Validation of a diffusion-based single droplet drying model for encapsulation of a viral-vectored vaccine using an acoustic levitator
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Abstract
Development of thermally stable spray dried viral-vectored vaccine powders is dependent on the selection of a proper excipient or excipient blend for encapsulation, which can be a time and resource intensive process. In this work, a diffusion-based droplet drying model was developed to compute droplet drying time, size, and component distribution. The model predictions were validated using an acoustic levitator to dry droplets containing protein-coated or fluorescently labelled silica nanoparticles (as adenoviral vector analogues) and a range of excipient blends. Surface morphology of the dried particles was characterized by atomic force microscopy and the distribution of silica nanoparticles was quantified by confocal microscopy. The modelled distributions of adenovirus agreed with the microscopy results for three mannitol/dextran excipient blends with varying molecular weight dextrans, verifying the equations and assumptions of the model. Viral vector activity data for adenovirus in a range of (poly)saccharide/sugar alcohol formulations were also compared to the model outputs, suggesting that viral activity decreases when the model predicts increasing adenovirus concentrations near the air-solid interface. Using a validated model with excipient property inputs that are readily available in the literature can facilitate the development of viral-vectored vaccines by identifying promising excipients without the need for experimentation. 
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1. INTRODUCTION
	Spray drying has the potential to play a major role in the production of thermally stable vaccine powders and next generation pharmaceutics with stability at high temperatures and particle characteristics suitable for pulmonary delivery. Compared to other popular drying technologies such as freeze drying or vacuum drying, spray drying allows for more control over the final product, is more cost effective, and can more easily process large amounts of product (Amorij et al., 2008; Ré, 1998). By controlling the input parameters during spray drying, dry powder characteristics such as particle size, morphology, and moisture content can be controlled (Mondragon et al., 2011). For these reasons, there are many examples in the literature of droplet and spray drying models that can be used to assist in particle engineering by predicting powder properties without experiments (Langrish, 2009; Mezhericher et al., 2010; Schutyser et al., 2012). However, when formulations containing biologic materials, such as proteins or viral vectors, are spray dried, the ability to retain the effectiveness of the biologic is the most vital characteristic. Component distribution (the weight fraction variance of each chemical species with respect to the radius of a droplet or solid particle) is known to have a significant impact on the performance of a final dry powder, particularly in pharmaceutical products where exposure of biologic materials to the air-solid interface can lead to a decrease in activity (Devineni et al., 2014; LeClair et al., 2016a; Xu et al., 2014). Despite this, there is a lack of predictive models in the literature that are intended to guide the encapsulation strategies for stabilizing biologics.
In addition to the lack of models describing the effectiveness of biologics after spray drying, experimental methods to link biologic material distribution/location within a powder to activity loss are limited. Standard characterization techniques such as microscopy and surface elemental analysis are inadequate for powders containing viral vectors because of the relatively small volume of virus particles compared to the total volume of the powder, and the low probability of finding a viral particle at the surface. The sensitivity and spatial coverage and resolution of these techniques is often insufficient and, in some cases, working with biologically active/infectious agents is prohibited in instruments and facilities due to biosafety concerns. Employing an inactive “analogue” in the formulation to represent the biologic material can facilitate powder characterization and, as shown here, model validation. In the present study, we aim to develop an appropriate theoretical model to give formulators added insight into the location and activity of a viral vector in the encapsulating matrix of a drying droplet – this is beyond the apparent chemical interactions and makes for a cost-saving resource in an otherwise expensive development process.
