrhea virus 

(PEDV, NCBI accession LC053455), a non-zoonotic virus belonging to the alpha-

coronavirus genus was served as a surrogate for antiviral assay. In this study, the 

researcher selected the PEDV model to test the potential of the test samples in 

enhancing the antiviral activity of FVR in SARS-CoV 2 inhibition due to its low health 

risks and minimal laboratory requirement.  

Specifically, PEDV carrying mCherry fluorescent reporter gene (mCherry-

PEDV) in its genome and Vero cells stably expressing eGFP (eGFP-Vero) as the host 

cell were used for the assay. The viral genome was constructed by reverse genetics 

and the infectious viral particles were prepared as previously described by Jengarn 

and co-workers [224]. eGFP-Vero was constructed through the transfection of the 

pEGFP-N1 (Clontech) plasmid into Vero cells (ATCC: CCL-81) and the selection of the 

eGFP positive cells using 0.8 mg/ml of G418 antibiotic (Sigma-Aldrich). The cells were 

maintained in Opti-MEM (Gibgo) supplemented with 10% (v/v) fetal bovine serum 

and antibiotics. 
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3.8.2. Determination of non-cytotoxic concentration 

eGFP-Vero cells were seeded overnight at 2.5 × 104 cells in a 96-well tissue 

culture microplate at 37 °C in a 5% CO2 incubator. The formulations and the free FVR 

was diluted added to the cells at the various concentrations. The diluents were used 

as the control to observe the cytotoxic effect of the test samples. After 15 h of 

treatment, the cytotoxicity was determined by adding Cell Counting Kit-8 reagent 

into the cells and subjected to incubation for 1 h. The optical density at OD450 was 

measured by a microplate reader and the % cell viability was calculated by 

normalization with the control. 

3.8.3.  Antiviral assay 

eGFP-Vero cells were seeded overnight at 2.5 × 104 in a 96-well tissue 

culture microplate at 37 °C in a 5% CO2 incubator. mCherry-PEDV was added into the 

cells to allow viral absorption/infection for 1 h. The unattached viruses were then 

removed through washing with PBS. The formulations and the free FVR was diluted 

and added to the cells with fresh media supplemented with 1% tryPLE. The diluents 

(10% v/v) were used as the control to observe the antiviral effect of the test 

samples. At 15 h post-infection, the fluorescent images of mCherry (at excitation 

wavelength 561 nm and emission wavelength 570-630 nm) and eGFP (at excitation 

wavelength 488 nm and emission wavelength 500-550 nm) was obtained by Opera 

Phenix high-content screening system (PerkinElmer). The area of mCherry 
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fluorescence represented by its syncytia formation from the infection in each well 

was specified. The total mCherry fluorescent intensity was quantified by Harmony 

high-content imaging and analysis software (PerkinElmer). The relative reduction of 

mCherry intensity (syncytia formation) by the test samples was calculated by 

comparing it with the control. Dose-respond curves were fitted using the normalized 

sum of mCherry fluorescent intensity data and the half-maximal effective 

concentration (EC50) was calculated by GraphPad® Prism software 9.3.0. 

3.9.  Storage stability studies 

The storage stability studies were conducted by transferring the optimal FVR-

MPNPs to an amber glass bottle with a tight screw cap. The bottles were stored at 

ambient room (ART) and refrigerated (4 °C) temperatures away from light exposure. 

The physicochemical characteristics (size,  potential, and EE) were measured every 

month for 6 months. The stability of the formulations was evaluated by the change 

of its characteristics over time and the effects of storage temperatures.  

3.10. Statistical analysis 

The collected data was expressed as mean ± standard deviation (SD). The 

polynomial equations for the optimization were generated using multiple linear 

regression followed by model-fitting with one-way ANOVA using the Design-Expert® 

software 13.0.5.0 (Stat-Ease, Inc., Minneapolis, MN, USA). The cell viability and other 

results were analyzed using ANOVA with the recommended post-hoc test by 
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GraphPad® Prism software 9.3.0 (San Diego, CA, USA). The p value of < 0.05 is 

considered statistically significant. 
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CHAPTER 4 RESULTS AND DISCUSSION 
RESULTS AND DISCUSSION 

4.1. Generation of responses by Design Expert Software 

To optimize the fabrication process and determine the effect of various 

factors on the hydrodynamic size (Y1), zeta () potential (Y2), loading capacity (LC) 

(Y3), and encapsulation efficiency (EE) (Y4) of the FVR-MCS-ALG-NPs, a three-factor 

BBD was used based on the preliminary experimental data gathered considering 

the (A) ALG:CS mass ratio, (B) the FVR concentration, and (C) the poloxamer-407 

concentration as the independent variables. A total of 15 formulation conditions 

were generated using Design-Expert® with three replicated center points to limit 

the error. A detailed summary of the independent and dependent variables to 

achieve the optimal condition for FVR-MCS-ALG-NPs is shown in Table 6. Fifteen 

formulations were generated by BBD with three replicated center points (F13–

F15), as shown in Table 7. As described above, the ALG:CS mass ratio (A), FVR (B), 

and Poloxamer-407 (C) were selected as the main factors, with their 

corresponding levels. Data were analyzed using the ANOVA test available in the 

Design-Expert® software, and a polynomial model equation was generated for 

each response. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

86
 

Ta
bl

e 
 7

. F
or

m
ul

at
ion

 d
es

ign
 fo

r F
VR

-M
CS

-A
LG

-N
Ps

 u
sin

g B
BD

 w
ith

 it
s a

ct
ua

l a
nd

 p
re

dic
te

d 
re

sp
on

se
s o

f a
ll 

de
pe

nd
en

t v
ar

iab
le

s 

Co
de

 
A 

B 
C 

 
Y 1

: S
ize

(n
m

) 
Y 2

: 
-p

ot
en

tia
l (

m
V)

 
Y 3

: D
L 

(%
) 

Y 4
: E

E 
(%

) 

 
 

 
 

Ac
tu

al
 

Pr
ed

ict
ed

 
Ac

tu
al

 
Pr

ed
ict

ed
 

Ac
tu

al
 

Pr
ed

ict
ed

 
Ac

tu
al

 
Pr

ed
ict

ed
 

F1
 

1: 
0.0

25
0 

5 
1.5

 
22

7 
± 

6 
22

9.9
 

−2
1.9

 ±
 0

.6 
−2

2.2
 

5.0
 ±

 0
.9 

 
5.5

 
33

.7 
± 

5.6
 

35
.6 

F2
 

1: 
0.1

00
0 

5 
1.5

 
28

9 
± 

16
 

27
8.5

 
−2

7.8
 ±

 0
.4 

−2
7.7

 
7.4

 ±
 0

.5 
6.4

 
60

.9 
± 

5.0
 

57
.7 

F3
 

1: 
0.0

25
0 

15
 

1.5
 

23
9 

± 
2 

23
8.0

 
−2

4.7
 ±

 0
.5 

−2
4.8

 
12

.1 
± 

0.9
 

13
.1 

34
.4 

± 
3.5

 
37

.6 
F4

 
1: 

0.1
00

0 
15

 
1.5

 
28

4 
± 

5 
28

6.7
 

−2
0.8

 ±
 0

.6 
−2

0.5
 

24
.3 

± 
0.3

 
23

.8 
84

.8 
± 

0.7
 

82
.9 

F5
 

1: 
0.0

25
0 

10
 

1 
24

3 
± 

7 
24

2.8
 

−2
1.6

 ±
 0

.9 
−2

1.0
 

11
.4 

± 
0.5

 
10

.4 
33

.6 
± 

0.3
 

29
.7 

F6
 

1: 
0.1

00
0 

10
 

1 
28

8 
± 

5 
29

1.6
 

−2
1.3

 ±
 2

.0 
−2

1.7
 

15
.4 

± 
0.8

 
16

.2 
58

.9 
± 

0.8
 

63
.4 

F7
 

1: 
0.0

25
0 

10
 

2 
23

1 
± 

8 
22

5.0
 

−2
0.3

 ±
 0

.3 
−2

0.6
 

7.4
 ±

 0
.6 

6.9
 

37
.4 

± 
3.8

 
36

.2 
F8

 
1: 

0.1
00

0 
10

 
2 

27
4 

± 
14

 
27

3.7
 

−2
1.2

 ±
 1

.1 
−2

1.2
 

12
.0 

± 
0.6

 
12

.7 
69

.4 
± 

0.9
 

69
.9 

F9
 

1: 
0.0

62
5 

5 
1 

25
8 

± 
16

 
26

3.2
 

−2
2.5

 ±
 1

.2 
−2

2.7
 

11
.9 

± 
0.6

 
11

.5 
63

.3 
± 

0.3
 

65
.9 

F1
0 

1: 
0.0

62
5 

15
 

1 
28

1 
± 

8 
27

1.3
 

−2
0.4

 ±
 0

.7 
−2

0.6
 

23
.4 

± 
1.1

 
24

.0 
82

.8 
± 

2.9
 

79
.5 

F1
1 

1: 
0.0

62
5 

5 
2 

24
5 

± 
16

 
24

5.3
 

−2
2.6

 ±
 2

.3 
−2

2.2
 

7.3
 ±

 0
.5 

8.0
 

73
.7 

± 
4.3

 
72

.4 
F1

2 
1: 

0.0
62

5 
15

 
2 

24
8 

± 
12

 
25

3.4
 

−1
9.9

 ±
 1

.0 
−2

0.0
 

21
.5 

± 
1.9

 
20

.5 
84

.2 
± 

3.3
 

86
.0 

F1
3*

 
1: 

