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Abstract  

Oil-in-water (O/W) nanoemulsion-based vaccine adjuvants such as MF59® are often used in seasonal 1 

and pandemic influenza vaccines. However, vaccines containing nanoemulsions require cold chain for 2 

storage and are sensitive to accidental freezing. We explored the feasibility of developing dry powders 3 

of vaccines adjuvanted with MF59 or AddaVaxÔ, a preclinical grade nanoemulsion that has the same 4 

composition and droplet size as MF59, by thin-film freeze-drying (TFFD). AddaVax alone was 5 

successfully converted from a liquid to dry powders by TFFD using trehalose as a stabilizing agent 6 

while maintaining the droplet size distribution of the AddaVax when reconstituted, whereas subjecting 7 

the same AddaVax composition to conventional shelf freeze-drying led to significant aggregation or 8 

fusion. TFFD was then applied to convert liquid AddaVax-adjuvanted vaccines containing either model 9 

antigens such as ovalbumin and lysozyme, mono-, bi-, and tri-valent recombinant hemagglutinin (rHA) 10 

protein-based H1 and/or H3 (universal) influenza vaccine candidates, as well as the MF59-containing 11 

Fluad® Quadrivalent influenza vaccine to dry powders. Antigens, stabilizing agents, and buffer showed 12 

different effects on the physical properties of the vaccines (e.g., mean particle size and particle size 13 

distribution) after subjected to TFFD, but the integrity and hemagglutination activity of the rHA 14 

antigens did not significantly change and the immunogenicity of reconstituted influenza vaccine 15 

candidates was preserved when evaluated in BALB/c mice. The vaccine dry powder was not sensititve 16 

to repeated freezing-and-thawing, in contrast to its liquid counterpart. It is concluded that TFFD can be 17 

applied to convert vaccines containing MF59 or an nanoemulsion with the same composition and 18 

droplet size as MF59 from liquid to dry powders while maintaining the immunogencity of the vaccines, 19 

and it may be used to prepare dry powders of multivalent universal influenza vaccines.    20 
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1. Introduction 21 

 O/W nanoemulsion-based vaccine adjuvants such as MF59 and AS03 can increase and broaden 22 

the immune responses induced by vaccines and spare vaccine doses [1-3]. MF59 in a Novartis’ 23 

proprietary vaccine adjuvant. It is a squalene oil (4.3% w/v) in citrate buffer nanoemulsion stabilized 24 

with Tween 80 (0.5% w/v) and Span 85 (0.5% w/v)), with a mean droplet size of 160 nm [4]. MF59 act 25 

by creating a transient immunocompetent environment locally at the site of injection with subsequent 26 

recruitment of key immune cells that transport the antigen and adjuvant to local lymph nodes where 27 

immune responses are induced [5]. The adjuvant effect of MF59 is maintained in conditions associated 28 

with CD4+ T cell deficiency, which may explain its effectiveness in broad population and 29 

immunocompromised patients [4]. The immunostimulatory activity of MF59 is a property of the 30 

nanoemulsion; only the fully formulated MF59 nanoemulsion, not the individual components, can help 31 

activate immune responses [6]. Thus, the appropriate formulation composition and physical properties 32 

are crucial for MF59 to exert an adjuvant effect. AS03 has a composition and a mean droplet size like 33 

that of MF59; however, AS03 contains α-tocopherol, in addition to squalene [7-9]. The presence of α-34 

tocopherol in AS03 is necessary for it to help induce high antibody titers [8].  35 

 MF59 is commonly used in seasonal and pandemic influenza vaccines [4]. It enhances the 36 

efficacy of these vaccines by eliciting hemagglutination inhibition antibodies as well as memory T and 37 

B cells against influenza viruses including antigenic “drift” and “shift” [10]. Examples of MF59-38 

adjuvanted influenza vaccines include the Audenz™(an influenza A (H5N1) monovalent vaccine) and 39 

the Fluad® Quadrivalent (an influenza vaccine against influenza virus subtypes A and B). MF59 was 40 

also used in pandemic H1N1 vaccines (e.g., Arepanrix™, Celtura® and Focetria®) licensed in many 41 

countries during the 2009 H1N1 pandemic [4]. Addtionally, MF59-adjuvanted vaccines against various 42 

other infections are currently in clinical trials (clinicaltrials.gov). AS03 is used in the FDA-approved 43 

influenza A (H5N1) monovalent vaccine manufactured by ID Biomedical Corporation of Quebec (QC, 44 

Canada). AS03 was also used in Pandemrix™ and Arepanrix™ that were approved during the influenza 45 

A (H1N1) pandmic in 2009, though the vaccines were removed from the markets after the pandemic 46 

[11].    47 

 Nanoemulsion-adjuvanted vaccines are marketed as injectables, either in pre-filled syringes or 48 

in single dose vials. They were also available in a multi-vial presentation, in which the antigens were 49 

supplied in separate vials from the nanoemulsion adjuvant, which should then be mixed together before 50 

use (e.g., Pandemrix and Arepanrix). These vaccines require storage at 2-8°C and must not be frozen. 51 

Unintentional exposure to freezing temperatures can lead to a significant damage to the vaccines. 52 

Unfortunately, it was estimated that 75-100% of vaccines are exposed to freezing temperatures in 53 

various segments of the supply chain [12]. Converting vaccines from liquid to dry powders is a 54 

promising approach to enhance their freezing and thermal stability. Freeze-drying is commonly used 55 

for the development of dry powder formulations of biologics including vaccines [13, 14]. Freeze-drying 56 
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of vaccines containing O/W nanoemulsions is challenging, however, due to the sensitivity of 57 

nanoemulsions to the freezing and drying stress. Freezing of emulsions can result in phase separation, 58 

while dehydration can lead to interactions of surfactant molecules adsorbed on the oil droplets, which 59 

in turn adversely affects the emulsion stability and adjuvanticity [15, 16]. Nonetheless, there is evidence 60 

that it is possible to freeze-dry certain vaccine candidates that contain nanoemulsions [17]. For example, 61 

GLA-SE is a vaccine adjuvant currently under development. GLA-SE is composed of glucopyranosyl 62 

lipid A (GLA, a Toll-like receptor 4 (TLR-4) agonist) in squalene oil nanoemulsion (SE) [18]. A 63 

tuberculosis vaccine candidate comprised of ID93 antigen (i.e., a recombinant fusion protein antigen 64 

consisting of four Mycobacterium tuberculosis proteins) and the GLA-SE adjuvant (i.e., GLA-SE/ID93) 65 

was freeze-dried using D-trehalose and/or other disaccharides [18]. The mean hydrodynamic particle 66 

size of the GLA-SE/ID93 was about 80 nm and was increased by ≥10 nm after subjected to shelf freeze-67 

drying and reconstitution [18, 19]. Vaccines containing MedImmune emulsions comprised of squalene 68 

oil, monophosphoryl lipid A or its synthetic analogue (PHAD), and Tween 80 exhibited a mean particle 69 

size increase from 70-90 nm to ~110 nm or larger after subjected to shelf freeze-drying [15]. 70 