The spray drying process in its entirety is complex, involving mass and heat transport within a droplet along with progressive phase transitions, all of which occur on a time scale of milliseconds. This makes it extremely difficult to collect drying data during the spray drying of samples. To best approximate the process, it is desirable to simplify the system to an individual droplet containing dissolved or suspended solids that is drying in a controlled environment (Sadek et al., 2015). This simplified system can be broken down into two drying stages: the first stage of drying occurs as solvent begins to evaporate from the droplet surface at a constant rate, dependent on the surrounding temperature and humidity, known as the constant rate period (Mezhericher et al., 2011). The radius of the droplet begins to shrink, and as more solvent evaporates, the concentration of the dissolved solutes will eventually reach saturation at the surface and precipitation will occur. This causes the formation of a solid shell around a liquid core. During the second stage, the evaporation rate slows significantly as water must now diffuse through the solid shell to reach the air-solid interface and evaporate, known as the falling-rate period (Sloth et al., 2006). Over time, the shell thickness will increase as water is removed from the droplet until a dry particle is formed. Depending on the rate of diffusion, the evaporation rate, and the mechanical strength of the shell, the particle may either remain the same size, or buckle and fold into a smaller particle during the falling rate period (Vehring, 2008). Two-stage models are the most common in the literature, as they make simulating the system less complex.
There are several models available in the literature that are specific to droplet drying, including semi-empirical models, deterministic models, and reaction engineering approach models (Mezhericher et al., 2010). Many of these models have been developed with spray drying in mind, and all can predict droplet or particle bulk characteristics such as size, drying time, and temperature, while several models can also predict the component distribution (Farid, 2003; Huang, 2011; Porowska et al., 2016; Sazhin et al., 2018). However, most of these models present computed results without experimental validation, or provide validation for basic predictions such as droplet size and drying time but do not verify their more complex predictions such as component distribution (Grasmeijer et al., 2016). This detailed level of particle engineering is of critical importance to new dry powder vaccines (our focus), making it necessary to create a comprehensive model of droplet drying where the component distribution is reasonably predicted and its results are experimentally verified. As such, the goal of this work was to explain the diminished activity of a human serotype-5 adenoviral vector (AdHu5) seen in our previous spray drying studies where the loss of effectiveness in this dry powder vaccine was hypothesized to be related to the virus proximity to the particle surface (LeClair et al., 2016a).
[bookmark: _Hlk73202667]Herein, predictions were made using a continuous, diffusion-based droplet drying model based on the deterministic model of Grasmeijer et al. (Grasmeijer et al., 2016) and compared to observations of experimentally produced particles using an acoustic levitator, which slows down the drying process and allows for real-time data to be collected. We have previously demonstrated that acoustic levitation of drying droplets mimics crucial aspects of the spray drying process (Morgan et al., 2019). The distribution of components and their relationship to viral activity loss were studied using an adenoviral analogue, specifically, protein coated silica nanoparticles (pSiNPs) to mimic AdHu5 (Pang et al., 2014). To the best of our knowledge, this is the first work that spatially locates adenovirus or adenoviral analogues within a dried particle, which is an important step towards understanding viral deactivation routes and excipient performance in thermally stable vaccine powders, leading to products with improved viral stability and effectiveness.