0.0
62

5 
10

 
1.5

 
25

8 
± 

5 
25

8.3
 

−2
1.4

 ±
 0

.7 
−2

1.5
 

22
.0 

± 
0.8

 
22

.1 
90

.7 
± 

1.0
 

89
.2 

F1
4*

 
1: 

0.0
62

5 
10

 
1.5

 
26

0 
± 

7 
25

8.3
 

−2
2.0

 ±
 2

.8 
−2

1.5
 

22
.6 

± 
2.9

 
22

.1 
87

.1 
± 

13
.3 

89
.2 

F1
5*

 
1: 

0.0
62

5 
10

 
1.5

 
25

1 
± 

14
 

25
8.3

 
−2

1.2
 ±

 3
.2 

−2
1.5

 
21

.9 
± 

0.9
 

22
.1 

89
.8 

± 
0.8

 
89

.2 
A:

 A
LG

:C
S 

(m
as

s r
at

io)
, B

: F
VR

 (m
g/

m
L)

, a
nd

 C
: P

ol
ox

am
er

-4
07

 (%
 w

/v
); 

(*)
 a

re
 th

e 
th

re
e 

re
pl

ica
te

d 
ce

nt
er

 p
oin

ts 
of

 th
e 

de
sig

n 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1. Selecting the optimum mathematical model  

Optimizing the formulation improves system performance to achieve the 

maximum benefit. The dependent variable data were fit to different 

mathematical models, including linear, two-factor interaction, and quadratic 

models to find a suitable model for computing the optimal polynomial model. 

The optimal model was selected for each response based on the following 

criteria:  

(1) the model must be significant 

(2) the lack-of-fit must not be significant 

(3) the adjusted and predicted R2 must be high and in reasonable 

agreement, wherein the difference must not be < 0.2.  

(4) the selected model must have high adequate precision (>4 is 

acceptable).  

Adequate precision measures the signal-to-noise ratio, wherein a ratio > 4 

is considered desirable; hence, the model can be used to navigate the design 

space. The fit summary of the responses and the selected model are presented in 

Table 8. 
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Table  8. Fit summary and the selected mathematical model of the responses 

Model Sequential 

p-value 

Lack 

of Fit 

p-

value 

Adjusted 

R² 

Predicted 

R² 

Adequate 

precision 

Remarks 

Response: Size ( Y1 ) 

Linear < 0.0001 0.4312 0.918 0.8729 21.9385 Suggested 

2FI 0.143 0.5328 0.9407 0.8653    

Quadratic 0.8048 0.3743 0.9208 0.6516    

Response: -potential ( Y2 ) 

Linear 0.4431 0.0332 -0.0073 -0.6778    

2FI 0.0726 0.0504 0.394 -0.7722    

Quadratic 0.0006 0.5854 0.9627 0.8681 25.6039 Suggested 

Response: Drug loading ( Y3 ) 

Linear 0.0147 0.0051 0.4922 0.371    

2FI 0.8341 0.0037 0.3695 0.0293    

Quadratic 0.0002 0.0829 0.9775 0.8776 24.8412 Suggested 

Response: Encapsulation efficiency ( Y4 ) 

Linear 0.1088 0.008 0.2499 -0.0122    

2FI 0.947 0.0056 0.0123 -0.9547    

Quadratic < 0.0001 0.1604 0.9734 0.8621 22.1788 Suggested 

 

4.2. Analysis of the fitted model 

A mathematical model resulting from fitting a data function cannot satisfactorily 

demonstrate the experimental domain studied [225]. Hence, a more reliable way of 

analyzing and selecting the quality of a model fit is by using ANOVA to compare the 
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variation resulting from the change in the combination of variable levels and the 

variation brought by the random errors in the measurements of the generated 

responses [225]. The data responses that were fitted to various mathematical models 

and were statistically analyzed using ANOVA are shown in Table 9. The lack-of-fit test 

compares the residual error to the pure error from the replicated design points. It is 

imperative in model selection as it can diagnose how well the regression models 

(e.g., linear, quadratic, or 2-factor interaction) fit the data. A lack-of-fit error 

significantly larger than the pure error indicates that something remains in the 

residuals that can be removed by a more appropriate model. This happens either 

the model doesn't predict well, or the runs replicate so well that their variance is 

small, or some combination of the two.  

In the optimization using BBD and RSM, we aimed to get data with 

insignificant lack-of-fit. This would mean that a particular model is well fitted for the 

data inputs. There could be instances where no appropriate model can be selected 

among the three. In this study, we carefully checked for the outliers through Box-Cox 

diagnostic plot generated by the software to get a higher-order model that would fit 

the data better. Moreover, a polynomial equation was generated from each of the 

responses (Eqs. 8–11) and was used to analyze the effect of the independent 

variables as an individual and/or combination of factors on the dependent variables. 

The coded equations for each response analyzed were used to identify the relative 

impact of the factors by comparing their factor coefficients. Note that the (+) 
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coefficients indicate a positive impact or a high-level factor, while (–) coefficients 

denote otherwise. 

4.2.1 The effect of independent variables on particle size 
 

Particle size is one of the critical characteristics to consider in the NPs for 

nasal transmucosal delivery. It has been reported that particle size <10µM can be 

deposited in the nasal cavity [52]. However, due to the complexity of the nasal 

morphology, large particles can be deposited but are not efficient for absorption and 

internalization by the nasal epithelia [54].  An ideal particle size required for nasal 

delivery and deposition should be in a range of 300 – 200 nm as smaller particles 

than this will enter the lungs [64]. Since the particle size we got for the 15 

formulations is within the range of an ideal size for transmucosal delivery (ranging 

from 227-289 nm), we set the goal of minimum possible size to achieve both high 

deposition and permeation of FVR through the mucosa. As shown in Table 8, a linear 

model was the optimal model for the particle size with a sequential p-value of < 

0.0001 and a lack-of-fit p-value of 0.4312. The lack-of-fit F-value of 1.66 suggests that 

the lack-of-fit is not significant relative to the pure error. The R2
adjusted and R2

predicted 

also agreed with a difference of 0.0451. The signal-to-noise ratio of 21.9385 by the 

computed adequate precision is desirable, indicating that the selected model can be 

used to navigate the design space. 

Eq. 8 

𝒀𝟏 =  258.29 + 24.35 × 𝐴 + 4.08 × 𝐵 − 8.95 × 𝐶   
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Table  9. Statistical analysis of the mathematical model 

 Y1 Y2 Y3 Y4 

ANOVA for the model 

Sum of squares 5517.47 54.10 660.74 6554.42 

Degree of freedom 3 7 7 7 

Mean squares 1839.16 7.73 94.39 9.36.35 

F-value 53.21 45.22 91.11 69.37 

p-value <0.0001 <0.0001 <0.0001 <0.0001 

Inference significant significant significant significant 

 

Lack-of-fit test 

Sum of squares 335.37 0.8690 6.95 87.52 

Degree of freedom 9 5 5 5 

Mean squares 37.26 0.1738 1.39 17.50 

F-value 1.66 1.06 9.24 5.03 

p-value 0.4312 0.5502 0.1005 0.1741 

Inference not significant not significant not significant not significant 

 

Residual 

Sum of squares 380.18 1.20 7.25 94.48 

Degree of freedom 11 7 7 7 

Mean squares 34.56 0.1790 1.04 13.50 
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The coded equation showed that the ALG:CS mass ratio (A) and FVR 

concentration (B) had a positive effect on the hydrodynamic size of the NPs, wherein 

the ALG:CS mass ratio is the main contributor to its increasing particle size. The 

hydrodynamic size of the formulation F1-F15 (Table 7) increased with an increasing 

amount of CS in the polymer ratio, ranging from 227 to 280 nm. This linear 

relationship of ALG:CS mass ratio to the size of the NPs was attributed to the thicker 

CS coating on the ALG-NPs (Fig. 11). The formation of FVR-CS-ALG-NPs solely relies on 

the formation of inter-and intra-molecular interactions between the CS and ALG 

chains. However, the presence of excess CS molecules causes clumping leading to 

entanglement of the molecules and larger particle size [226], which is also evident in 

the formation of highly polydispersed (0.836) particles in increasing CS concentration. 

In addition, the entanglement of CS in the system could also result in difficulties with 

ALG to fit inside and be dispersed within the CS [226, 227], which is consistent with 

previous studies [226-230]. Furthermore, the FVR concentration had a moderate 

effect on the size due to the increase in the LC. Moreover, the inverse relationship of 

surfactant concentration to hydrodynamic size was observed, due to the reduction of 

surface tension and the breakdown of alginate droplets within the system [231]. 
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Fig. 11 Three-dimensional surface model plots showing the interaction between the 

independent factors to (a-c) size, (d-f)  potential, (g-i) LC, and (j-l) EE. 
 

In contrast, a low surfactant concentration would result in a larger particle 

size due to the production of unstable droplets within the system and the high 

propensity of coalescence [232]. It could also result in the formation of irregular 
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surface tension that is attributed to the incomplete coverage of the particle surface 

[232]. These results agree with previous studies, wherein an increasing concentration 

of poloxamer-407 as a stabilizer in the nanoparticulate system in designing a more 

stable system [233, 234]. A high surfactant concentration also helps emulsify the FVR 

in water to make it more soluble and well-dispersed in the system. It was also 

observed that increasing the amount of surfactant resulted in a narrower size 

distribution (0.2031). 

4.2.2 The effect of independent variables on  potential 

The quadratic model was the selected model for the   potential with a 

sequential p-value of 0.0006 and a lack-of-fit p-value of 0.5854. The lack-of-fit F-

value of 1.06 implies that the lack-of-fit is not significant relative to the pure error. 