Importantly, the immune responses induced by the freeze-dried vaccine candidates were not different 71 

from their liquid counterparts when evaluated in animal models [15, 18]. 72 

 Unfortunately, GLA-SE and the MedImmune emulsions are different from MF59 and AS03 in 73 

composition and physical properties (e.g., mean droplet size). Because the composition of 74 

nanoemulsion adjuvants is among the key factors that determine their susceptibility to drying [15], it 75 

remains unknown whether MF59, AS03, or nanoemulsions with the same or similar composition or 76 

droplet size as MF59 or AS03 and vaccines containing them can be converted to dry powders. The 77 

unique composition and physical properties of MF59 and AS03 may render them and vaccines 78 

containing them more sensitive to freezing and drying. For example, it was reported that nanoemulsions 79 

with smaller mean droplet size (i.e., ~80 nm) can be easily freeze-dried as compared to nanoemulsions 80 

with relatively larger mean droplet size (i.e., 100-200 nm) [9]. The mean droplet size of GLA-SE and 81 

the MedImmune emulsions is ~80 nm, but the mean droplet size of MF59 and AS03 is ~160 nm.  82 

 The present study was designed to test the feasibility of applying TFFD to develop dry powders 83 

of AddaVax as well as vaccines containing AddaVax or MF59. AddaVax is preclinical grade 84 

nanoemulsion vaccine adjuvant  with the same composition as MF59 (i.e., squalene oil (5% v/v or 4.29% 85 

w/v based on squalene density of 0.858 (PubChem CID: 638072)), Tween 80 (0.5% w/v) and Span 85 86 

(0.5% w/v) in citrate buffer (10 mM, pH 6.5)) [20, 21]. AddaVax is for research use only. TFFD has 87 

been applied to successfully convert biologics, including vaccines, from liquid into stable dry powders 88 

[22-27]. It was hypothesized that the ultra-rapid freezing, relatively small gas-liquid interface, and low 89 

shear stress associated with the thin film freezing (TFF) process would minimize nanoemulsion droplet 90 

aggregation or fusion during the freezing step. We first tested the feasibility of thin-film freeze-drying 91 

AddaVax alone and then used ovalbumin (OVA) and lysozyme as model antigens to study the effect of 92 
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stabilizing agent, antigen, buffer molarity, as well as TFF temperature on the particle size distribution 93 

of vaccines after subjected to TFFD and reconstitution. Finally, we applied TFFD to the Fluad 94 

Quadrivalent influenza virus vaccine that contains MF59 as well as mono-, bi-, and tri-valent (universal) 95 

influenza virus vaccine candidates containing H1 and/or H3 recombinant hemagglutinin (rHA) proteins 96 

and AddaVax. Although seasonal influenza occurs annually and seasonal flu vaccines are manufactured 97 

every year, the world is concerned about the threat of influenza pandemics [28], and there is an interest 98 

in developing universal flu vaccines. Our bivalent and trivalent influenza virus vaccine candidates can 99 

be considered universal flu vaccines. For universal flu vaccines, a shelf-life beyond the 6-9 months for 100 

seasonal flu vaccines is likely needed, and this need may be met by developing the vaccines into dry 101 

powders. 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 
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2. Materials and Methods 114 

2.1 Influenza HA antigens and viruses 115 

Two H3 (i.e., TJ-5 and J-4) and one H1 (i.e., Y-2) influenza virus rHA proteins were constructed 116 

using computationally optimized broadly reactive antigen (COBRA) methodology, a multiple-layered 117 

consensus building approach to design novel immunogens as vaccine candidates [29, 30]. The rHA 118 

proteins have a molecular weight of ~270 kDa and were expressed in HEK-293 cells and purified using 119 

IMAC Sepharose® High Performance resin (Sigma Aldrich, St. Louis, MO). Viruses were from the 120 

Influenza Reagents Resource (IRR) (Manassas, VA), BEI Resources (Manassas, VA), the Centers for 121 

Disease Control and Prevention (Atlanta, GA), or VIRAPUR, LLC (San Diego, CA, USA). Viruses 122 

were passaged once in the same growth conditions as they were received, in either embryonated chicken 123 

eggs or semi-confluent Madin-Darby Canine Kidney (MDCK) cell culture. H1N1 viruses used include 124 

A/Brisbane/02/2018, A/Michigan/45/2015, A/California/07/2009, A/Brisbane/59/2007, A/Solomon 125 

Islands/3/2006. H3N2 viruses used include A/South Australia/34/2019, A/Switzerland/8060/2017, 126 

A/Texas/71/2017, A/Kansas/14/2017, A/Singapore-IFNIMH-16-0019/2016, A/Hong Kong/4801/2014, 127 

A/Switzerland/9715293/2013, and A/Texas/50/2012.  128 

 129 

2.2 Preparation of AddaVax dry powders by TFFD and conventional shelf freeze-drying 130 

AddaVax (50 µL, InvivoGen, San Diego, CA) was mixed with trehalose (Sigma-Aldrich) in 131 

citrate buffer (10 mM, pH 6.5) at a final sugar concentration of 30 mg/mL. The liquid AddaVax 132 

formulation was converted to a dry powder using either TFFD or conventional shelf freeze-drying. 133 

Thin-film freeze-dried powder was prepared as previously described [25]. Briefly, the liquid 134 

formulation (100 µL) was dropped onto a cryogenically cooled stainless-steel surface (i.e., cylindrical 135 

drum) having a temperature of -100 °C. The liquid droplets were rapidly spread and frozen to form thin 136 

films. Shelf freeze-dried powder was prepared by gradually cooling 0.5 mL of the liquid AddaVax 137 

formulation containing trehalose at a concentration of 30 mg/mL from room temperature (~ 21 ± 2°C) 138 

to -40°C at a cooling rate of about 2°C/min. The frozen liquid was maintained at -40°C for 1 h in the 139 

lyophilizer prior to lyophilization. Frozen thin-films prepared by TFFD and frozen liquid prepared by 140 

conventional shelf freezing were subsequently lyophilized using an SP VirTis AdVantage Pro Freeze 141 

Dryer with Intellitronics Controller (SP Scientific, Stone Ridge, NY). Lyophilization was performed 142 

over about 50 h at pressures ≤ 100 mTorr. The shelf temperature was maintained at -35°C for 30 h and 143 

then gradually ramped to +20°C throughout ~16 h. During the secondary drying phase, the vials were 144 

kept at +20°C for 4 h. Vials were stoppered in nitrogen gas at 100 mTorr, sealed using aluminum caps, 145 

and then stored in a vacuum desiccator at room temperature until analysis. Reconstitution was 146 

performed by adding 100 µL of milli-Q water. Reconstituted AddaVax formulations were diluted 20-147 

fold with milli-Q water before droplet size measurements. Z-average hydrodynamic droplet size 148 

distribution was determined by dynamic light scattering (DLS) using a Malvern Zeta Sizer Nano ZS 149 

(Worcestershire, UK). 150 
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2.3 Effect of antigen, stabilizing agent, buffer molarity, freezing method, and TFF 151 

temperature on the particle size distribution of AddaVax-adjuvanted vaccines using OVA and 152 

lysozyme as model antigens 153 

AddaVax-adjuvanted OVA model vaccine (AddaVax/OVA) formulations containing AddaVax 154 

(50 µL), OVA (6 µg, Sigma-Aldrich) and a stabilizing agent selected from sucrose (Merck KGaA, 155 