[bookmark: _Hlk65683462]2. MATERIALS AND METHODS
2.1 Preparation of protein coated silica nanoparticles (pSiNPs)
[bookmark: _Hlk73015955][bookmark: _Hlk73016395]	The particle size and coating were chosen to mimic AdHu5 without the associate biohazard. Carboxylated silica nanoparticles (SiNPs; 100 nm diameter) were purchased from Creative Diagnostics (New York, NY), at concentrations of 25 mg/mL. The SiNPs were covalently coupled to α1-acid-glycoprotein (Millipore-Sigma; Oakville, Canada) using a two-step 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) reaction based on Pang et al. and a protocol from Bangs Laboratories (Bangs Laboratories, 2010; Pang et al., 2014). Two rounds of centrifugation were used to wash 1 mL of SiNPs.  In each round, 10 mL of 2-ethanesulfonic acid (MES) buffer (Millipore-Sigma; Oakville, Canada; pH 6.0) was added to the SiNPs, followed by centrifugation at 10,000 G for 15 minutes and removal of the supernatant. After the second round of centrifugation, the SiNP pellet was re-suspended in 2.5 mL MES buffer (pH 6.0) using 15 minutes of bath sonication. After re-suspension, 100 mg of EDC was added while stirring the SiNP suspension continuously for 15 minutes at room temperature (between 23°C and 25°C) to allow the reaction to occur. The SiNPs were then washed again with two rounds of centrifugation in MES buffer (pH 7.2) and the pellet was re-suspended in 5 mL of MES buffer (pH 7.2) using bath sonication for 15 minutes. The α1-acid-glycoprotein (1 mg, Millipore-Sigma; Oakville, Canada) was dissolved in 5 mL of MES buffer (pH 7.2) was added to the SiNP suspension, and this mixture was agitated for 4 hours at room temperature to allow the coupling reaction to occur. In the final steps, the pSiNP suspension was washed in 10 mL of purified water while being centrifuged at 10,000 G for 15 minutes, and the pellet re-suspended in 10 mL of purified water using bath sonication for 15 minutes. The final pSiNP suspension was stored at 4°C until use, and the same batch of pSiNPs was used throughout all experiments. All purified water used had a resistivity of 18.2 MΩ cm. Dynamic light scattering, zeta potential measurements, atomic force microscopy (AFM), and Fourier-transform infrared (FTIR) spectroscopy were all used to confirm that the coupling reaction was successful (Supplementary Information, Table S1 and Figures S1 and S2). 
2.2 Droplet drying by acoustic levitation
	Excipients for the experiments included D-mannitol and dextran of three different molecular weights (Mr 10 kDa, 40 kDa, and 500 kDa), all purchased as USP grades from Millipore-Sigma (Oakville, Canada) and used as received. Mannitol was dissolved into purified water with a dextran of chosen molecular weight at a ratio of 75:25 by mass, respectively, at a total solids concentration of 4 wt%. Two different concentrations of pSiNPs were examined with this excipient solution, either at the so-called ‘normal’ loading, and a ‘high’ loading (50 times normal, which was more easily detected in dry particles). For the normal loading concentration, 16 µL of pSiNP suspension at a concentration of  pSiNPs/mL was added to 10 mL of the excipient solution to give an equivalent loading of particles to the viral vector in dry powder vaccines (Morgan et al., 2020, 2019). For the ‘high’ loading concentration, 800 µL of pSiNP suspension at a concentration of  pSiNPs/mL was added to 10 mL of excipient solution. 
In some cases, fluorescent carboxylated SiNPs (fSiNPs; 100 nm diameter) purchased from Creative Diagnostics (New York, NY) were used instead of pSiNPs, for visualization in confocal microscopy. The received fSiNPs (10 mL at 25 mg/mL concentration) were diluted to a concentration of  fSiNPs/mL in purified water and combined with mannitol/dextran equivalent to the ‘high’ loading (500 µL of fSiNP suspension for 10 mL of excipient solution) for pSiNPs, i.e., 50-fold the normal AdHu5 loading. 
