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Summary
After more than two years of experience with SARS-CoV-2, a suite of vaccines has become available as part of the global efforts to contain the rapid spread and devastating impact of the pandemic. Like many other liquid vaccines, currently approved COVID-19 vaccines are intramuscular injections. While this invasive route of administration has acquired strong evidence of efficacy, other delivery methods may be more advantageous. In the context of COVID-19, mucosal immunity in the respiratory tract would be highly beneficial, given that is it typically the first point of viral entry. In this study, a dry powder vaccine based on the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein was developed for intranasal inhalation. Spray-freeze-drying with an ultrasonic nozzle was applied to produce porous particles adequate for aerosolisation to the nasal airway. The formulation was a mixture of the antigen, aluminium hydroxide gel as adjuvant, and 2-hydroxypropyl-beta-cyclodextrin as cryoprotective and lyoprotective agent. The spray-freeze-dried powder was characterised in terms of particle size by laser diffraction and morphology by scanning electron microscopy. The median volume diameter of the spherical particles was approximately 38 µm, which is suitable for nasal deposition in humans. The antigen-adjuvant binding efficiency measured by polyacrylamide gel electrophoresis was 68%, a reduction from 87% before drying. Preliminary in vivo assessment of the vaccine delivered via intratracheal administration induced remarkable immune responses in mice. Together, the results indicate that this solid-state vaccine possesses physical characteristics appropriate for intranasal delivery and is a promising alternative to parenteral COVID-19 vaccines.

Key Message
A protein subunit vaccine targeting the RBD of the SARS-CoV-2 spike protein produced by spray-freeze-drying was capable of eliciting humoral immune response in mice following intratracheal delivery. This illustrates the possibility of administering immunogenic and efficacious COVID-19 vaccines via a noninvasive route without the existing logistical challenges.

Introduction

By the end of March 2022, about two years since SARS-CoV-2 was first reported to the WHO, at least 479 million confirmed cases of COVID-19 have been reported worldwide, including more than six million deaths [1]. Vaccination against the disease remains one of the mainstay approaches in combating the epidemic, with eleven COVID-19 vaccines under the WHO Emergency Use Listing (EUL). The key target antigen is the spike (S) protein that is embedded in the viral surface envelope and responsible for viral entry into host cells [2]. The S protein consists of two subunits, S1 and S2; the former contains the receptor-binding domain (RBD), which is involved in binding to the host cellular receptor, angiotensin-converting enzyme 2 (ACE2), and is therefore also a vaccine target of interest [2].

Of note, all the vaccines on the WHO EUL are administered intramuscularly. While parenteral vaccines are able to provide adequate systemic immunity, mucosal immune responses are better induced by mucosal vaccines. Furthermore, mucosal vaccination may also trigger systemic immune protection effectively, and can be administered intranasally to stimulate robust mucosal immunity at the initial site of COVID-19 infection [3]. A critical advantage of inhaled vaccines is that they can be formulated into powder, a dosage form that does not require the cold chain during transport and storage.

Here, spray-freeze-drying technology was used to generate an inhalable powder vaccine. This technique has previously been utilised to produce investigational influenza and plague vaccines for intranasal delivery in rodents [4]. The process exposes thermolabile biomacromolecules to various stresses including shear, freezing, and dehydration. Hence, protective excipients are necessarily incorporated into the formulation to stabilise the protein against degradation.

Because of its non-reducing nature and low toxicity, 2-hydroxypropyl-beta-cyclodextrin (2HPβCD) has become an established protein stabiliser and is present as an inactive component in Jcovden® (Janssen COVID-19 vaccine). In addition, adjuvants are vital in vaccines since they can enhance the magnitude and duration of antibody responses. Aluminium salts represent one of the longest-used vaccine adjuvants in humans. In particular, aluminium hydroxide is included in a variety of authorised vaccines, for example, Engerix™-B for hepatitis B and the inactivated COVID-19 vaccine, CoronaVac® (Sinovac).

The aims of this study were: (i) to develop an aluminium-adjuvanted intranasal COVID-19 vaccine by spray-freeze-drying and (ii) to characterise the spray-freeze-dried (SFD) powder vaccine in terms of particle size, antigen-adjuvant binding efficiency, and in vivo efficacy. This work demonstrates the successful use of 2HPβCD to generate a dry powder vaccine of appropriate aerodynamic properties to deliver stabilised COVID-19 antigens intranasally to mucosal membranes.