Darmstadt, Germany), D-mannitol and D-trehalose dihydrate (Sigma-Aldrich) at a concentration 156 

between 50 and 500 mg/mL were prepared by simple mixing (Table 1). Vaccine formulations (100 µL) 157 

were subjected to TFFD as described above and hydrodynamic particle size distribution in the 158 

formulations was measured after reconstitution and dilution with milli-Q water. All formulations were 159 

in citrate buffer (pH 6.5) and frozen into thin-films at -100°C.  160 

 161 

Table 1. Compositions of vaccine formulations prepared to investigate the effect of stabilizing agent 162 

and stabilizing agent concentration on the particle size distribution of AddaVax/OVA vaccine subjected 163 

to TFFD and reconstitution. 164 

Stabilizing agent Citrate buffer 
molarity 

(mM) Sugar/sugar alcohol Concentration 
(mg/mL) Mass fraction 

Sucrose 50 0.51 

2.5  

Sucrose 100 0.67 

Mannitol 50 0.51 

Mannitol 100 0.67 

Trehalose 100 0.67 

Trehalose 50 0.44 

5 

Trehalose 100 0.61 

Trehalose 125 0.66 

Trehalose 250 0.80 

Trehalose 500 0.87 

  165 

 To study the effect of drying technology, freezing rate and repeated freezing, and thawing on 166 

the particle size of AddaVax/OVA vaccine, liquid formulation of AddaVax/OVA vaccine having the 167 

same composition of that subjected to TFFD (i.e., AddaVax (50 µL), OVA (6 µg) and trehalose (125 168 

mg/mL in citrate buffer (2.5 mM, pH 6.5)) was converted to dry powder using shelf freeze-drying as 169 

described above. The effect of TFF and shelf freezing on mean particle size of AddaVax/OVA vaccine 170 

was also investigated. Frozen thin-films prepared by dropping 100 µL of liquid vaccine formulation on 171 

a cryogenically cooled drum having a temperature of -100°C and frozen formulation prepared by shelf 172 

freezing (i.e., cooling 0.5 mL of the liquid vaccine formulation from room temperature (~ 21 ± 2°C) to 173 

-40°C at a cooling rate of ~ -2°C/min) were thaw at 4°C for 1 h. Formulations were adequately diluted 174 
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in milli-Q water before determining their Z-average hydrodynamic particle size by DLS. The effect of 175 

repeated freezing and thawing on the mean particle size of liquid AddaVax/OVA formulation and its 176 

thin-film freeze-dried powder counterpart was also investigated. Liquid formulation (0.5 mL) and dry 177 

powder were subjected to three consecutive cycles of freezing at -20 °C for 8 h and thawing at 4 °C for 178 

16 h. At the end of the third cycle, the powder was reconstituted and adequately diluted with milli-Q 179 

water and Z-average hydrodynamic particle size was determined by DLS. 180 

Table 2 shows the composition of various vaccine formulations prepared to investigate the 181 

effect of TFF temperature (i.e., the temperature of the cryogenically cooled drum surface), the antigen, 182 

antigen amount and buffer molarity on the Z-average hydrodynamic particle size of AddaVax/OVA 183 

vaccine after subjected to TFFD and reconstitution. All formulations comprised 50 µL of AddaVax and 184 

trehalose at a concentration of 125 mg/mL and were frozen into thin-films at a drum temperature of -185 

100°C. Relevant samples (Table 2) were also frozen into thin-films at drum temperatures of -50°C and 186 

-180°C to study the influence of TFF temperature on the Z-average hydrodynamic particle size of the 187 

model vaccine. Frozen vaccine thin-films were lyophilized and the particle size distribution upon 188 

reconstitution was determined as described above. 189 

 190 

Table 2. Compositions of vaccine formulations prepared to investigate the effect of TFF temperature, 191 

antigen, antigen amount and buffer molarity on particle size distribution of AddaVax-adjuvanted model 192 

vaccines subjected to TFFD and reconstitution.  193 

Studied parameter 
Antigen (µg) Molarity of citrate buffer  

(pH 6.5) 
Drum (TFF) temperature 

(°C) OVA Lysozyme 

TFF temperature 6 - 

2.5 mM 

 

-50 

-100 

-180 

Antigen or antigen 
amount 

- 12 

-100 

12 - 

50 -  

Buffer molarity 

6 -  

6 - 5 mM 

6 -  1mM 

 194 

2.4 Characterization of AddaVax/OVA dry powders 195 
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Thermal analysis of AddaVax/OVA powder prepared using the TFFD technology was 196 

performed using a differential scanning calorimeter Model Q20 (TA Instruments Inc., New Castle, DE) 197 

equipped with a refrigerated cooling system (RCS40, TA Instruments Inc.). Samples were first cooled 198 

down to -40°C at a ramp rate of 10°C/min, then ramped from -40°C to 300°C at a heating ramp rate of 199 

5°C/min. Data were processed by TA Instruments Trios V.5.1.1.46572 software. Powder crystallinity 200 

was evaluated using a Rigaku Oxford Diffraction HyPix6000E Dual Source diffractometer (Tokyo, 201 

Japan) using a µ-focus sealed tube Cu Ka radiation source (l = 1.5418Å) with collimating mirror 202 

monochromators. The instrument was operated at an accelerating voltage of 50 kV at 0.8 mA. The data 203 

were collected at 100 K using an Oxford Cryostream low temperature device (Oxford Cryosystems Ltd, 204 

Oxford, United Kingdom). A continuous f rotation of the sample was maintained for each of three 205 

different orientations of the sample for 100 seconds for each frame.  The three frames collected on the 206 

2-dimensional detector were combined to generate a 1-dimensional powder pattern. The data collection 207 

and data reduction were performed using Rigaku Oxford Diffraction’s CrysAlisPro V 1.171.42.25a. 208 

Residual water content in the vaccine powder was quantified by volumetric Karl Fischer titration using 209 

a Mettler Toledo V20 titrator (Mettler Toledo, Columbus, OH).   210 

 211 

2.5 Preparation of AddaVax-adjuvanted influenza vaccine powders and Fluad Quadrivalent dry 212 

powder using TFFD 213 

 Four influenza vaccine formulations were prepared by mixing one or more rHA proteins at a 214 

total amount of 6 µg with 50 µL of AddaVax (Table 3). Trehalose in citrate buffer (2.5 mM, pH 6.5) 215 

was employed as a stabilizing agent at a concentration of 125 mg/mL. Formulations (100 µL) were thin-216 

film frozen at -100°C and lyophilized as described above. Fluad Quadrivalent vaccine was donated by 217 

HEB Pharmacy with approval of the Texas State Board of Pharmacy. Fluad Quadrivalent vaccine 218 

contains MF59 and the HA proteins of four influenza strains at 15 µg per 0.5 mL each. Trehalose 219 

dissolved in citrate buffer (2.5 mM, pH 6.5) (50 µL) was mixed with 50 µL of the Fluad Quadrivalent 220 

vaccine to reach a final trehalose concentration of 125 mg/mL. The resultant liquid Fluad Quadrivalent 221 

vaccine formulation was then frozen to thin-films at -100°C and dried as described above.  222 

 223 

Table 3.  Compositions of AddaVax-adjuvanted monovalent, bivalent, and trivalent influenza virus 224 

vaccines. 225 

 226 

 227 

 228 

 229 

 230 

 231 

Vaccine candidate 
AddaVax 

(µL) 

rHA antigen(s) (µg) 

Y-2 J-4 TJ-5 

AddaVax/Y-2 50 6 - - 

AddaVax/J-4 50 - 6 - 

AddaVax/Y-2/J-4 50 3 3 - 

AddaVax/Y-2/J-4/TJ-5 50 2 2 2 
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2.6 Characterization of AddaVax-adjuvanted influenza vaccine and Fluad Quadrivalent vaccine 232 

powders    233 

Thin-film freeze-dried vaccine powders were reconstituted in milli-Q water, and particle size 234 

distribution, polydispersity index (PDI) and zeta potential values were meausred using a Malvern Zeta 235 

Sizer Nano ZS after dilution with milli-Q water. The integrity of HA proteins was investigated using 236 