A model 13D10 ultrasonic levitator with single-walled process chamber (tec5USA; Plainview, NY) was used to prepare particles; levitated particles are about 50 times larger than spray dried particles but have been shown to exhibit similar viral activity trends when drying conditions are replicated and are much easier to characterize for their surface morphology (Morgan et al., 2019). A 10 µL glass syringe (Hamilton; Reno, NV) with a 26G needle (Becton Dickinson; Mississauga, Canada) was used to place liquid droplets of approximately 2.5 μL in the standing acoustic wave of the levitator as well as to collect dried particles. The levitator was operated in a custom-made glove box with a programmable heat gun (Steinel; Bloomington, MN) to control the surrounding temperature of the droplet. Temperature and relative humidity (RH) measurements were measured continuously throughout the drying process using a USB sensor (Dracal; Brossard, Canada). The RH in the glove box was not controlled, varying with temperature, from approximately 30% RH at room temperature, to approximately 4% RH at the set temperature between 55°C and 60°C. A Celestron MicroDirect USB microscope and accompanying software (Celestron; Torrance, CA) was used to take a series of time-lapsed images during the drying process. In order to increase the sharpness of the droplet edge during imaging, droplets were backlit using an LED ring light passed through a light diffusing sheet. Custom-made Python software was used to measure both major and minor droplet axis lengths in pixels from the time-lapse images, as pressure from the acoustic wave flattens the droplet in the vertical direction so that the cross-sectional area is elliptical in shape. These values were converted into micrometers using a calibration.
2.3 Particle microscopy
	Samples mounted on a magnetic metal specimen support disc with double sided tape were imaged by AFM using tapping mode on a Bruker Multimode 8 AFM (Bruker; Santa Barbara, CA) at a scan rate of 0.25 Hz. Al coated silicon probes were used (NCHR probes from Asylum Research, Oxford Instruments, Santa Barbara, CA) with a nominal 42 N/m spring constant and 30 kHz resonance frequency. All images were processed with a standard third-order polynomial flattening technique in the NanoScope analysis software v.8.10 (Bruker; Santa Barbara, CA).
	Confocal laser scanning microscopy was done using an Olympus FV1000 laser scanning/two-photon confocal microscope (Waltham, MA) with an excitation wavelength of 559 nm. 75 scans spaced 2 µm apart were taken for a total depth of 150 µm for each levitated particle (dried in the acoustic levitator at 60°C and 4% RH; one particle for each mannitol/dextran blend was imaged) using the Olympus 20x NA 0.75 air objective. Particles were held in place using double sided tape. The images were captured using Fluoview FV100 software (Olympus; Waltham, MA) and image analysis was done using the Fiji package for ImageJ software (National Institutes of Health; Bethesda, MD) according to a previously published method (Schindelin et al., 2012).
3. NUMERICAL MODELLING – DROPLET DRYING
[bookmark: _Hlk73017155]	The droplet drying model used in this work was developed in Matlab (Mathworks Inc.; Natick, MA), adapted from a published model (Grasmeijer et al., 2016). In this model, the droplet was comprised of 40 concentric subshells of progressively decreasing thickness and increasing distance from the droplet center but equal volume, each composed of a uniform composition that changed as a function of time. For every iteration in the modelled droplet drying process, as the solvent evaporated from the outer surface of the droplet, the diameter of each shell was recalculated to keep the volume of each of the 40 subshells equal. 
[bookmark: _Hlk73017279]	The original model was modified to improve its accuracy for the current set of results, and to improve the ease of use when modelling new materials. Due to ‘acoustic streaming’ caused by the ultrasonic wave used for droplet levitation, the mass transfer from droplet to surroundings is higher than drying in stagnant air, as assumed in the original model (Kawahara et al., 2000). To account for this, a temperature-dependant dimensionless Sherwood number was added to the term calculating evaporative mass transfer of water from the droplet to its surroundings. At each temperature, a constant Sherwood number was assumed for the duration of drying, using reported Sherwood numbers at 25°C and 60°C in the literature (Schiffter and Lee, 2006).  Diffusion coefficients for the original model’s various dissolved components came from fitting data (Ekdawi-Sever et al., 2003; Grasmeijer et al., 2016). To reduce reliance of the model on experimental diffusion data, which may not be available for all excipients, subsequent coefficients  of all solutes were calculated using the Stokes-Einstein equation: 