The R2
adjusted and R2

predicted also had a reasonable agreement with a difference of 

0.0946. The signal-to-noise ratio of 25.6039 was desirable, indicating that the model 

selected can be used to navigate the design space. 

Eq. 9 

𝒀𝟐 =  −21.51 − 0.3213 × 𝐴 + 1.13 × 𝐵 + 0.2362 × 𝐶 + 2.46 ×  𝐴𝐵 −

1.03 × 𝐴2 − 1.25 × 𝐵2 + 1.42 × 𝐶2        

As shown in Table 7, the surface charge of the FVR-MCS-ALG-NPs was 

negative ranging from −19.8 to −27.83 mV. The equation showed that the negative 

surface charge of the FVR-MCS-ALG-NPs was mainly affected by the ALG:CS mass 

ratio. Notably, they continued to exhibit a (−) surface charge after adding CS to the 
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system owing to the insufficiency in the CS to neutralize the negatively charged ALG, 

which is being prevented in the system since the aggregation of polyelectrolyte 

complexes could occur from charge neutralization after adding a strongly adsorbing 

species (eg., CS) wherein the net electrical charge in the system becomes almost in 

equilibrium [235]. Moreover, increasing the FVR concentration contributed to a less 

negative charge on the particles, owing to the partial positive charge of the FVR 

amine functional group. Also, the increasing the poloxamer-407 concentration 

brought a less negative charge of the particle, similar to the result observed by 

Elgegren et al.  in using poloxamer-407 as a stabilizer for polymeric NPs [233]. 

Skoglund et al. reported that this phenomenon occurs due to charge neutralization 

of the charged particles by their interaction with increasing concentrations of a non-

ionic surfactant [236]. 

4.2.3 The effect of independent variables on LC 
 

The quadratic model was the selected model for the LC with a sequential p-

value of 0.0002 and a lack-of-fit p-value of 0.0829. The lack-of-fit F-value of 9.24 

suggests that the lack-of-fit was not significant relative to the pure error. The R2
adjusted 

and R2
predicted also had a reasonable agreement with a difference of 0.0999. The 

signal-to-noise ratio of 24.8421 was desirable, indicating that the selected model can 

be used to navigate the design space.  
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Eq. 10 

𝒀𝟑 =  22.13 + 2.90 × 𝐴 + 6.23 × 𝐵 − 1.74 × 𝐶 + 2.5 × 𝐴𝐵 − 7.19 × 𝐴2 −

2.76 × 𝐵2 − 3.37 × 𝐶2         

The data showed a relatively high LC ranging from 4.9% to 24.2%. It can be 

deduced from the equation that the FVR concentration and ALG:CS mass ratio 

greatly affect the LC of the MCS-ALG-NPs, while poloxamer-407 had an inverse 

relationship with LC. The highest LC of 24.2% was seen with the highest amount of 

CS at an ALG:CS ratio of 1:0.1 (F4). The direct relationship between CS and LC was 

associated with the increasing electrostatic interaction between CS and ALG, thus 

amplifying the drug loading ability of the MCS-ALG-NPs. Furthermore, the high drug 

LC was associated with the formation of a more rigid outer matrix of NPs owing to 

the strong charge interaction between the polymers. A rigorous matrix structure 

could potentially restrict leakage and premature release of drugs from the polymer 

matrix. Also, a larger particle size would increase LC, as the amount of FVR in the 

matrix also increased. These results are consistent with other studies, which confirm 

the linear effect of the amount of CS and drug concentration in LC of polymeric NPs 

[227, 232, 237-239]. It can be observed that a particular concentration of surfactant 

can increase the drug loading due to the enhancement of the solubility of FVR. 

However, increasing the surfactant concentration antagonized LC, which was 

attributed to a much higher affinity of FVR to the dispersion medium than to the 

polymer. 
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4.2.4 The effect of independent variables on EE 
 

The quadratic model was the selected model for the EE with a sequential p-

value < 0.0001 and a lack-of-fit p-value of 0.1604. The lack-of-fit F-value of 5.03 

suggests that the lack-of-fit was not significant relative to the pure error. The R2
adjusted 

and R2
predicted also had a reasonable agreement with a difference of 0.1113. The 

signal-to-noise ratio of 22.1788 was desirable, indicating that the selected model can 

be used to navigate the design space. 

Eq. 11 

𝒀𝟒 =  89.19 + 16.86 × 𝐴 + 6.81 × 𝐵 + 3.26 × 𝐶 + 5.81 × 𝐴𝐵 − 30.96 × 𝐴2 −

4.80 × 𝐵2 − 8.42 × 𝐶2    

An additional key aspect in NP drug delivery is the EE, which should always 

be as high as possible. Based on the equation, the ALG:CS mass ratio had the 

greatest effect on the EE, followed by the FVR and surfactant concentrations. 

Increasing CS in the ratio, resulted in an increase in EE from 33.6 to a maximum of 

90.7%. These results were correlated with those of previous studies where a direct 

relationship of polymer interaction and the EE was observed [240-242]. This linear 

relationship between CS and EE is attributed to the increase in amino groups that 

interact and cross-link with the COOH of ALG. The EE also had a direct relationship 

with an increase in the FVR concentration from 5 to 15 mg/mL due to the interaction 

between polymers and the high solubility of FVR in an aqueous solution. Adding 

poloxamer-407 had a positive effect on the increase in EE due to its interaction with 
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ALG. Poloxamer is an amphiphilic copolymer that self-assembles into micelles in an 

aqueous solution [243]. Poloxamer-407 enhances water solubility, and entraps FVR in 

the core of its micelles, which has a positive effect on EE during crosslinking of ALG 

with Ca+ ions [244]. Degen and co-workers reported that increasing the surfactant 

concentration to a level greater than the critical micellar concentration would result 

in the formation of a multi-layered alginate-surfactant, where the drug molecules 

would be entrapped between layers [245]. 

4.3. Determining the optimal conditions 

Following the analysis of the relationship between the response data and the 

independent factors in this study, the optimal conditions for formulation with the 

desired characteristics were generated by Design-Expert® software. The optimal 

conditions were computed based on searches for a combination of factor levels that 

would satisfy the desired goals for each response and independent factor. The 

constraints or desired goals for each factor and response are shown in Table 6. After 

computing the values to achieve the desired goals, the values with the highest 

desirability function were selected and set as the optimized levels for each factor 

under the optimal conditions [225]. Furthermore, the optimal FVR-MCS-ALG-NP 

formulation was prepared and re-analyzed based on size,  potential, LC, and EE. 

The observed values for each response must closely agree with the predicted 

response computed by the models chosen to represent each response to confirm 
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the validity of the optimization. The optimal conditions and the predicted and 

observed responses are reported in Table 10. The percent error for each response 

was computed and resulted in a reasonable agreement (<10% error) between the 

experimental observations and the model predictions; thus, we were assured of the 

validity and robustness of the model selected. 

Table  10. The compositions and values of optimal conditions and their predicted 
and observed responses 

Optimal conditions Responses  Predicted 

responses 

Observed 

responses 

% Error 

A: 1: 0.057 (ALG:CS mass 

ratio) 

Y1 (nm) 261.8 233.5 ± 7.7 -10.7 

B: 12.871 (mg/mL) Y2 (mV) –21.2 –21.6 ± 0.8 1.8 

C: 1.24 (% w/v) Y3 (%) 24.0 26.0 ± 0.7 8.5 

 Y4 (%) 84.1 84.6 ± 0.7 0.6 

% Error was computed as (observed - predicted/predicted) × 100; (values are 

expressed as mean ± SD; n = 6) 

 

4.4. Characterization of optimal FVR-MCS-ALG-NP formulation 

4.4.1. Physicochemical characterization 

Both the NP formulations (FVR-MCS-ALG and FVR-ALG NPs) resulted to a clear 

suspension without any precipitate after 24 h of equilibration. The comparison of the 

physical characteristics of the NPs formulations is presented in Table 6. Particle size is 

an important factor in nasal delivery to overcome problems with absorption in the 
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nasal epithelium. Smaller particles have a broader surface area that is advantageous 

for absorption and transport across the nasal cavity. The SEM images of FVR-MCS-

ALG-NPs in Fig. 12.a and 12.b demonstrated well-dispersed particles with minimal 

aggregation. Interestingly, the SEM images of FVR-ALG-NPs (uncoated) demonstrated 

an obvious clumping of particles (Fig. 12.c-d). The TEM images of the NPs confirmed 

the spherical shape of the fabricated NPs with a slightly smaller size (Fig. 12.e-h) 

compared to the DLS measurements (Table 10) due to dehydration of the particles 

during preparation for imaging. The physical characteristics of the optimal FVR-MCS-

ALG and FVR-ALG NPs were presented in Table 11. To further verify successful 

coating with CS, the hydrodynamic size and  potential of the FVR-ALG-NPs 

(uncoated) were compared to FVR-MCS-ALG-NPs. The uncoated FVR-ALG-NPs 

exhibited a relatively smaller size (166.3 ± 7.9 nm) and a highly negative surface 

charge (−30.3 ± 1.4 mV) than the CS-coated FVR-ALG-NPs (−21.6 ± 0.8 mV) due to the 

absence of positively charged CS on the surface (Fig. 12.f). A high LC (26.0 ± 0.7 %) 

and EE (84.6 ± 0.7 %) were achieved in the optimal formulation, which was beneficial 

for obtaining a high drug concentration in the polymer matrix while subsequently 

reducing the dosage concentration. Notable, a significant decrease in LC (18.5 ± 2.1 

%) and EE (51.1 ± 1.3 %) of FVR-ALG-NPs was observed that is attributed to the 

formation of a less rigorous matrix structure that could potentially lead to leakage 

and premature release of FVR from the polymer matrix in the absence of CS. 
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Table  11. Comparison of the physical characteristics of the NP formulations 

 Characteristics 

Sample name Size  

(nm) 

-potential 

(mV) 

DL  

(%) 

EE  

(%) 

FVR-MCS-ALG-NPs 233.5 ± 7.7 –21.6 ± 0.8 26.0 ± 0.7 84.6 ± 0.7 

MCS-ALG-NPs (Blank) 203.2 ± 2.1 –13.3 ± 0.9 -- -- 

FVR-ALG NPs 166.3 ± 7.9 –30.3 ± 1.4 18.5 ± 2.1 51.1 ± 1.3 

ALG-NPs (Blank) 143.3 ± 3.2 –26.3 ± 1.5 -- -- 

 

Additionally, chemical characterization of the FVR-MCS-ALG NPs was 

conducted via thermal and x-ray diffraction analyses. The thermal behaviors of FVR, 

FVR-MCS-ALG NPs, and blank-MCS-ALG NPs are shown in Fig. 13.a and 13.b. 