SDS-PAGE analysis. Samples for SDS-PAGE analysis and hemagglutination assay were reconstituted 237 

in 50 µL milli-Q water so that the HA content is 6 µg/50 µL to facilitate the analysis. Briefly, 10 µL of 238 

reconstituted representative influenza vaccine (i.e., AddaVax/Y-2) of Fluad Quadrivalent was mixed 239 

with Laemmli Sample Buffer (Bio-Rad, Hercules, CA) and β-mercaptoethanol (2%, v/v, Sigma-240 

Aldrich). Samples were heated at 95°C for 5 min prior to loading onto 4-20% Mini-PROTEAN® 241 

TGX™precast polyacrylamide gel (Bio-Rad). Gel electrophoresis was done at 100 V for 90 min. Gel 242 

was stained in a Bio-Safe™ Coomassie G-250 Stain (Bio-Rad). 243 

The integrity of the HA proteins in the TFFD powders was evaluated using a standard 244 

hemagglutination assay using chicken red blood erythrocytes as previously described [31]. Briefly, 245 

vaccine powders were reconstituted in water, and then 50 µL sample was 2-fold serially diluted using 246 

phosphate buffered saline (PBS, 10 mM, pH 7.2) in U-bottom 96-well plates. The samples were then 247 

incubated with 50 µL of 1% chicken erythrocyte suspension (Rockland Immunochemicals, Inc., 248 

Limerick, PA) in PBS at room temperature for 30 min. Hemagglutination titers were reported as the 249 

reciprocal of the last dilution where hemagglutination was observed (i.e., absence of chicken 250 

erythrocyte precipitation) and were expressed in hemagglutination units (HAUs)/50 µL.        251 

 252 

2.7 Animal studies   253 

Female BALB/c mice (6 to 8 weeks old) were from Jackon Laboratory (Bar Harbor, ME) and 254 

housed in microisolator units. The mice were allowed free access to food and water and were cared for 255 

under USDA Guidelines for Laboratory Animals. All procedures were reviewed and approved by the 256 

Institutional Animal Care and Use Committee at the University of Georgia. Mice (10 per group) were 257 

intramusculary injected twice, four-weeks apart, with different influenza virus vaccine formulations at 258 

a dose that contained 3 µg rHA protein(s) per mouse (Table 4). Mice were bled in weeks 0, 4 and 8. 259 

For viral challenge, mice were briefly anesthetized and infected with 50 µL A/Kansas/14/2017 H3N2 260 

intranasally (5 ´ 106 PFU). Mice were monitored for weight loss and euthanized 14 days after challenge. 261 

Weight loss more than 25% was used as a primary measurement for determination of humane endpoint. 262 

Also, dyspnea, lethargy, response to external stimuli and other respiratory distress was closely 263 

monitored for the determination of humane endpoint. 264 

 265 

 266 

 267 
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Table 4.  Animal study design.  268 

Group 
Treatment 

Vaccine Physical form rHA antigen(s) Adjuvant 

I AddaVax/Y-2 Powder Y-2 AddaVax 

II AddaVax/J-4 Powder J-4 AddaVax 

III AddaVax/Y-2/J-4 Pwder Y-2 and J-4 AddaVax 

IV AddaVax/Y-2/J-4/TJ-5 Powder Y-2, J-4 and TJ-5 AddaVax 

V Control Powder None AddaVax 

VI Control Liquid Y-2, J-4 and TJ-5 AddaVax 

VII Contol Liquid Y-2 AddaVax 

VIII Mock Not applicable None None 

 269 

2.8 Hemagglutination inhibition assay 270 

The hemagglutination inhibition (HAI) assay was used to assess the ability of anti-rHA protein 271 

antibodies to inhibit hemagluttination of erythrocytes by a panel of H1N1 and H3N2 viruses. The 272 

protocols were adapted from the WHO laboratory influenza surveillance manual [32]. Briefly, sera from 273 

mice 4 weeks after boost immunization were treated with receptor-destroying enzyme (RDE) (Denka 274 

Seiken, Japan) to inactivate nonspecific inhibitors. RDE was added 3:1, w/v, to sera and incubated 18 h 275 

at 37°C. RDE was then inactivated by incubation at 56°C for 45 min. RDE-treated sera were brought 276 

up to a final 1:10 mixture in PBS and then diluted in 2-fold serially in V-bottom microtiter plates. An 277 

equal volume of virus, adjusted to 8 HAUs/50 µL, was added to each well. H3N2 virus was adjusted 278 

with 20 nM Oseltamivir. After 20 min incubation, 0.8% erythrocytes in PBS were added (Lampire 279 

Biologicals, Piperville, PA). For H1N1, turkey erythrocytes were used. For H3N2, guinea pig 280 

erythrocytes in precence 20 nM Oseltamivir were used.  281 

 282 

2.9 Focus reduction assay 283 

Focus Reduction Assay (FRA) was used to assess the ability of polyclonal sera from vaccinated 284 

mice to neutralize H1N1 and H3N2 viruses in vitro as previously described [33]. Briefly, MDCK-285 

SIAT1 cells were plated at 5 ´ 104 cells per well in a 96-well plate in media (DMEM containing 5% 286 

heat-inactivated fetal bovine serum and penicillin-streptomycin). RDE-treated mouse sera were serially 287 

diluted 2-fold starting at 1:20 dilution in virus growth medium (DMEM containing 0.1% BSA, 288 

penicillin-streptomycin, and 1 µg/mL TPCK-treated trypsin). Sera (50 µL) was added to the cell 289 

monolayers. Afterward, 50 µL of virus (600 focus forming units (FFU)/50 µL) were added and the 290 

plates were incubated for 2 h at 37°C  with 5% CO2. The cells were overlaid with 1.2% Avicel (FMC 291 

Health and Nutrition, Philidelphia, PA) in 2´ modified Eagle medium containing 0.1% BSA, penicillin-292 

streptomycin, and 1 µg/mL TPCK-treated trypsin. Plates were incubated for 24 h at 37°C  with 5% CO2. 293 
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The overlays were removed and the cell monolayers washed with PBS to remove any residual Avicel. 294 

The plates were fixed with 4% formalin and cells were permeablized with 0.5% Triton X-100 in 295 

PBS/glycine. The plates were washed with PBS containing 0.1% Tween 20 and incubated for 1 h at 296 

room temperature with a monoclonal antibody against influenza virus A or B nucleoprotein from The 297 

IRR. After washing three times, the cells were incubated with goat anti-mouse peroxidase labeled IgG 298 

(474-1802; SeraCare, Inc, Milford, MA) for 1 h at room temperature. The plates were washed three 299 

times and infectious foci were visualized by adding TrueBlue substrate (SeraCare) containing 0.03% 300 

H2O2 to the cells for 10 min at room temperature. The reaction was stopped by washing with distilled 301 

water five times. The foci were counted using a BioSpot analyzer with ImmunoCapture 6.4.87 software 302 

(CTL, Shaker Heights, OH). The virus control well containing no sera was used for comparison of focus 303 

reduction.    304 

 305 

2.10 Statistical analysis  306 

 Student’s t-test or One-way ANOVA followed by Tukey’s or Dunnet multiple comparison test 307 

were performed using GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, 308 

CA). Differences were deemed significant if p ≤ 0.05. 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 
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3. Results and discussion 330 