[bookmark: _Hlk73182746][bookmark: _Hlk73182943]where  is the Boltzmann constant (J/K), T is the droplet temperature (K),  is the viscosity of the solvent (Pa s), and  is the hydrodynamic radius of solute i (m). Although experimental diffusion coefficients may be more accurate, the use of Equation (1) to determine diffusion coefficients allows users to get preliminary predictions from the model without any experimental data. The diffusion coefficient of water was also adjusted using a correlation from Mendoza and Schmalko, who measured the diffusion coefficient of water for the osmotic dehydration of papaya (Mendoza and Schmalko, 2002):

where  is the mass fraction of water. This correlation was selected to increase the robustness of the model at predicting the drying behaviour of carbohydrate-based formulations, as this equation was used to model the diffusion of water in a variety of carbohydrates of similar molecular weight (Mendoza and Schmalko, 2002) to those used in this study. 
To calculate the viscosity of systems containing dextran, an equation from Carrasco et al. was used to correlate the viscosity to temperature, concentration of dextran, and the molecular weight of dextran (Carrasco et al., 1989):

where  is a pre-exponential factor at infinite dilution (Pa s),  and  are constants for a given molecular weight, c is the concentration of dextran (%),  is the activation energy of viscous flow at infinite dilution (J/mol), and R is the universal gas constant (. The predicted viscosities for a 4% mannitol/dextran solution (1.6 m Pa s) and an 8% mannitol/dextran solution (1.9 mPa s) were comparatively similar to measured viscosities at 25°C for the same solutions (1.1 mPa s for a 4% solution and 1.3 mPa s for an 8% solution) (Morgan et al., 2020). This correlation was chosen as dextran was the largest excipient molecule modelled in this study and was considered to be the dominant cause for changes in viscosity, whereas the mannitol was assumed to have a relatively negligible influence on the modelled system viscosity. This assumption can be verified by the data of Moulik and Khan, who reported a change in viscosity of approximately 0.4 mPa s over a range of mannitol concentrations at 27°C, whereas Equation (3) predicts a change in viscosity of nearly 100 mPa s over the same range of concentrations at 25°C for dextran (Moulik and Khan, 1977).
	Additionally, the model was modified to significantly decrease the diffusion of solutes once the radius of the droplet stopped shrinking (i.e., once a solid shell had formed). This was to prevent the unrealistically rapid self diffusion of excipients in the highly concentrated media. The diffusion of water was allowed to continue as predicted by equation (2), since it reportedly accounts for the mobility of water through carbohydrates.
	In order to run the model, measured values for surrounding air temperature, RH, and initial cross-sectional area of the droplet were required as inputs. Several other material properties were required as inputs for each excipient or solute being modelled, namely dry density, molecular weight, hydrodynamic radius, and solubility in water. These properties can be readily found in the literature or in material data sheets provided by suppliers for most common excipients, including those used for these experiments. The model inputs for hydrodynamic radius, density, and molecular weight used in this work for the three dextrans, mannitol, and AdHu5 are provided in Table 1. We note that the density and radii of pSiNPs and fSiNPs are similar to AdHu5 (Pang et al., 2014). Code for the model is available upon request by emailing the authors.
Table 1: Model input values for hydrodynamic radius, density, and molecular weight for dextrans, mannitol, and AdHu5. 
	Component
	Hydrodynamic Radius (m)
	Density (kg/m3)
	Molecular Weight (kg/mol)
	References