Experimental methods and materials

Formulation and spray-freeze-drying: The feed suspension of the vaccine formulation was a mixture of RBD protein as the antigen, aluminium hydroxide (Alhydrogel® adjuvant 2%, InvivoGen), and 2HPβCD (Sigma-Aldrich) in PBS. The antigen and 2HPβCD concentrations for the resultant solution were 0.15 mg/mL and 2% w/v, respectively, while the aluminium content was 0.5 mg/mL. The feed suspension was pumped through a silicone tube at 2 mL/min into a narrow-spray ultrasonic atomiser nozzle (NS130K, Sonaer). The maximum frequency of ~130 kHz was set on the ultrasonic generator (Sonozap Atomiser). The atomised liquid droplets froze instantaneously as they were sprayed towards liquid nitrogen. A freeze-dryer (FreeZone® 6 Litre benchtop freeze-dry system, Labconco®) was used for sublimation of the frozen solvent. Primary drying was carried out for 20 hours at -40 °C, followed by an increase in the temperature over 4 hours at a constant ramp rate of 0.25 °C/min. Secondary drying continued for the remaining 48 hours at 20 °C. The chamber pressure was kept below 0.055 mbar throughout. After the drying process, the powder was transferred into a transparent glass vial and maintained at around 25% relative humidity in an auto dry box at room temperature.

Laser diffraction (LD): The particle size distribution was determined using a laser diffractometer configured with a dosing unit for inhalers (HELOS/KR+INHALER, Sympatec). Approximately 2 mg of SFD powder was weighed into a gelatin capsule (Capsugel®, Lonza) and dispersed from a dry powder inhaler (breezhaler®, Novartis). Particle size analysis was performed by WINDOX 5 (version 5.8.0.0, Sympatec) software. The particle size data were expressed as D10, D50, and D90, which represent the diameters of volume-equivalent spheres at 10%, 50%, and 90% cumulative volumes, respectively. The span was calculated as such: (D90 − D10) ÷ D50. The measurement was done in triplicate.

Scanning electron microscopy (SEM): The morphology and geometric size of the SFD particles were visualised using a field emission scanning electron microscope (Hitachi S-4800). Powder sample was mounted onto an aluminium specimen tub with adhesive carbon tape and coated with approximately 13 nm of gold-palladium for 120 seconds at 30 mA using argon gas (Q150R ES Plus, Quorum Technologies) to enhance conductivity and prevent overheating. The particles were then imaged at 1,000× and 5,000× magnifications, an accelerating voltage of 5 kV, and 10.4 mm working distance.

Antigen-adjuvant binding: SDS-PAGE was applied to evaluate the extent of RBD binding to aluminium hydroxide. The SFD powder was reconstituted with PBS and 2 µg of protein was loaded into each well of a 10% acrylamide gel in triplicate. An aliquot of the feed suspension was kept to allow assessment of the binding before drying, and RBD-only solution was included as control. After electrophoresis (Mini-PROTEAN® Tetra system, Bio-Rad), the gel was stained with 0.1% w/v Coomassie blue dye (Sigma-Aldrich) for 90 minutes and destained overnight. Images of the protein bands were captured by G:BOX Chemi XR5 gel documentation system (Syngene) and the band intensities were quantified using ImageJ software (version 1.53k, National Institutes of Health, USA). Binding efficiency was calculated by the formula: (Ic–It) ÷ Ic, where Ic and It are the band intensities of the control and test sample, respectively.

Immunogenicity assessment: The protocols were reviewed and approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR) at The University of Hong Kong (No. 6094-22). Female BALB/c mice were immunised with either 0.6 µg (100 µL) of intramuscular (IM) CoronaVac® COVID-19 vaccine (group 1: positive control), 1 mg of intratracheal (IT) 2HPβCD+aluminium hydroxide (in the same proportion as SFD RBD), 100 µL of IM PBS (groups 2 and 3: negative controls), or 1 mg of IT SFD RBD (group 4: test) on days 0 and 21. There were five mice in each group and blood was drawn on days 14, 28, and 42. Serum RBD-specific IgG titres were determined by ELISA and compared using unpaired Student’s t test at a significance level of 0.05 (GraphPad Prism 8).
Results

The feed suspension had a solute concentration of approximately 3.1% w/v and the SFD powder vaccine has an antigen-aluminium ratio of 1:3 and an RBD concentration of 0.5% w/w. The processing yield of the spray-freeze-drying and the particle size distribution of the powder vaccine are displayed in Table 1. The yield was deemed satisfactory for a production on a laboratory scale. The volume diameters suggest that the particles were probably too coarse for deep lung penetration, but ideal for deposition in the human nasal cavity [5].