3.1. Thin-film freeze-drying of AddaVax adjuvant 331 

   O/W nanoemulsions such as MF59 are vaccine adjuvants that can elicit robust antibody and 332 

cellular immune responses. O/W nanoemulsion-adjuvanted vaccines are freeze-sensitive. Formulating 333 

these vaccines as dry powders can potentially address their freezing sensitivity. Initially, we tested the 334 

applicability of TFFD technology for converting AddaVax, a preclincial grade equivalent of MF59, into 335 

a dry powder without adversely affecting its droplet size and size distribution. Our previous work 336 

showed that trehalose at low concentration can protect lipid-based vaccine adjuvants (e.g., liposomes) 337 

against freezing and/or drying-induced particle aggregation (unpublished data). Thus, liquid AddaVax 338 

formulation containing trehalose at a concentration of 30 mg/mL in citrate buffer (10 mM, pH 6.5) was 339 

frozen into thin films at a temperature of -100ºC followed by lyophilization. The same formulation was 340 

also converted to dry powder by standard shelf freeze-drying as a control. Approved seasonal and 341 

pandemic influenza vaccines comprise either AS03 or MF59 adjuvant equivalent to 10.69 mg or 9.75 342 

mg of squalene oil, respectively, per 0.5 mL dose. In this study, the formulation contained 50 µL of 343 

AddaVax per 100 µL, which is equivalent to 10.7 mg squalene oil per 0.5 mL. 344 

Dry powders of AddaVax prepared by TFFD or conventional shelf freeze-drying were 345 

reconstituted in water and mean droplet size of the nanoemulsion was determined by DLS. The droplet 346 

size is among the key quality attributes of nanoemulsion vaccine adjuvants [15]. It can affect both the 347 

nanoemulsion’s stability and adjuvanticity [15]. Thus, maintaining the integrity and size uniformity of 348 

nanoemulsion droplets in the dry powders is critical. As depicted in Figure 1A, the mean droplet size 349 

of AddaVax nanoemulsion did not significantly changed after it was converted to a dry powder using 350 

TFFD and reconstituted in water. On the contrary, shelf freeze-drying had a deleterious effect on the 351 

particle size distribution of AddaVax nanoemulsion, leading to significant particle aggregation or fusion 352 

as demonstrated by the extra groups of particulates or droplets in the range of 1 µm and 5 µm (Figure 353 

1B).  Thus, the Z-average mean droplet size of AddaVax in the dry powder prepared using shelf freeze-354 

drying was significantly increased. Since the frozen thin-films prepared by TFF and the frozen liquid 355 

prepared by shelf freezing were dried using the same lyophilization cycle, the observed different effects 356 

of these dry powder engineering technologies on the nanoemulsion droplet size can be attributed to the 357 

freezing step.  358 
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 359 

Figure 1. Effect of TFFD and shelf freeze-drying on AddaVax droplet size. (A) Mean droplet size of 360 

AddaVax after TFFD and reconstitution in water as compared to the liquid adjuvant (i.e., before TFFD). 361 

(B) Droplet size distribution of reconstituted AddaVax dry powder prepared using conventional shelf 362 

freeze-drying as compared to the liquid AddaVax before subjected to shelf freeze-drying. ns: non-363 

significant (p>0.05).  364 

3.2.  Thin-film freeze-drying of AddaVax-adjuvanted vaccines using OVA or lysozyme as model 365 

antigens 366 

3.2.1. Effect of stabilizers 367 

 AddaVax was successfully converted to dry powder using TFFD technology without a 368 

significant effect on mean droplet size and size distribution of the nanoemulsion after reconstitution. 369 

Then, the applicability of TFFD for converting AddaVax-adjuvanted vaccines into dry powders was 370 

investigated using sucrose, trehalose or mannitol as a stabilizing agent at a concentration of 100 mg/mL 371 

and OVA (6 µg) as a model antigen. Appropriate stabilizing excipient(s) must be incorporated in the 372 

formulation in order to protect the nanoemulsion droplets against possible freezing and/or the drying-373 

induced stresses [14, 22]. All excipients have helped to maintain AddaVax/OVA vaccine’s 374 

monodispersed particle size distribution after TFFD and reconstitution (Figure 1S); however, the 375 

vaccine’s mean particle size was increased (Figure 2A). Sucrose was more effective in maintaining the 376 

vaccine mean particle size after TFFD than trehalose (p<0.05) or mannitol (p<0.0001). Sucrose as a 377 

stabilizing excipient has resulted in a particle size increase by 42 ± 9 nm (i.e., 26%) after TFFD. When 378 

trehalose or mannitol was used as a stabilizing excipient at the same concentration level, the mean 379 

particle size increased by 63 ± 6 nm or 101 ± 4, respectively. This is in agrement with a previous report 380 

that sucrose was more effective than trehalose and mannitol in preserving the particle size of GLA-381 

SE/ID93 vaccine after freeze-drying [19].   382 

In addition to the identity of the stabilizing agent, its concentration in the formulation is also 383 

critical [34]. Thus, the stabilizing effect of various stabilizing agents at different concentrations on the 384 

vaccine particle size was investigated (Figure 2B-F). Overall, it appeared that sucrose or trehalose at 385 
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100 or 125 mg/mL was most effective in minimizing the increase in the particle size of the 386 

AddaVax/OVA vaccine upon TFFD and reconstitution. Mannitol was less effective, likely because 387 

mannitol crystallizes during freezing [35]. Trehalose at 100 or 125 mg/mL was also effective, but not 388 

as effective as sucrose. It was noted that trehalose at 250 mg/mL and 500 mg/mL resulted in bimodal 389 

particle size distribution in the reconstituted model vaccine (i.e., large aggregates with mean droplet 390 

size >1µm were observed) (Figure 2E-F). Generally, the higher the concentration of the stabilizing 391 

agent, the better its stabilizing effect. However, dispersion destabilization can be induced when the 392 

excipient’s concentration required for optimal stability is exceeded [36].  393 

Formulations containing various stabilizers at a concentration of 50 mg/mL were selected to 394 

investigate the crystallinity of their powders because they showed a clear distinction in their Z-average 395 

hydrodynamic particle size (Figure 2B-D). As depicted in Figure 3A, TFF of vaccine formulation 396 

containing β-D-mannitol at a concentration of 50 mg/mL resulted in the crystallization of β-D-mannitol 397 

mainly in the δ and a polymorphs with the δ polymorph dominating. Our previous work showed also 398 

that mannitol crystallizes during TFF in the a polymorph [24] or b and d polymorphs [37]. The 399 

distribution of mannitol crystal forms depends on the formulation compostion as well as the freezing 400 

and drying conditions [38]. For instance, in this study β-D-mannitol solution in water (50 mg/mL) 401 

crystallized in b and a polymorphs (data not shown). On the other hand, AddaVax/OVA powders 402 

containing either sucrose or trehalose were amorphous (Figure 3A). To be effective in protecting 403 

nanoemulsions against freezing and/or drying stress, stabilizing agents must retain amorphous 404 

structures during the freezing and drying steps [39, 40]. For instance, crystalline lyophilisate was 405 

reported to increase the mean particle size of  GLA-SE after reconstituion [19], possibly due to 406 

destabilization of the nanoemulsion’s membrane [41]. It is noteworthy that mannitol at low 407 

concentration (i.e., 0-1% w/v) promotes the formation of amorphous lyophilizate [19]; however, in this 408 

study mannitol at low concentrations was ineffective as a stabilizing agent. Consequently, mannitol was 409 

excluded from further investigations. Sucrose is a non-crystallizing sugar [42] that remains amorphous 410 

after TFFD and thus can maintain the integrity of the nanoemulaion’s droplets. Trehalose crystallizes 411 

as trehalose dihydrate during the freezing step, which in turn undergoes dehydration to amorphous 412 

anhydrate during the drying step [39]. Crystallization of trehalose during the freezing step can justify 413 

its relatively lower efficiency as a stabilizing excipient as compared to the non-crystallizing sucrose 414 