	10 kDa Dextran
	
	1050
	10
	(Armstrong et al., 2004; Yamaguchi et al., 2018)

	40 kDa Dextran
	
	1050
	40
	

	500 kDa Dextran
	
	1050
	500
	

	Mannitol
	
	1490
	0.182
	(Better et al., 1997; Jenkins and Bell, 1987; Zhu and Yu, 2017)

	AdHu5
	
	1335 
	
	(Kennedy and Parks, 2009; Ruigrok et al., 1984; Wilcox and Ginsberg, 1963)



4. RESULTS AND DISCUSSION 
4.1 Droplet drying time, droplet size, and evaporation rate
To ensure that the model could accurately predict drying time, final particle size, and solvent evaporation rate, experimental drying results for pure mannitol, pure dextran, and a 3:1 blend by mass of mannitol/dextran (40 kDa) were compared to drying model predictions at both ~23°C (room temperature, measured on each day experiments were conducted) and 60°C. For comparisons to spray drying, 60°C was the more important temperature to consider, as it matches the outlet temperature of the spray dryer when drying powders containing AdHu5 (LeClair et al., 2016b). The 2D projected droplet areas seen by the USB microscope for these formulations were compared to their predicted areas by the model with respect to drying time, shown in Figure 1. Cross-sectional areas of the droplets rather than droplet diameters were examined to account for the slightly oblong shape of the droplets caused by the acoustic field in the experiments. Discontinuous gaps in the experimental data were caused by fluctuations of the droplet position within the acoustic field, leading to blurry images that could not be measured by the Python software and were removed from the drying curves. 
[image: ]
Figure 1: Comparisons of experimental data collected from an acoustic levitator to predictions made by the model for (a) 4% mannitol at 23°C and 26% RH; (b) 4% 40 kDa dextran at 23°C and 32% RH; (c) 4% mannitol and 40 kDa dextran at a 3:1 ratio at 23°C and 28% RH; (d) 4% mannitol at 60°C and 3% RH; (e) 4% 40 kDa dextran at 60°C and 3% RH; and (f) 4% mannitol and 40 kDa dextran at a 3:1 ratio at 60°C and 3% RH. Levitator images were collected every 10 seconds during drying. Irregularities in the experimental data plots are caused by fluctuations of the droplet position in the acoustic levitator while drying.
	In all 12 drying curves (Figure 1), the constant and falling rate stages can be identified by the two sloped lines in each plot. These comparisons show that the model accurately predicted the time to dry, indicated by the matching inflection point on each curve, for all excipients at both temperatures studied.  The model predictions are most accurate for single excipient formulations and lower temperature systems. The model also accurately matched the evaporation rate of water from the droplets, as the slope of the constant rate stage (region with the highest negative slope) is the same for both experimental and modelled results in all 6 samples. The model under-predicted the final particle size when experiments were performed at 60°C, possibly due to early precipitation of excipients experimentally at the increased evaporation rate. Since the droplet is shrinking faster than the diffusion of excipients away from the surface, there is an increase in excipient concentration at the surface, leading to faster shell formation (Vehring et al., 2007). This would cause the formation of particles with interior voids which are not accounted for in the model, leading to a bigger experimental particle than predicted by the model. Although drying time, particle size, and evaporation rate are not novel predictions for modelling a droplet drying process, it was important to validate the accuracy of the model before moving forward with more complex predictions. We also note that this is one of only a few examples in the literature where such a model has been matched to drying curves of acoustically levitated droplets containing dissolved solids.
4.2 Model validation of the component distribution
One of the most important and novel aspects of this modelling effort was the ability to predict the distribution of up to four different components, plus water, throughout a final dry particle. Although there are models in the literature that can predict component distribution, they are limited to single component systems or surface composition only, and none of these models have been validated with experimental results (Grasmeijer et al., 2016; Grosshans et al., 2016; Meerdink and van’t Riet, 1995; Porowska et al., 2016). There are also no examples of models in the literature that predict the distribution of particulate suspended in solution, like a viral vector, nor any that link model predictions to viral activity. The ability of an excipient or blend of excipients to encapsulate a viral vector, avoiding its exposure to a solid-air interface, is a critical factor to consider in formulation and process development. Biologics that are at or near the solid-air interface are more exposed to degradation stresses, such as heat, and more likely to undergo damaging chemical reactions or aggregation (Crowe et al., 1998). There are several examples in the literature of the link between increased biologics at the air-solid interface and their decreased activity and stability, and the amount of protein at the air-solid interface has been reported to be the dominant factor that determined protein degradation in freeze-dried samples (Devineni et al., 2014; Xu et al., 2014). LeClair et al. compared three different excipients or excipient blends for their ability to stabilize AdHu5, and found that the worst-performing excipient was the only formulation to have visible surface nodules, which were hypothesized based on their size to be viral particles (LeClair et al., 2016a). 
To explore the capability of the model to accurately reflect component distribution, three excipient formulations based on the 3:1 mannitol/dextran formulation containing AdHu5 were studied with the different molecular weight dextrans (10 kDa, 40 kDa, and 500 kDa). The dextrans were chosen to significantly vary the AdHu5 distribution in a particle, making for easier experimental validation. Figure 2 shows the component distributions in final dry particles of the three formulations, modelled at 60°C and 4% RH, for the same initial droplet diameter. These results are presented as mass fractions normalized for each component i (i.e., mass of component i in shell x/total mass of component i) so that all excipient distributions can be viewed on the same scale, as the AdHu5 makes up a very small portion of the overall mass in a particle and would be indistinguishable otherwise. 