Thermogravimetric (TGA) measurements were studied in the temperature range of 

30–500°C at a constant heating rate of 20°C min−1 under a nitrogen atmosphere. As 

depicted, the pure FVR showed only a single drop at 238.0°C with a corresponding 

weight loss of 99.4%, which was attributed to decomposition of FVR. Furthermore, 

three-step weight losses were observed in the TGA/DTG curve of the blank-MCS-ALG 

NPs. The first stage occurred at 66.9 °C with a 5.9% weight loss, which is typically 

ascribed to the loss of surface and bound water molecules [246]. The second stage 

presented a 2.3% weight loss at 222.0 °C, accounting for destruction of the 

biopolymers and the formation of Na2CO3 [246, 247]. And the third stage revealed a 

−80.3% weight loss at 406.8 °C, which was attributed to the total decomposition of 
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the polymer chains [248] and carbonized materials [246, 249]. The same thermogram 

was observed for the FVR-MCS-ALG NPs with an additional 4.3% weight loss at 322.9 

°C, which may have been due to degradation of residual FVR. 

The diffraction patterns of CS, ALG, FVR, FVR-MCS-ALG NPs, and blank-MCS-

ALG NPs are shown in Fig. 13.c. The FVR data suggested high-intensity crystallinity 

peaks at 12.8, 20.2, 20.6, 23.1, 24.3, 27.6, and 28.3° 2θ. All peaks in the FVR pattern 

were consistent with previous studies, confirming the crystalline structure and the 

purity of the compound [250, 251]. Broad crystalline peaks at 19.3° and 23.5° 2θ were 

observed in both blank-MCS-ALG NPs and FVR-MCS-ALG NPs, was due to the gelation 

of poloxamer [252] [253]. Furthermore, the absence of the crystalline FVR in the FVR-

MCS-ALG-NPs signifies the amorphous dispersion of FVR within the MCS-ALG-NPs. This 

may also be due to the encapsulation of FVR in the polymer matrix during 

intermolecular interaction of polymers, thus forming an amorphous complex [254]. 

Majumdar et al. reported the masking of β-carotene crystallinity in polymeric 

microspheres [255]. Similarly, Hazra et al. and Liang et al. also described an 

amorphous dispersion of crystalline quercetin and epigallocatechin gallate, 

respectively after encapsulation in polymeric NPs [254, 256]. 
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Fig. 12 SEM (at 50,000× (a and c) and 100,000× (b and d) magnification) and TEM 
images (100,000× (e and g) and 50,000× (f and h) magnifications) of the optimal 

formulations; size distribution and -potential of the optimal FVR-MCS-ALG NPs  
(i and k) and uncoated FVR-ALG NPs (j and l) by DLS. 
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(a) 

 
 

      (b) 

 
(c)  

 
 

Fig. 13 (a) TGA and (b) DTG thermal curves of FVR, blank-NPs, and FVR-MCS-ALG- 
NPs; (c) XRD pattern of CS, ALG, FVR, blank- NPs, and FVR-MCS-ALG-NPs. 
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4.4.2. Effects of mucin on the size and surface charge of FVR-NPs 

Cationic CS and anionic ALG polymers were chosen as the materials to 

construct the NPs owing to their different mucoadhesion mechanisms by 

electrostatic interaction, hydrogen bonding and hydrophobic interactions with mucin. 

A non-ionic mucoadhesive poloxamer was also chosen to stabilize the system due to 

its absorption-enhancing effects in the nasal epithelium. We first determined the 

extent of the interaction between the FVR-MCS-ALG-NPs (CS-coated) and the FVR-

ALG-NPs (uncoated) with a fixed concentration of mucin (0.4 mg/mL) by the change 

in the particle size and  potential over time. The electrostatic interaction is one of 

the most common and expected mechanisms of mucoadhesion. An increase in 

hydrodynamic size is an indication of mucin binding to the NPs. The FVR-MCS-ALG-

NPs changed significantly in size (p = 0.0036) and  potential (p = 0.0170) after 1 h 

incubation with mucin, while the uncoated FVR-ALG-NPs and the free FVR control did 

not change significantly in (Fig. 14.A and 14.B). Also, a significant decrease in the 

surface charge of the FVR-MCS-ALG-NPs was observed that is attributed to 

interactions between the remaining protonated NH2 of CS and negatively charged 

sialic acid residues in mucin. Notably, a large gap between FVR-MCS-ALG-NPs and 

FVR-ALG-NPs was seen, suggesting that the repulsive interactions between charged 

molecules (CS and sialic acid of mucin) produces a stronger mucoadhesive 

mechanism than the hydrogen bonding mechanism of ALG.  
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The percent mucin binding to the NPs was investigated through a BCA protein 

analysis to better understand its mucoadhesive properties. The analysis was 

conducted at different time points to observe the extent of mucin adsorption. As a 

result, significant mucin binding was observed in the first 10 min of incubation, 

wherein a greater percentage of mucin was adsorbed onto the FVR-MCS-ALG-NPs 

(23% ± 6.95%) compared to the FVR-ALG-NPs (10% ± 4.36%) (p < 0.0001) (Fig. 14.C). 

After incubation of both samples, the FVR-MCS-ALG-NPs had a total percentage 

mucin binding of 46.8% ± 9.13%, which was significantly higher than the FVR-ALG-NPs 

with only 13% ± 3.12% mucin adsorbed (p < 0.0001).  

4.4.3. In vitro release study of FVR from the NP formulations 

The in vitro release profile of FVR from the NPs formulations was determined 

using the SnakeSkin™ artificial membrane (Fig. 15.a and 15.b). Formulations were 

compared to observe the benefit of a CS coating on the release of FVR from the NPs 

in a simulated nasal environment. As shown in Fig. 15.a, 60.18% ± 2.49% (CS-coated) 

and 82.99% ± 2.53% (uncoated) of the FVR were released from the FVR-MCS-ALG-NPs 

within 24 h at physiological pH (7.4). Total of 83.26% ± 3.84% (CS-coated) and 

72.17% ± 6.51% (uncoated) FVR were released from the NPs after 24 h under the 

SNF condition (pH 5.5).  

Furthermore, free FVR had an almost 100% release rate at both pHs, 

followed by the FVR-ALG-NPs. No significant difference in the release of FVR-MCS-

ALG-NPs and FVR-ALG-NPs was observed at pH 5.5 (SNF). Additionally, faster drug 
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release was observed from FVR-ALG-NPs at pH 7.4 than in an acidic environment due 

to the repulsion between the H+ ions of ALG; thus, inhibiting hydrolysis of the 

polymer [258]. These results confirm that encapsulating FVR in MCS-ALG-NPs 

sustained the release of FVR at both pHs tested compared to free FVR. Additionally, 

the CS coating on the ALG-NPs was advantageous in the acidic SNF environment, 

where faster drug release was observed than with the uncoated ALG-NPs, suggesting 

its suitability for nasal administration. 

Notably, the CS coating greatly affected the release of FVR considering the pH 

of the environment. The MCS-ALG-NPs had a higher FVR release rate in an acidic 

environment, while pH 7.4 resulted in a slower release rate. This can be attributed to 

the pH-responsive drug release mechanism of CS. At acidic pH, the amine groups of 

CS (pKa = 6.3-6.5) and FVR (pKa = 5.1) contained in the NP are easily protonated and 

become more soluble leading to swelling and erosion of the CS polymer coating, 

and the immediate release of the FVR [257]. Likewise, the slower release of FVR from 

the NPs was due to the deprotonation of FVR and CS in pH > pKa or at pH 7.4 

making them almost insoluble to trigger the erosion of polymer coating, where the 

release of FVR solely relies on the swelling of the polymers. This is beneficial as we 

expected the FVR to be released in the nasal epithelia with an acidic environment 

(pH 5.5) than in the mucus layer at physiological pH (7.4). 
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Fig. 14 (A) -potential and (B) size of (a) CS-coated FVR-MCS-ALG-NPs (b) uncoated 
FVR-ALG-NPs, and (c) the free FVR control before and after 1 h incubation with 
mucin; (C) mucin binding efficiency of the FVR-MCS-ALG-NPs and FVR-ALG-NPs as a 
function of time, n = 9. (* p = 0.017, ** p = 0.0036, ns = no significance). 