(Figure 2).       415 

As mentioned above, sucrose and trehalose were both effective when they were incorporated 416 

in the AddaVax/OVA formulation at a concertation of 100 mg/mL or 125 mg/mL. Sucrose is more 417 

hygroscopic than trehalose [43]. Water sorption by sucrose-based dry powders can deteriorate their 418 

physical properties [14, 22, 44]. As shown in Figure 3B, the glass transition temperature (Tg) of 419 

AddaVax/ OVA model vaccine containing trehalose or sucrose as a stabilizing excipient was 123°C 420 
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and 19°C, respectively. The observed Tg of amorphous sucrose is lower than the reported values (i.e., 421 

52-79°C) [45], which could be due to the relatively high residual water content in the vaccine dry 422 

powder (~5%). Thus, trehalose can be more effective than sucrose in long-term stabilization of vaccine 423 

powder due to its high Tg [40]. Furthermore, trehalose can slow the crystallization of low Tg 424 

formulations to an extent that they can be stored at ambient temperatures [45]. The Tg of the developed 425 

vaccine powder comprising trehalose as a stabilizer is sufficiently higher than room temperature and 426 

thus, the powder has the potential to be stored in ambient temperatures [22]. Therefore, the vaccine 427 

formulation comprising AddaVax (50 µL), OVA (6 µg), and trehalose (125 mg/mL) in citrate buffer 428 

(2.5 mM, pH 6.5) was selected for further investigations unless otherwise described.  429 

 430 

Figure 2. Effect of stabilizing agent and its concentration on mean particle size of AddaVax/OVA 431 

model vaccine. (A) The effeciency of sucrose, trehalose and mannitol in terms of maintaining the 432 

vaccine mean particle size after TFFD and reconstitution was invesitgated at sugar/sugar alcohol 433 

concentration of 100 mg/mL. Liquid vaccine fromulations (i.e., before TFFD) comprising different 434 

stabilizing agents at 100 mg/mL showed similar mean droplet size. (B-F) Effect of stabilizing agent 435 

concentration on the mean particle size of AddaVax/OVA powder prepared using TFFD after 436 

reconstitution in water. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: non-significant (p>0.05).   437 

 438 
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 440 

Figure 3. Characterization of AddaVax/OVA dry powders. (A) Powder X-ray diffraction (PXRD) 441 

patterns of thin-film freeze-dried AddaVax/OVA vaccine powders prepared with sucrose, trehalose or 442 

mannitol as a stabilizer as well as pure stabilizers as controls. (B) DSC thermograms of thin-film freeze-443 

dried AddaVax/OVA vaccine powders prepared with trehalose (i.e., AddaVax/OVA/Trehalose) or 444 

sucrose (i.e., AddaVax/OVA/Sucrose) as a stabilizer and pure sugars as controls. Inset, the non-445 

reversing heat flow thermogram of AddaVax/OVA/sucrose showing a recrystallization exothermic 446 

peak of sucrose.  447 
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3.2.2. Effect of freezing process (freezing rate) and repeated freezing and thawing on the particle 448 

size of AddaVax/OVA vaccine 449 

Shelf freeze-drying had a deleterious effect on the particle size distribution of AddaVax/OVA 450 

vaccine and led to an extra group of particulates in the range of 1000 nm (Figure 4A-B). Although the 451 

dry powder of AddaVax/OVA vaccine prepared using TFFD maintained a unimodal particle size 452 

distribution after reconstitution (PDI = 0.26 ± 0.02), vaccine mean particle size increased from 159 ± 1 453 

nm to 229 ± 10 nm (p<0.05). Since the freezing step is considered the most critical step for the integrity 454 

of freeze-dried emulsions [17, 46], the effect of freezing rate on the mean particle size of the vaccine 455 

was investigated. As shown in Figure 4C-D, the thin-film freezing step contributed to the increase of 456 

vaccine mean particle size to a smaller extent as compared to the the drying step (by 29 nm vs 41 nm, 457 

respectively, p<0.05). It was reported that coating of the oil droplet surface with trehalose through 458 

hydrogen bonding during the drying step can increase the hydrodynamic particle size by up to 80 nm 459 

[47]. The drying step was also responsible for the increase in the polydispersity index of the vaccine 460 

(Figure 4E). On the contrary, the deleterious effect of shelf freeze-drying process on the Z-average 461 

hydrodynamic partice size of the vaccine could be mainly attributed to the freezing step (Figure 4F). 462 

Nonetheless, the drying step had also lead to a slight increase of the vaccine hydrodynamic particle size 463 

(Figure 4F), likely in part due to coating of the particles in the vaccine by trehalose.    464 

The formation of ice crystals during freezing of emulsions can induce the aggregation and/or 465 

fusion of emulsion droplets as a result of surfactant layer aggregation [17, 46]. Addtionally, slow 466 

freezing results in large ice crystals and hence larger supercooling effects than fast freezing [48, 49]. 467 

Thus, the slow shelf freezing may have resulted in the bimodal particle size distribution in the 468 

AddaVax/OVA powder prepared by shelf freeze-drying. Consequently, we hypothesised that powder 469 

engineering technologies that achieve sufficientlly rapid cooling rates can protect the nanoemulsion 470 

droplets against aggregation or fusion. TFF achieves cooling rates (i.e., 102-103 K/s) intermediate 471 

between spray freeze (i.e., 106 K/s) and conventional shelf freezing (i.e., 0.017 K/s) [25]. The high 472 

freezing rates during TFF result in the formation of small ice crystals and homogenous distribution of 473 

the stabilizing agent [50]. Additionally, the large number of nuclei and thin ice channels formed during 474 

TFF prevent particle growth [26].   475 

According to prescribing information, liquid nanoemulsion-adjuvanted vaccines (e.g., Fluad 476 

and Fluad Quadrivalent) should not be exposed to freezing. They should be discarded if thery were 477 

accidentally exposed to a freezing temperature which can be critical in case of pandemics. To test 478 

whether thin-film freeze-dried vaccines containing an nanoemulsion as an adjuvant is sensitive to 479 

freezing, thin-film freeze-dried AddaVax/OVA vaccine powder was subjected to three cycles of 480 

freezing and thawing to test its freezing sensitivity. As illustrated in Figure 4G, the mean particle size 481 
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of the AddaVax/OVA vaccine dry powder was preserved after it was exposed to repeated freezing and 482 

thawing. On the contrary, repeated freezing and thawing of the liquid AddaVax/OVA vaccine resulted 483 

in significant particle aggregation (Figure 4H). Freezing results in the formation of a network of 484 

crystalline oil droplets, and the network collapses and droplets undergo coalescence during thawing 485 

[51]. These results demonstrate the benefits of converting vaccines containing nanoemulsions into dry 486 

powders.   487 

 488 

3.2.3. Effect of TFF temperature, antigen, antigen amount and buffer molarity on the particle 489 

size of AddaVax/OVA vaccine  490 

The applicability of TFFD for converting AddaVax-adjuvanted vaccines containing different 491 

antigens to dry powders was investigated using lysozyme or influenza virus rHA proteins (i.e., Y-2, J-492 

4 and TJ-5). As shown in Figure 5A-C, the Z-average hydrodynamic particle size values of adjuvanted 493 

influenza vaccine candidates and lysozyme model vaccine after subjected to TFFD and subsequent 494 

reconstitution did not significantly increase (p>0.05), unlike the AddaVax/OVA vaccine, pointing out 495 

the effect of antigen on the particle size in thin-film freeze-dried AddaVax-adjuvanted vaccines. To test 496 

whether other factors may be adjusted to minimize the increase in the hydrodynamic particle size of the 497 