Table 1 – Processing yield* and volumetric size distribution of the SFD particles. Data are presented as mean ± standard deviation.
	Yield
	D10
	D50
	D90
	Span

	86.1%
	10.75 ± 1.10 µm
	37.62 ± 3.35 µm
	70.93 ± 5.65 µm
	1.60 ± 0.02 


*Processing yield is defined as the percentage of the powder mass in the product collection vessel to the mass of the total solid loading in the feed suspension

The SEM images of the SFD powder vaccine (Figure 1) reveal large particles with spherical morphology and high porosity that are associated with improved dispersibility and aerosol delivery [6]. Figure 2 shows a triplicate of the SDS-PAGE gel image. With respect to the intensity of the RBD-only band observed (left lane), where there was no adjuvant for the proteins to bind to, the binding efficiency of the RBD protein to the aluminium hydroxide particles in the feed suspension (middle lane) was 86.5 ± 3.7%, whereas it was 67.9 ± 7.8% in the reconstituted SFD vaccine (right lane).
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Figure 1 – SEM images of the spray-freeze-dried vaccine at (A) 1000× and (B) 5000× magnifications.

The in vivo potency of the SFD RBD in mice (Figure 3) was comparable to that of IM CoronaVac® at days 28 and 42. The antigen-specific IgG titres induced by the SFD RBD were significantly higher than those induced by the negative control groups (IT 2HPβCD+aluminium and IM PBS) as early as day 14.
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Figure 2 – SDS-PAGE gel image.			Figure 3 – Humoral immune response (IgG) in mice (n=5)
Alum: aluminium hydroxide; CD: 2HPβCD		IM: intramuscular; IT: intratracheal; ns: not significant

Discussion

Spray-freeze-drying technology has been used to produce dry powder vaccines for the inhalation route, including those against influenza and plague, that were investigated in animal models with encouraging results [4]. Here, the RBD of the SARS-CoV-2 spike protein was spray-freeze-dried to generate porous particles of diameters > 10 µm that would be preferentially deposited along the nasal passage. However, considering the particle size range, the majority of the SFD particles probably would deposit in the anterior vestibular region in humans due to significant inertial impaction [7]. To maximise deposition the central nasal regions, the particle sizes should fall between 10 and 11 µm [7]. This highlights room for further reduction of the particle size distribution, perhaps by employing a different nozzle for atomisation.

Protein stabilisation in the solid state can occur by immobilising the protein molecules in a rigid, glassy matrix that was constructed in the powder formulation by the rapid freezing of 2HPβCD. This entrapment limits molecular mobility and slows down degradation [8]. The ultrafast freezing achieved in spray-freeze-drying might also have inhibited coagulation of the aluminium hydroxide gel, a quality problem encountered when aluminium gel is dehydrated by other drying methods such as spray-drying and freeze-drying [9]. A stable solid-state dosage form would permit prolonged storage of the powder vaccine at room temperature without undue concern over aggregation and loss of immunogenic monomeric protein or potency.

The SDS-PAGE method of measuring binding efficiency is based on the assumption that proteins adsorbed on aluminium hydroxide particles would not migrate out of the loading well of the gel [10]. Since the adsorption of antigen to aluminium adjuvant particles may promote vaccine efficacy and prevent non-specific binding of proteins to container wall, it is important to ascertain the degree of antigen-adjuvant binding. The binding was lower after spray-freeze-drying, implying that the technique could be a contributing factor, although most of the interactions were strong enough to withstand the process. This illustrates the need to optimise the antigen-adjuvant ratio to maximise binding efficiency, for instance, by increasing the aluminium hydroxide concentration in the feed suspension.

The in vivo immunisation study with intratracheal delivery demonstrated that the functionality of the RBD was retained even after dehydration, notwithstanding the powder vaccine would be deposited predominantly in the nasal cavity in humans. Future work warrants exploration of the efficacy when administered intranasally. The serum RBD-specific antibody responses elicited could be assayed in relation to the neutralisation of infectious SARS-CoV-2 and protection against coronavirus disease.

Conclusion

The 2HPβCD-based SFD powder vaccine against SARS-CoV-2 developed in this study exhibited physical characteristics that support the feasibility of intranasal administration and storage in ambient conditions. More than half of the RBD antigen remained bound to the aluminium hydroxide adjuvant particles, a parameter which could be optimised in subsequent formulations. The in vivo prophylactic efficacy of this solid-state vaccine, delivered via intratracheal administration in a mouse model, was comparable to that of an authorised injectable COVID-19 vaccine given by the intramuscular route. This work validated the possibility that an efficacious COVID-19 vaccine can be noninvasively administered.
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