 

Drug diffusion, matrix swelling, and material erosion are the main solute 

transport mechanisms for polymeric matrices [259]. The release data were fit to 

various kinetic models to have a better understanding of the release kinetics of the 
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NPs. The summary of the release kinetics of the formulations using various 

mathematical models is shown in Appendix C-E. The best fit model was selected 

based on the highest R2
adjusted, minimum AIC, and maximum MSC. All experimental 

samples best fit the Weibull model in both media. The computed shape factors (β) 

for each formulation were used to define the transport mechanism of the drug from 

the polymer matrix. Kobryn, Papadopoulo and co-workers  defined the transport 

mechanism as β ≤ 0.75, indicating Fickian diffusion (either fractal or Euclidian spaces); 

β of 0.75 < β < 1 indicates combined transport mechanisms (Fickian diffusion and 

Case II transport/swelling controlled transport), and β > 1 indicates a complex 

release mechanism, wherein the rate of release non-linearly increases up to the 

inflection point followed by an asymmetrical decrease in drug release [260, 261]. 

Both formulations in the present study all showed β values ranging from 0.244 to 

0.359 in both media indicating a Fickian diffusion mechanism. This mechanism is 

typical for matrix-type drug carriers, in which diffusion of the drug through the matrix 

is dependent on the concentration gradient, diffusion distance, and the degree of 

swelling of the polymers [262, 263]. The same polymeric NPs transport mechanism 

was reported previously [219, 264]. 
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Fig. 15 In vitro FVR released from NPs at (a) physiological pH and (b) SNF (n=3); 
permeability study of FVR through SnakeSkin™ synthetic membrane: (c) cumulative 
FVR permeated, and (d) approximate amount of FVR deposited in the PNM after 1 
h; **** p< 0.0001; (n=9) 
 
4.5. Nasal mucosa permeation and retention studies 

The transport and retention of FVR through PNM were investigated in nine (9) 

mucosal specimens from each treatment group. PNM was used ascribed to ethical 

considerations and its morphological similarity and high permeability correlation with 

human nasal mucosa compared to other animal models including bovines and 

rabbits. The effect of the CS coating on the permeation and retention of FVR-NPs in 

the tissue was also studied. As shown in Fig. 15.c, FVR-MCS-ALG-NPs (235.7 ± 19.5 µg) 

had superior permeation compared to the uncoated FVR-ALG NPs (117.7 ± 20.9 µg) 

(a) 

(c) (d) 
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and free FVR (39.44 ± 22.8 µg). Due to the small size of the NPs and larger surface 

area, it can be noted that both NP formulations had a significant permeation after 1 

h, as compared to the free FVR (p <0.0001). Furthermore, it is evident that the FVR-

MCS-ALG-NPs had a significant permeation activity through PNM compared to the 

FVR-ALG-NPs (p < 0.0001). The enhanced permeation observed through the mucosa 

after adding the CS coating agreed with previous studies [265-267].  

The permeation-enhancing property of positively charged CS was attributed 

to the interaction between its amino functional groups and negatively charged sialic 

acid on the cell membranes, hence transient opening of the tight junctions and 

enhanced permeation through the mucosa [268]. It must be noted, that even though 

the uncoated FVR-ALG-NPs did not possess any significant mucoadhesive properties 

from the previous experiments (section 4.4.2.), it can still successfully permeate 

through the nasal mucosa, attributed to its small size and high surface area. 

  In addition, the amount of drug retained or deposited was quantified by 

recovering the FVR in the mucosal tissue after 1 h of treatment. A significant amount 

of the FVR from the FVR-MCS-ALG-NPs and uncoated FVR-ALG-NPs was deposited in 

tissues compared to free FVR (p < 0.0001) (Fig. 15.d). Interestingly, the amount of FVR 

retained (p = 0.0834) was similar between the two FVR-NPs formulations even though 

the FVR-MCS-ALG-NPs had higher cumulative FVR permeated and faster flux through 

the nasal mucosa than uncoated FVR-ALG NPs. This can be explained by the slower 

permeation of the uncoated FVR-ALG-NPs that caused deposition of FVR in the 
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mucosa. Nonetheless, the computed values for the Jss and Kp for the FVR-MCS-ALG-

NPs was significantly higher than the uncoated FVR-ALG-NPs and free FVR (p < 

0.0001) (Table 12). The ERflux values also showed more than a 6-fold and 3-fold 

enhanced drug flux of the FVR-MCS-ALG-NPs vs. free FVR and uncoated FVR-ALG-NPs, 

respectively.  

However, it must be noted that the pharmacokinetic data on the permeation 

and retention of FVR-NPs observed in this study may be insufficient due to the 

absence of mucociliary clearance and some physiological factors (e.g., posture and 

gravitational pull) [269] that could greatly affect the residence time of FVR on the 

mucosa. In addition, transport of drugs differs in excised mucosa vs. healthy, intact 

tissues [270]. Nonetheless, these preliminary data suggest that the use of 

mucoadhesive polymers for intranasal delivery could potentially increase the 

permeation, deposition, and residence time of FVR in the nasal cavity. Despite the 

relatively smaller diameter of FVR-ALG-NPs, the FVR-MCS-ALG-NPs still had superior 

permeation, which shows the advantage of CS for absorption through the nasal 

mucosa. 
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Table  12. Comparison of the permeation profiles of FVR-MCS-ALG-NPs, FVR-ALG-
NPs, and free FVR through PNM 
Parameters FVR-MCS-ALG-NPs  FVR-ALG-NPS 

NPs  
Free FVR 

Cumulative amount 
of FVR permeated 
(µg/cm2) 
 

133.19  ± 11.0 a,b 66.5 ± 11.8 a,c 22.28 ± 12.9 b,c 

Jss (µg/cm2/h) 
 

97.0 ± 13.7 a,b 30.5 ± 13.5 a 15.5 ± 17.1 b 

KP (cm/h) 
 

0.21 ± 0.03 a,b 0.07 ± 0.03 a,c 0.03 ± 0.04 b,c 

ERflux 6.26  1.97  1.00 

Values are expressed as mean ± SD; n = 9; The same letter (a,b, and c) within each 
row indicates a statistical significance at p <0.05. 

 

4.6. Storage stability studies 

The storage stability of the NPs was studied by investigating the effects of 

storage temperature at refrigerated and ambient room temperature for 6 months. 

The NPs were kept in tightly sealed amber bottles to protect the product from 

potential photodegradation. At each predetermined time point (1, 2, 3, 4, 5, and 6th 

months) the particle size, zeta potential, and % DL were evaluated. As shown in Fig. 

16.A., it was found that the size of the FVR-MCS-ALG-NPs did not show any 

substantial change when stored at refrigerated temperatures. However, a major 

increase in size can be observed in NPs after 4 months of storage at ART. It can also 
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be noted that the zeta potential of the FVR-MCS-ALG-NPs stored in both 

temperatures did not show any significant change up to 6 months (Fig. 16.A.). The EE 

(%) of the FVR-MCS-ALG NPs had no significant change during the study when stored 

in refrigerated temperatures, while samples stored at ART had a major loss after 3 

months of storage (Fig. 16.B.). 

Furthermore, the uncoated FVR-ALG-NPs stored at ambient room and 

refrigerated temperatures demonstrated a significant increase in the size after 2 and 3 

months of storage, respectively (Fig. 16.C.). The change in the size of FVR-ALG-NPs 

can also be visually observed due to the formation of turbidity and precipitation of 

the product. Even so, the zeta potential of the FVR-ALG-NPs did not show any 

substantial shift throughout the study (Fig. 16.C.). Also, a significant decrease in the 

size of the FVR-ALG-NPs after 2 months of storage in ART, can be attributed to the 

significant decrease in % EE, while a considerable change in the % EE in samples 

stored at refrigerated temperature was observed after 4 months of storage (Fig. 

16.D.). It is evident in the results that a cooler condition is more favorable for the 

storage of both formulations, which shows longer stability of the NPs than in ART. 

This can be because at higher temperature the colloidal dispersion tend to create 

more kinetic energy that would accelerate the collision of the particles, thus the 

formation of aggregation, larger particle size, and leakage of loaded drug [271]. 

Moreover, it is noticeable that the % EE in ALG-NPs was affected by the outer 
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coating, which can strongly suggest the premature escape of FVR from the crevices of 

the ALG-NPs in the absence of CS coating. 

 

 

  

  
Fig. 16 Storage stability of FVR-MCS-ALG-NPs (A and B) and FVR-ALG-NPs (C and D) 
at 4 ºC and ambient room temperature (ART) for 6 months. The values are 
expressed as mean ± SD of 3 individual batches of each formulations. *p value 
<0.005 compared to 0 month. 

 

4.7. Biocompatibility studies 

Charged polymers like CS and ALG could exert cytotoxicity when they 

aggregate onto the cell surface and interferes with the intracellular activities, hence, 

cytocompatibility of the nanocarrier must be established [272]. In this study, we 
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investigated the cytocompatibility of the NPs formulation towards the RPMI 2650 cell 

line, which is the only immortalized human nasal epithelial cell that is well-studied 

for in-vitro testing of products that are intended for nasal delivery [273, 274]. The 

toxicity of the water and blank-NPs as diluent for free FVR and formulated FVR-NPs 

(FVR-MCS-ALG and FVR-ALG-NPs) were first investigated. Result revealed that the 

diluents did not cause any significant toxicity to the cell even at its highest 

concentration, hence 10% v/v of the diluent was normalized as the final 

concentration for the dilution in succeeding experiments (Fig. 17.A).  