AddaVax/OVA vaccine after subjected to TFFD, TFF temperature, buffer molarity and antigen amount 498 

were explored. In addtion to affecting the freezing rate, the freezing temperature also affects the crystal 499 

growth [50]. Our results showed that the AddaVax/OVA vaccine thin films can be prepared at a wide 500 

range of temperatures without a significant effect on the mean particle size of the vaccine (Figure 5D). 501 

Moreover, the buffer molarity and antigen amount did not appear to have any effect on the Z-average 502 

hydrodynamic particle size of AddaVax/OVA vaccine after subjected to TFFD and subsequent 503 

reconstitution (Figure 5E-F). Therefore, the vaccine formulation comprising AddaVax (50 µL), antigen 504 

(6 µg), and trehalose (125 mg/mL) in citrate buffer (2.5 mM, pH 6.5) in 0.1 mL and thin-film frozen at 505 

-100 °C was used for additional studies.  506 
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 507 

Figure 4. Effect of freezing process (freezing rate) and repeated freezing and thawing on the Z-average 508 

hydrodynamic particle size of AddaVax/OVA vaccine. (A) Particle size distribution and (B) Z-average 509 

hydrodynamic particle size of liquid and reconstituted AddaVax/OVA vaccine dry powders prepared 510 

using shelf freeze-drying or TFFD. (C-E) Effect of TFF on particle size distribution,  Z-average 511 

hydrodynamic particle size and PDI of AddaVax/OVA vaccine. (F) Effect of shelf freezing on particle 512 

size distribution of AddaVax/OVA vaccine. (G-H) Effect of repeated freezing and thawing on intensity 513 

particle size distribution of AddaVax/OVA vaccine as a thin-film freeze-dried powder or in liquid. 514 

*p<0.05, **p<0.01, ns: non-significant (p>0.05).   515 
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 516 

Figure 5. Effect of different antigens, antigen amount, buffer molarities, and thin-film freezing 517 

temperature on AddaVax-adjuvanted vaccines. (A) Z-average hydrodynamic particle size and (B) PDI 518 

values of AddaVax-adjuvanted influenza vaccines containing one or more rHA proteins at a total 519 

amount of 6 µg/100 µL. (C) Z-average hydrodynamic particle size of two model vaccines comprising 520 

12 µg/100 µL of OVA (i.e., AddaVax/OVA) or lysozyme (i.e., AddaVax/lysozyme) as an antigen. (D) 521 

The effect of TFF temperature (i.e., drum temperature) on the Z-average hydrodynamic particle size of 522 

AddaVax/OVA comprising OVA (6 µg/100 µL) was studied at three drum temperatures (i.e., -50, -100, 523 

and -180°C). (E) The effect of buffer molarity on the Z-average hydrodynamic particle size of 524 

AddaVax/OVA vaccine (i.e., 1, 2.5 and 5 mM). (F) The influence of antigen amount on the Z-average 525 

hydrodynamic particle size of AddaVax/OVA vaccine was investigated with AddaVax/OVA model 526 

vaccines with different amounts of OVA (i.e., 6, 12 or 50 µg/100 µL). Trehalose was employed as a 527 

stabilizer in all vaccine formulations at a concentration of 125 mg/mL. Vaccine formulations were 528 

frozen into thin films at a drum temperature of -100°C except for (D). Various antigens were loaded in 529 

the vaccine formulations at an antigen amount of 6 µg/100 µL except for (C) and (F). Formulations 530 

were prepared in citrate buffer (2.5 mM, pH 6.5) except for (E). **p< 0.01, ns: non-significant (p>0.05). 531 
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3.3. In vitro characterization of dry powders of AddaVax-adjuvanted influenza rHA vaccines 534 

AddaVax/rHA vaccines (i.e., AddaVax/Y-2, AddaVax/J-4, AddaVax/Y-2/J-4, and AddaVax/Y-535 

2/J-4/TJ-5) were prepared by dissolving one, two or three rHA proteins at a total rHA protein amount 536 

of 6 µg in 50 µL of citrate buffer (2.5 mM, pH 6.5) containing trehalose at a concentration of 250 537 

mg/mL, which was then admixed with AddaVax (50 µL). The vaccines were thin-film frozen at -100oC 538 

followed by sublimation to remove water. As shown in Figures 5A and 6A, the particle size and zeta 539 

potential values of all AddaVax/rHA vaccines did not significantly change (p>0.05) after subjected to 540 

TFFD and subsequent reconstitution. Additionally, subjecting the AddaVax/rHA vaccines to TFFD did 541 

not cause apparent aggregation nor degradation of rHA proteins based on SDS-PAGE data (Figure 6B). 542 

Importantly, the hemagglutination activity of the rHA proteins were maintained after the AddaVax/rHA 543 

vaccines were subjected to TFFD (Figure 6C). Overall, it appeared that subjecting protein antigens 544 

adjuvanted with AddaVax to TFFD did not comprise the integrity and activity of the antigens.  545 

  546 

 547 

Figure 6. In vitro characterization of AddaVax-adjuvanted influenza rHA vaccines. (A) Zeta potential 548 

values of vaccine candidates determined by DLS. (B) SDS-PAGE analysis of Y-2 rHA proteins 549 

reconstituted from the vaccine dry powders. (C) Hemagglutination titers of various AddaVax/rHA 550 

vaccines before and after they were subjected to TFFD and subsequent reconstitution. 551 

Hemagglutination titer assay was repeated twice with the same results. ns: non-significant (p>0.05).   552 

 553 

3.4. In vivo evaluation of AddaVax-adjuvanted rHA vaccines after subjected to TFFD 554 

 BALB/c mice were vaccinated twice at 4-week intervals to evaluate the immunogenicity of the 555 

dry powder AddaVax/rHA influenza vaccines, in comparison to the same vaccines that were not 556 

subjected to TFFD. Blood was collected 4 weeks after second vaccination and sera were analyzed for 557 

functional, neutralizing antibody titers against a panel of H1 and H3 viruses. Although mice are widely 558 
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used for preclinical trials of influenza vaccines, many strains, including BALB/c, do not show disease 559 

symptoms after infection with clinical isolates of H3N2 [52]. For future studies, DBA/2J mice that have 560 

shown to be susceptible to infection by human clinical isolates of influenza will be used [53]. However, 561 

the animal studies demonstrated that the immunogenicity of AddaVax/rHA influenza vaccine dry 562 

powders was maintained and comparable to their liquid counterparts (Figures 7-8). Sera from mice that 563 

were not immunized (i.e., Mock group) (Figure 7A) or immunized with AddaVax alone (i.e., liquid 564 

AddaVax group) (Figure 7B) did not show any hemagglutination inhibition activity. Mice that were 565 

vaccinated with liquid or reconstituted dry powder of AddaVax/Y-2 vaccine candidate (Y-2 is an H1 566 

rHA protein) produced HAI titers against currently circulating H1N1 influenza viruses, but not to pre-567 

pandemic strains (Figure 7C-D). A titer of 1:40 is accepted as a “protective” correlate of protection 568 

[54]. The HAI titers elicited by the liquid or reconstituted dry powder of AddaVax/Y-2 were not 569 

significantly different. Similarly, mice that were immunized with reconstituted dry powder of 570 

AddaVax/J-4 (J-4 is an H3 rHA protein) produced HAI titers against a broad range of H3N2 influenza 571 

viruses (Figure 7E). Mice that were immunized with reconstituted dry powder of AddaVax-adjuvanted 572 

influenza vaccine candidates containing both H1 (i.e., Y-2) and H3 (i.e., TJ-5 and/or J-4) rHA proteins 573 

produced HAI titers against a broad range of H3N2 influenza viruses as well as currently circulating 574 

H1N1 influenza viruses (Figure F-G). There was also no significant difference between the HAI titers 575 

of reconstituted and liquid AddaVax/Y-2/J-4/TJ-5 vaccines (Figure 7G vs 7H), demonstrating that 576 

subjecting the AddaVax/rHA vaccines to TFFD did not affect the HAI activity of the antisera induced 577 

by the vaccines.  578 

 To determine if the antibodies can block live virus infection, pooled sera from immunized mice 579 

were incubated with H1N1 influenza viruses (Figure 8A-B) or H3N2 viruses (Figure 8C-E). Then, the 580 

viruses’ ability to infect MDCK-SIAT1 cells was evaluted. Reconstituted dry powder AddaVax/Y-2 581 

vaccine candidate and its liquid counterpart elicited similar neutralizing antibody titers against 582 

A/California/07/2009, though liquid AddaVax/Y-2 vaccine induced higher neutralizing antibody titers 583 

against A/Brisbane/2/2018. Reconstituted dry powder AddaVax/Y-2/J-4/TJ-5 vaccine and its liquid 584 

counterpart elicited similar neutralizing titers against A/Brisbane/2/2018, A/California/07/2009, 585 

A/Singapore-INFIMH-16-0019/2016, and A/Hong Kong/4081/2014, and the reconstituted dry powder 586 

vaccine elicited higher antibody titers to the A/Kansas/14/2017 than its liquid counterpart. Finally, 4 587 

weeks after the second immunization, mice in all groups were intranasally challenged with 588 

A/Kansas/14/2017 (H3N2), but there was not any significant difference among any of the immunized 589 

groups in terms of weight loss (Figure 3S).  590 

 Vaccine particle size has been reported to affect the immunogenicity of the vaccine [18]. Data 591 

in Figures 7 and 8 showed that the slight mean particle size increase of the AddaVax-adjuvanted 592 

influenza vaccines after subjected to TFFD, though not significant, did not adversely affect their 593 
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immunogenicity in mice, indicating that TFFD is a promising technology for the conversion of MF59-594 

like nanoemulsion-adjuvanted vaccines into dry powders.  595 

 596 

Figure 7. HAI serum antibody titers induced by TFFD formulated vaccines in mice. BALB/c mice 597 

(n=10) were vaccinated twice at 4-week intervals with AddaVax/rHA influenza vaccine candidates 598 

formulated as powders by TFFD. Control groups were vaccinated with the liquid formulation 599 

counterpart, AddaVax only, or mock. HAI titers were determined for individual mice, with mean values 600 

indicated, 4 weeks after boost. The x-axis represents the viruses used, with H1N1 strains on the left of 601 

the solid vertical line and H3N2 strains to the right. The bottom and top dashed horizontal lines indicate 602 

1:40 and 1:80 titer, respectively.  603 
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 605 

Figure 8. Neutralizing antibody titers induced by dry powders of AddaVax/rHA influenza vaccine 606 

candidates prepared using TFFD. FRA was done using pooled mouse sera 4 weeks after boost. 607 

BALB/c mice were vaccinated twice at 4-week intervals with reconstituted dry powders of 608 

AddaVax/rHA, liquid AddaVax/rHA vaccine formulations, reconstituted dry powder of AddaVax 609 

prepared by TFFD, or mock. Each graph represents a strain used for FRA against H1N1 (A-B) and 610 

H3N2 (C-E) viruses, with vaccine groups indicated on the right. The dotted dash lines represent 50% 611 

and 80% inhibition by sera compared to virus-only controls. 612 
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3.5. TFFD of Fluad Quadrivalent, an MF59-adjuvanted vaccine 613 

Using various antigen and antigen combination, we have showed that TFFD can be applied to 614 

convert vaccines adjuvanted with AddaVax from liquid to dry powder with maintaining the 615 

immunogenicity of the vaccines. To confirm the applicability of TFFD to MF59-adjuvanted vaccines, 616 

commercially available Fluad Quadrivalent vaccine that contains MF59 was subjected to TFF at -100 617 

°C and using trehalose at 125 mg/mL as a stabilizer. Upon sublimation and reconstitution, the particle 618 

size, PDI, and zeta potential of the vaccine as well as the integrity and function of the HA antigens in 619 

the vaccine were determined. As shown in Figures 9A-B, the particle size and PDI of the reconstituted 620 

vaccine increased slightly, but the zeta potential of the vaccine was maintained (Figure 9C). The 621 

hydrodynamic particle size increase can in part be due to the strong interaction of trehalose with the 622 

vaccine upon drying, and it is expected that further composition optimization can help minimize the 623 

size increase. Importantly, the integrity of the antigens (Figure 9D) and hemagglutination activity of 624 

the HA antigens in the vaccine (Figure 9E) remained unchanged, further confirming that TFFD can be 625 

applied to convert a vaccines adjuvanted with MF59 or AddaVax into dry powders. This is to our 626 

knowledge the first report of formulating an MF59-adjuvanted vaccine into a dry powder. As MF59 is 627 

mainly used in influenza vaccines, this report is an important step towards the development of a stable, 628 

universal influenza vaccine.    629 

 630 

Figure 9. Characterization of Fluad Quadrivalent dry powder prepared by TFFD. (A) Mean particle 631 

size, (B) PDI and (C) zeta potential values of liquid vaccine (i.e., before TFFD) and reconstituted dry 632 

powder determined using DLS. (D) SDS-PAGE analysis. (E) Hemagglutination titers in HAUs/50 µL. 633 

Hemagglutination was repeated twice (n = 2) with the same results were observed. Fluad Quadrivalent 634 

vaccine is adjuvanted with MF59 and contains the HA proteins of four influenza strains at 15 µg/0.5 635 

mL each. Trehalose dissolved in citrate buffer (2.5 mM, pH 6.5) was employed as a stabilizer at final 636 

concentration of 125 mg/mL. Trehalose (50 µL) was mixed with 50 µL of Fluad Quadrivalent and then 637 

the liquid vaccine formulation was frozen to thin films at -100°C. The vaccine dry powder was 638 

reconstituted in 100 µL milli-Q water before characterization by DLS. Samples for SDS-PAGE analysis 639 

and hemagglutination assay were reconstituted in 50 µL milli-Q water so that the  HA content is 6 µg/50 640 

µL (i.e., 60 g/0.5 mL) to facilitate the analysis. *p<0.05, **p<0.01, ns: non-significant (p<0.05).  641 
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Conclusion  644 

MF59 is a nanoemulsion adjuvant in FDA-approved human influenza vaccines. MF59-645 

containing vaccines need cold chain for storage and transport, which may be avoided by converting the 646 

vaccines to dry powders. We report that TFFD can be applied to convert AddaVax, a preclinical grade 647 

equivalent of MF59, and vaccines containing MF59 or AddaVax from liquid to dry powders. The extent 648 

to which the particle size can be maintained was dependent on the antigen and the stabilizing 649 

excipient(s) used. Importantly, using monovalent, bivalent, and trivalent rHA antigens against H1 650 

and/or H3 influenza viruses, we showed that subjecting the rHA vaccines adjuvanted with AddaVax to 651 

TFFD did not significantly affect the immunogenicity of the vaccines in a mouse model, pointing to the 652 

potential of developing a universal dry powder flu vaccine.  653 
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