 
 

Fig. 17 Cytocompatibility of the (A) H2O and blank NPs as a diluent and (B) free and 
FVR-MCS-ALG-NPs in RPMI 2650 nasal epithelia (passage number: 5-9) after 24 h of 
exposure to treatment. The line signifies the lower limit for safety assessment (>70% 
viability) based on the ISO 10993-5 criteria [275]. The values are expressed as mean 
± SD of 3 independent experiments. *p value < 0.001 (compared to the control), ns 
= no significance. 

 

Sequentially, the cytotoxicity of the free FVR and FVR-NPs serially diluted in 

water and blank-NPs, respectively in various concentrations were investigated. As 
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shown in Fig. 17.B. there was a significant difference in the cell viability of RPMI 2650 

when treated with the highest working concentration of 460 µg/mL (> 88% viability) 

for FVR-NPs as compared to the control cells. It is also evident that the reduction of 

cell viability is attributed to the drug itself as the control which was treated the 

diluents used did not have any substantial cytotoxicity observed. Also, the 

cytotoxicity of FVR-NPs could be from the enhanced cellular uptake of the NPs in 

the RPMI 2650. Nonetheless, these values still comply with the ISO 10993-5 criteria 

(Biological evaluation of medical devices Part 5: Test for in vitro cytotoxicity), wherein 

it says that the reduction of cell viability by >30% is considered cytotoxic [275]. 

Hence, it can be deduced that the free FVR and FVR-MCS-ALG NPs both have very 

good compatibility in RPMI 2650.  

Moreover, the histopathological changes in the excised nasal mucosa were 

evaluated after 1 h of exposure to treatment by a licensed veterinary pathologist 

who is blinded by the treatment (Fig. 18). The nasal pathological templates showed 

no significant signs of serious apoptosis, necrosis, and inflammation, which are 

common indication of toxicity in nasal epithelium by NPs. On the basis of the results 

of cytocompatibility and histopathological studies, a preliminary conclusion could be 

drawn that the neither the formulated nor free FVR did not show any toxicity 

rendering it biologically safe. However, a more comprehensive toxicity study using 

animals must be conducted to further elucidate possible health risks of the 

formulation. 
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Fig. 18 Histopathological examination of porcine nasal mucosa after 1h exposure to 
NP formulations (FVR-ALG-NPs and FVR-MCS-ALG-NPs) and free FVR. The sections 
were stained with HE and examined by light microscopy. 
 

4.8. Cellular uptake of FVR-MCS-ALG-NPs 

The enhancement in the cellular internalization of the FVR is important to 

address its concern about its poor permeability and retention according to its BCS 

classification. This disadvantage also hinders the transformation of FVR prodrug to its 

active form, FVR-RTP through its phosphorylation intracellularly.   Since, FVR has a 

poor fluorophore that will suffice microscopic analysis, 5-aminofluorescein (5-AF) was 

used in replace to FVR and loaded to MCS-ALG-NPs in a manner similar to Section 

3.1. DAPI staining was also employed to track the fate of the NPs in the cell. As 
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shown in the Fig. 19, a significant 5-AF was observed in MCS-ALG NPs than in free 5-

AF after 4 h of exposure to the cell. It can also be observed in MCS-ALG NPs treated 

cells some 5-AF granules that have permeated through the cytoplasm of the cell. 

Moreover, to observe the time-dependent uptake of the 5-AF-MCS-ALG NPs, 24 h of 

exposure was also investigated. It can be observed a significant amount of 5-AF-MCS-

ALG NPs treated cells throughout the cytoplasm and the perinuclear portion of RPMI 

2650 cells than the free 5-AF.  There are 2 critical factor which influences the cellular 

uptake of the NPs: (1) size and (2) surface charge. Recent studies demonstrated that 

the mechanism of cellular uptake of NPs mainly relies onto the size of the particle. 

In particular, NPs with the size of >200 nm were taken up by caveolae-medicated 

endocytosis which involves flask-shaped membrane invaginations called “caveolae 

that is present in epithelial cells like RPMI-2650 [276]. Another is the surface charge 

of the NPs, wherein a (+) charged particle could freely interact with the (–) charged 

cell membrane (CM) [276]. Although the NPs that were developed in this study 

possesses (–) surface charge, the cationic CS that lies on the outer shell of the NPs 

could still interact with the CM. In addition the hydrophobicity and 

mucoadhesiveness of the NPs may also contribute to its adsorption onto the CM 

[277]. 
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Fig. 19 Fluorescence microscope observation of the cellular uptake of free 5-
aminofluorescein (5-AF) and 5-AF loaded MCS-ALG-NPs through RPMI 2650 cell line 
(passage number: 10-12) after 4 and 24 h of exposure. 
 
 

4.9. Antiviral activity of FVR against PEDV 

As SARS-CoV-2 is classified as a risk group 3 pathogen that requires extremely 

stringent safety precautions and specialized laboratory facilities, we employed the 

use of non-infectious coronavirus as a surrogate for the antiviral studies. The PEDV, 

NCBI accession LC053455) is a non-zoonotic virus from the α-coronavirus genus that 

was selected as a model due to its low health risk and minimal laboratory 

requirements. It possesses similar biophysical properties and genomic structure as 

human coronaviruses, such as SARS-CoV-2 [278, 279]. Previous reports on the proof-

of-concept on the use of the PEDV corona model have proven it to be a reliable 

surrogate for SARS-CoV-2 [278, 280, 281]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

121 

Vero cells stably expressing eGFP (eGFP-Vero) were used as host cells for 

PEDV carrying the mCherry fluorescent reporter gene (mCherry-PEDV). Expression of 

the mCherry reporter protein would only occur after transcription and replication of 

the virus in the host cells, wherein the cytopathic effects of the infected eGFP-Vero 

cells were observed through the formation of syncytia with the mCherry protein 

[224]. The cytotoxic effect of H2O and blank-MCS-ALG-NPs was first determined at 

various concentrations ranging from 0.63% to 10% v/v to determine the possible 

toxicity of the solvents for dilution in eGFP-Vero cells. As shown in Fig. 20, neither 

test sample exhibited any relative cytotoxicity to eGFP-Vero cells even at the 

maximum concentration of 10% v/v. However, some blank NP precipitates were 

observed in the cell culture at the 10% v/v concentration (Fig. 20.d). This was 

associated with the formation of NP-protein complexes between the negative surface 

charge of the blank-NPs and the proteins present in the culture media [282, 283]. 

Nonetheless, the precipitation of the blank-NPs did not affect the cell viability 

relative to the H2O samples; hence, the 10% v/v concentration of the blank-MCS-

ALG-NPs and H2O was fixed and used in diluting the experimental samples (free FVR 

and FVR-MCS-ALG NPs) for the subsequent experiments. 
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Fig. 20 Vero cell viability: (a) diluents and (b) FVR (formulated and unformulated) 
after 18 h. The line signifies the lower limit for safety assessment (>70% viability) 
based on the ISO 10993-5 criteria [275]; Anti-coronavirus effect: (c) Average 
quantitative mCherry fluorescence intensity data of infected cells from 3 
independent experiments, (d) Quantitative data of mCherry fluorescence intensity 
of the infected cells treated with high concentrations of FVR. Data are mean ± SD, n 
= 3; (#p < 0.05 and *<0.0001 compared to the control). 
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Fig. 21 Cytotoxicity of the FVR-MCS-ALGP-NPs. eGFP-Vero cells were treated with H2O 
or NPs at the indicated concentrations for 18 h. Control cells were the cells cultured 
in medium only. Cell viability was visualized by fluorescent microscopy and 
measured with a CCK-8 kit at an absorbance of 450 nm using a spectrophotometer. 
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Furthermore, the non-cytotoxic concentrations of FVR (formulated and 

unformulated) were determined in eGFP-Vero cells by diluting the free FVR and FVR-

MCS-ALG-NPs in H2O or blank-NPs, respectively, to achieve the concentrations of 

1.44, 2.88, 5.75, 11.5, 23, and 46 μg/ml followed by 18 h of incubation. The 

cytotoxicity of FVR was determined by the CCK-8 assay and the results showed that 

both samples at the maximum working concentration of 46 μg/ml did not cause 

substantial toxicity to host cells with a percent cell viability > 80% across all 

concentrations investigated (Fig. 20.b). Hence, this concentration was used for the 

antiviral assay in the PEDV model. 

The anti-coronavirus effect of FPV was determined using a swine coronavirus-

PEDV as a SARS-CoV-2 surrogate virus. eGFP-Vero cells were infected with the 

reporter virus, mCherry-PEDV followed by treatment with the FVR samples at 

different concentrations (1.44, 2.88, 5.75, 11.5, 23, and 46 μg/mL) for 18 h. The final 

concentration of H2O or blank-NPs was normalized to 10% v/v. The controls were 

infected cells treated with H2O or blank-NPs without FVR. The mock was uninfected 

cells treated with H2O or blank-NPs without FVR. The cytopathic effects from the 

infection were detected as golden mCherry-syncytia under a high-content imaging 

system. The results showed that FVR-MCS-ALG-NPs caused a drastic reduction in virus 

replication in three independent experiments with a computed EC50 of 6.63 ± 2.42 

μg/mL (Fig. 20.c). The posthoc test confirmed that the FVR-MCS-ALG-NPs had a 

significant inhibitory effect on viral replication even at its very lowest working 
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concentration compared to free FVR and the control cells (p < 0.0001), while free 

FVR had no significant reduction of PEDV replication across all concentrations 

investigated (p >0.9). To further determine the antiviral activity of free FVR, we tested 

the samples in higher concentrations up to 230 μg/mL, which was not toxic to the 

eGFP-Vero cells (Fig. 20.d and Appendix I). We found out that the free FVR had a 

significant reduction in viral replication starting at a concentration of 115 μg/mL. 

These results clearly suggests that FVR-MCS-ALG-NPs exhibited a significant 

improvement in antiviral activity towards coronavirus by more than 30-folds 

compared to the free drug (EC50 6.63 ± 2.42 vs >230 μg/mL). Previous study on FVR-

loaded solid lipid nanoparticles (SLN) for nebulization resulted to an EC50 and IC50 of 

29.9 μg/mL and 449.6 μg/mL, respectively towards coronavirus-infected vero cells 

[284]. In previous studies, NPs have successfully been used as carriers for antiviral 

drugs that greatly improved not only the physicochemical properties, but also the 

pharmacokinetics/dynamics of the drugs. Chen and Liang systematically reviewed the 

possible mechanisms for enhanced viral inhibition of NPs by interrupting crucial steps 

in the infectious process, including viral attachment and penetration, while 

subsequently reducing virulence and replication [95]. The positive effect of polymeric 

NPs on virucidal activity has been associated with their sustained and prolonged 

antiviral effect [285]. Moreover, polymeric NPs, particularly CS and ALG, have antiviral 

effects against various viruses. CS is effective for reducing the infectivity of SARS-CoV-

2 in A549 and Vero E6 cells at 10–100 μg/mL [286]. The antiviral effect of CS was 
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reported by Loutfy and co-workers to be associated with inhibited viral binding, 

entry, and replication [287, 288]. Although the ALG antiviral mechanism is still 

uncertain [289], several studies have reported its virucidal effect in a wide range of 

viruses from double-stranded DNA viruses to positive-/negative-sense single-stranded 

RNA viruses. Pietropaolo and co-workers reported that the antiviral effect of anionic 

polymer could be attributed to the interaction between polymer and the viral 

envelopes, thus interfering with viral adsorption onto the host cells [290]. 
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CHAPTER 5 

         CHAPTER 5 SUMMARY, CONCLUSION, AND RECOMMENDATION 

 

This research involves a pharmaceutical formulation approach in overcoming 

some drawbacks of FVR in terms of its physicochemical properties (eg., poor 

solubility) and poor permeability, that partially explains its limited antiviral activity 

towards SARS-CoV-2. Herein, we proposed a polymeric nanoparticulate carrier system 

to enhance the solubility and permeability of FVR. We also proposed a different 

administration route for FVR via intranasal delivery, which simulate the natural 

transmission route of the virus. 

The use of natural carbohydrate polymers like CS and ALG as the material for 

the construction of nanocarriers could be a rational approach in producing an 

efficient and stable carrier. Moreover, their tunable size, surface characteristics, and 

mucoadhesive properties make them suitable for transmucosal delivery. The 

proposed delivery route for FVR could potentially reduce the viral load in the 

infected individuals and eventually mitigate the risk of viral transmission. In previous 

study, the FVR-loaded nano-emulsion for SARS-CoV-2 was hypothesized to 

effectively interfere with viral adsorption, invasion, and replication [291]. Another 

study demonstrated the use of solid-lipid nanoparticles (SLN) as a carrier for FVR 

inhalation, which resulted to a significant decrease in the EC50 of FVR. However, the 

physical characteristics of the FVR-SLN remain as a challenge due to their instability 
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and the risks of lipid degradation over time. In this study, we proposed an alternative 

and new delivery route for FVR via nasal administration using a biocompatible 

mucoadhesive CS-coated-ALG-NPs (FVR-MCS-ALG-NPs) that would target localized 

coronaviruses in the upper airways.  

Here, we first demonstrate the optimization of the FVR-MCS-ALG-NPs by 

statistical analysis using RSM based on BBD of experiment in developing ideal NPs 

formulation for transmucosal delivery. The model employed had a high predictability 

for the critical parameters with the highest desirability of 93% with respect to the 

goal set for the size, surface charge, LC, and EE. In investigating the effects and 

interaction between the major factors and responses, we found that the CS mass 

ratio to ALG majorly contributes to the optimization of FVR-MCS-ALG-NPs. Increasing 

the concentration of CS in the system contributes to the formation of larger particles 

brought by the presence of excess CS molecules causes clumping and entanglement 

of the molecules. CS also contributes to the DL and EE of the optimized NPs 

attributed to the increase in amino groups that interact and cross-link with the COOH 

of ALG. Further, no chemical interaction was observed in the FVR-MCS-ALG-NPs by 

thermal analysis but the absence of the crystalline FVR in the XRD patterns of FVR-

MCS-ALG-NPs was observed that is attributed the amorphous dispersion of FVR within 

the MCS-ALG-NPs during intermolecular interaction of polymers.  

Also, we investigated the benefit of CS-coating onto the NPs regarding drug 

release, mucoadhesive, and transmucosal permeation by comparing it with the 
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uncoated-NPs (FVR-ALG-NPs) and the free FVR. Herein, we demonstrated sustained 

release of the FVR-MCS-ALG-NPs in both pH conditions (7.4 mucus environment and 

5.5 nasal epithelium). Notably, the MCS-ALG-NPs had a higher release rate in the 

epithelium environment than in the mucus, owing to the pH-responsive drug release 

mechanism of CS than the uncoated-NPs. The amino groups of CS shrink at basic pH 

due to its deprotonation causing a slow release of FVR at pH 7.4. In contrast, an 

acidic pH that is below the isoelectric point (~7) of CS triggers protonation of the 

NH2+, followed by the swelling and erosion of the polymer matrix, and eventually 

the release of FVR. 

Finding the correct balance between the critical factors in optimization, 

especially the concentration of the CS-coating, is important to maintain its ideal 

physical characteristics without compromising the mucoadhesive property of the NPs 

by electrostatic interaction with the mucus. The investigation of the mucoadhesive 

property of the NPs confirmed that the optimal amount of CS-coating on the FVR-

ALG-NPs is still sufficient to elicit muco-interaction that is evident in the significant 

change in its size and surface charge of the NPs. The oligosaccharide chain of the 

mucin presents a negatively charged sialic acid terminal residue that enrobes its 

interaction with the CS layer, hence the change in the surface charge to more 

negative. This demonstrated that even though the FVR-MCS-ALG-NPs have a negative 

surface charge after CS-coating, the optimal concentration of CS can still obtain 
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mucoadhesion that is driven by electrostatic interaction with the positively charged 

amino groups of D-glucosamine molecule of CS with the sialic acid residue of mucin. 

Moreover, we also demonstrated the sufficiency of the CS-coating to exhibit 

enhanced transmucosal permeation through PNM. Our result showed that the 

optimal concentration of CS on FVR-ALG-NPs still demonstrates 3- and 6-fold faster 

flux and superior deposition in the PNM when compared to uncoated-NPs and free 

FVR, respectively. In other studies, the favorable transmucosal permeation is 

associated with CS through its ability to disrupt tight epithelial junctions. However, 

this rationale generally supports the permeation of hydrophilic drugs, and some 

evidence proved that it is less efficient to open-tight junctions when used as a 

coating, than as the main material in constructing the NPs. Here, we postulated that 

the higher permeation and deposition of the FVR-MCS-ALG-NPs could be explained 

by a combination of factors specifically its small size and its proven mucoadhesive 

property that propels the particle to move through the mucus layer and facilitate its 

absorption into the nasal epithelium.  

Lastly, we have proven the enhancement of the antiviral effect of the FVR-

MCS-ALG-NPs by more than 35-fold when compared to free FVR towards the PEDV 

model that acts as a surrogate virus for SARS-CoV-2.  A published concept of 

improving the antiviral activity of FVR by nano-emulsion for coronavirus was 

hypothesized to effectively interfere with viral adsorption, invasion, and replication. 

Another study demonstrated the use of SLN as a carrier for FVR, which resulted in a 
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significant decrease in the EC50 of FVR. Comparing the antiviral activity observed in 

this current study of using polymeric nanocarrier for FVR delivery, we have 

demonstrated superior enhancement of antiviral activity compared to previous 

reports. This can be explained by the collective features of the optimal formulation 

owing to its small size and high drug loading, its mucoadhesive and muco-penetrating 

property, and the enhanced permeation and deposition of FVR in the nasal mucosa. 

These collective properties of the FVR-MCS-ALG-NPs could have increased the 

intracellular drug concentration due to improved cellular uptake while subsequently 

boosting its antiviral activity. Typically, particles with a positive charge will bind to 

the negatively charged cell surface and promote internalization. But cellular 

internalization of NPs does not exclusively rely on the surface charge of the NPs and 

their electrostatic interaction with the cell membrane.  Uptake of the nanoparticles 

by the cellular systems occurs with a process known as endocytosis and is 

influenced by the physicochemical characteristics of nanoparticles such as size, 

shape, and surface chemistry as well as the employed experimental conditions. In 

previous studies, the internalization of highly negatively charged polymeric NPs is 

associated with the electrostatic repulsive interaction with the cell surface, which 

promotes a hydrophobic interface. Moreover, the sufficient mucoadhesive property 

of the FVR-MCS-ALG-NPs could promote an absorption-enhancing mechanism and 

accumulation of mucus-producing RPMI-2650 nasal epithelial cells that might 

contribute to its superior uptake.     
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In conclusion, we demonstrated a proof-of-concept of using mucoadhesive 

NPs as an efficient FVR carrier that could potentially be developed for intranasal 

delivery of FVR against coronavirus and its transmucosal delivery and deposition in 

the nasal mucosa. However, a more comprehensive analysis on the intranasal 

delivery of the FVR-MCS-ALG-NPs is recommended due to the absence of mucociliary 

clearance and some physiological factors (e.g., posture and gravitational pull) in the 

experiments conducted herein that could affect the residence time of the FVR-MCS-

ALG-NPs. Moreover, due to the weak fluorescence of FVR, 5-aminofluorescein (5-AF) 

was used and loaded in the MCS-ALG NPs for the qualitative cellular uptake studies. 

5-AF was used owing to the amino functionality in its structure and its solubility in 

aqueous media that is almost similar to FVR. Also, its high fluorescence intensity and 

tolerable toxicity to the cells make them a preferred dye for cellular uptake studies. 

However, qualitative uptake of the NPs loaded with a fluorescent dye is not 

tantamount to the direct translation of the uptake of FVR into the cells. Quantifying 

the amount of FVR in the cells is necessary to better understand cellular 

internalization. This can be done by the ultrasonication of the treated cells followed 

by the extraction and quantification of FVR by organic solvents. Although no 

standardized and validated method is available for quantifying NPs internalized by 

the cells [64], correlation analysis on the qualitative and quantitative cellular uptake 

experiments is often suggested for better interpretation of data. Further, all though 

the concept of using PEDV model as a surrogate for SARS-CoV-2 in antiviral testing 
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have already been established, it is also recommended to test the formulation 

towards the actual SARS-CoV-2 to have an in-depth knowledge and guaranteed 

enhancement of its efficacy.   
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Appendix A 

APPENDIX A. Calibration curve of standard FVR 
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          Appendix B 

APPENDIX B. Calibration curve of standard mucin 
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Appendix C 

APPENDIX C. Release kinetics of free FVR solution 
 

Model Media Parameter R2
adjusted AIC MSC 

Zero-order SNF K0 = 6.96 -1.49 142.81 -1.72 
(F = k0 · t) pH 7.4 K0 = 7.14 -1.25 143.41 -1.52 

 

First-order SNF k1 = 0.48 0.76 109.77 0.64 
(F = 100 · e-k1t) pH 7.4 k1= 0.52 0.87 103.46 1.34 

 

Higuchi SNF KH = 28.55 0.41 122.52 -0.27 
(F = kH · t0.5) pH 7.4 KH= 29.29 0.48 122.72 -0.04 

 

Korsmeyer-Peppas SNF kKP =54.32,  
n= 0.237 
 

0.97 83.16 2.54 

(F = kKP · tn) pH 7.4 kKP = 53.80,  
n= 0.22 

0.94 94.28 1.90 

Hixson-Crowell SNF kHC = 0.07 0.39 123.03 -0.31 
(F = 100 · [1 - (1 – kHC · t)3]) pH 7.4 kHC = 0.07 0.50 122.21 -0.01 

aWeibull SNF α = 1.551,  

ꞵ = 0.369,  
Ti = 0.187 
 

0.9894 65.1715 3.8132 

(F = 100 . [1 – e-(t-T1)β/α]) pH 7.4 α = 1.23,  

ꞵ= 0.46,  
Ti = 0.14 

0.99 62.76 4.24 

aBest fit release kinetic model for free FVR. F: fraction (%) of drug released in time t; k0: zero-order release 
constant; k1: first-order release constant; kH: Higuchi release constant; kKP: release constant incorporating structural 
and geometric characteristics of the drug-dosage form; n: diffusional exponent indicating the drug release 

mechanism; α: scale parameter defining the time scale of the process; ꞵ: shape parameter characterizing the 

curve as exponential (ꞵ = 1; case 1), sigmoid, S-shaped, with upward curvature followed by a turning point 

(ꞵ > 1; case 2), or parabolic, with a higher initial slope and then consistent with an exponential (ꞵ < 1; case 3); Ti: 
location parameter representing the lag time before the onset of the dissolution or release process, which in 
most cases will be near zero; kHC is the Hixon-Crowell release constant.  
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Appendix D.  

APPENDIX D. Release kinetic of FVR from MCS-ALG-NPs 
 
Model Media Parameter R2

adjusted AIC MSC 

Zero-order SNF K0 = 6.32 -1.68 141.84 -1.78 
(F = k0 · t) pH 7.4 K0 = 4.72 -1.05 133.17 -1.30 

 

First-order SNF k1 = 0.37 0.64 113.87 0.21 
(F = 100 · e-k1t) pH 7.4 k1= 0.14 0.35 117.09 -0.15 

 

Higuchi SNF KH = 26.24 0.30 123.04 -0.44 
(F = kH · t0.5) pH 7.4 KH = 19.55 0.48 113.84 0.08 

 

Korsmeyer-Peppas SNF kKP = 51.34,  
n= 0.19 
 

0.92 93.30 1.68 

(F = kKP · tn) pH 7.4 kKP = 47.81,  
n= 0.27 

   

Hixson-Crowell SNF kHC = 0.06 0.29 123.21 -0.45 
(F = 100 · [1 - (1 – kHC · t)3]) pH 7.4 kHC = 0.04 0.1822 120.33 -0.39 

 
aWeibull SNF α = 1.23,  

ꞵ = 0.31,  
Ti = 0.22 
 

0.98 72.05 3.20 

(F = 100 . [1 – e-(t-T1)β/α]) pH 7.4 α = 1.89,  

ꞵ = 0.24,  
Ti = 0.33  

0.95 82.56 2.31 

aBest fit release kinetic model for free FVR. F: fraction (%) of drug released in time t; k0: zero-order release 
constant; k1: first-order release constant; kH: Higuchi release constant; kKP: release constant incorporating structural 
and geometric characteristics of the drug-dosage form; n: diffusional exponent indicating the drug release 

mechanism; α: scale parameter defining the time scale of the process; ꞵ: shape parameter characterizing the 

curve as exponential (ꞵ = 1; case 1), sigmoid, S-shaped, with upward curvature followed by a turning point 

(ꞵ > 1; case 2), or parabolic, with a higher initial slope and then consistent with an exponential (ꞵ < 1; case 3); Ti: 
location parameter representing the lag time before the onset of the dissolution or release process, which in 
most cases will be near zero; kHC is the Hixon-Crowell release constant.  

Appendix E. 
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  APPENDIX E. Release kinetic of FVR from ALG-NPs 
 
Model Media Parameter R2

adjusted AIC MSC 

Zero order SNF K0 = 5.34 -1.26 135.74 -1.51 
(F = k0 · t) pH 7.4 K0 = 6.36 -1.34 140.87 -1.56 

 

First order SNF k1 = 0.19 0.42 116.60 -0.14 
(F = 100 · e-k1t) pH 7.4 k1= 0.33 0.72 110.66 0.60 

 

Higuchi SNF KH = 21.95 0.46 115.78 -0.08 
(F = kH · t0.5) pH 7.4 KH = 26.24 0.44 120.72 -0.12 

 

Korsmeyer-Peppas SNF kKP = 40.62, n= 
0.22 
 

0.91 90.40 1.73 

(F = kKP · tn) pH 7.4 kKP = 48.82, n= 
0.22 

0.92 93.94 1.79 

Hixson-Crowell SNF kHC = 0.05 0.2492 120.24 -0.40 
(F = 100 · [1 - (1 – kHC · t)3]) pH 7.4 kHC = 0.06 0.4672 119.94 -0.06 

      

a Weibull SNF α = 1.67,  

ꞵ = 0.28,  
Ti = 0.24 
 

0.97 72.47 3.01 

(F = 100 . [1 – e-(t-T1)β/α]) pH 7.4 α = 1.36,  

ꞵ = 0.36,  
Ti = 0.20 

0.98 72.62 3.32 

aBest fit release kinetic model for free FVR. F: fraction (%) of drug released in time t; k0: zero-order release 
constant; k1: first-order release constant; kH: Higuchi release constant; kKP: release constant incorporating structural 
and geometric characteristics of the drug-dosage form; n: diffusional exponent indicating the drug release 

mechanism; α: scale parameter defining the time scale of the process; ꞵ: shape parameter characterizing the 

curve as exponential (ꞵ = 1; case 1), sigmoid, S-shaped, with upward curvature followed by a turning point 

(ꞵ > 1; case 2), or parabolic, with a higher initial slope and then consistent with an exponential (ꞵ < 1; case 3); Ti: 
location parameter representing the lag time before the onset of the dissolution or release process, which in 
most cases will be near zero; kHC is the Hixon-Crowell release constant.  
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Appendix F 

APPENDIX F. Quantitative data of the antiviral effect of FVR (formulated and 
unformulated) from 3 independent experiments 

 

 
 
The mCherry fluorescent intensity of the infected cells treated with FVR from experiment 1 (A) (from Fig. 21), 
experiment 2 (B) (Appendix G) and experiment 3 (C) (Appendix H) were measured by the high-content imaging 
system. Data shown are the mean ± SD of the relative sum of mCherry fluorescent intensity (% control). 
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Appendix G 

APPENDIX G. Antiviral effect of FVR (formulated and unformulated) from trial 2 
 

 
 
The stitched image of mCherry and eGFP signals from the cells were acquired by a 
high-content imaging system at 21 images/well. Each condition was tested in 
duplicate. 
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Appendix H 

APPENDIX H. Antiviral effect of FVR (formulated and unformulated) from trial 3 
 

 
 
The stitched image of mCherry and eGFP signals from the cells were acquired by a 
high-content imaging system at 21 images/well. Each condition was tested in 
duplicate. 
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Appendix I 

APPENDIX I. Antiviral effect of free FVR at high concentrations 
 

  
 
 

 
 

The stitched images of the mCherry and eGFP signals from the cells were acquired 
by a high-content imaging system. 
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