   [image: ]
Figure 2: Predicted component distributions for a 3:1 mannitol/dextran excipient blend containing AdHu5 dried at 60°C and 4% RH in the acoustic levitator for three different molecular weight dextrans: (a) 10 kDa, (b) 40 kDa, and (c) 500 kDa.
	Among these three formulations, the greatest component change was the distribution of AdHu5 in each particle. Going from 10 kDa to 40 kDa to 500 kDa dextran caused a decline in AdHu5 particle concentration at the surface of a final dry particle, changing from 18% (10 kDa dextran) to 10% (40 kDa dextran) to 5% (500 kDa dextran). This is caused by a nearly ten-fold increase in hydrodynamic radius of dextran as its molecular weight increased from 10 to 500 kDa. As reported by Armstrong et al., the corresponding hydrodynamic radii for 10 kDa, 40 kDa, and 500 kDa dextrans are 1.9 nm, 4.8 nm, and 15.9 nm, respectively (Armstrong et al., 2004). This increase in hydrodynamic radius caused slower diffusion, and thus the larger dextran became concentrated at the air-liquid interface as the particle dried. The increase in dextran at the interface excluded the more freely mobile mannitol molecules and AdHu5 particles from concentrating at the same location. A similar segregation of the two excipients, mannitol and dextran, was also expected based on the differences in diffusion coefficients for mannitol and dextran in water reported in the literature (Meerdink and van’t Riet, 1995). This segregation can be seen in the component distributions shown in Figure 2, caused by the differences in diffusion rate discussed previously.
Computed drying histories showing the distribution of components in the droplet as a function of time for the three cases depicted in Figure 2 can be found as time-lapse videos in the Supplementary Information, Videos S1, S2, and S3. In all three videos, the composition changes rapidly until a shell forms at approximately 400 seconds, at which point water is the only component that diffuses at a noticeable rate. The videos also demonstrate that AdHu5 is initially driven to the interface, then begins to diffuse throughout the droplet and becomes more evenly distributed as the droplet nears shell formation. The change in the composition profiles over time for the three molecular weight dextrans are fairly similar making the component distributions of the final dried particle the most relevant for the discussion here.
	To experimentally validate these modelling results, the three different formulations with increasing dextran molecular weights and containing the ‘high’ loading of pSiNPs were tested in the levitator at 60°C and 4% RH, and the corresponding particle surfaces were imaged using AFM. Particles with ‘normal’ pSiNP loading proved ineffective in highlighting the component distribution differences, as no particles were detected at the surface likely due to the low probability of finding pSiNPs in the scanned region by AFM (data not shown). A control sample of 3:1 mannitol/dextran (10 kDa) containing no pSiNPs was imaged for comparison to establish a baseline for surface morphology. Figure 3 shows a side-by-side comparison of the surface of four samples: the control and three different formulations containing pSiNPs. Insets in Figure 3 highlight visible pSiNPs or clusters of pSiNPs as inferred from their spherical shape and dimensions. 
  [image: ]
[bookmark: _Hlk65663433]Figure 3: Surface images captured using AFM (amplitude images in tapping mode) of levitated particles at 60°C and 4% RH. All particles were composed of 3:1 mannitol/dextran, with various molecular weight dextrans: (a) 10 kDa dextran with no pSiNPs; (b) 10 kDa dextran with ‘high’ pSiNP loading; (c) 40 kDa dextran with ‘high’ pSiNP loading; and (d) 500 kDa dextran with ‘high’ pSiNP loading. Insets indicate examples of individual or clusters of pSiNPs. All scale bars are 1 µm. AFM height images with their color scales indicated are provided in the Supplementary Information, Figure S3, and all features measured are from height images, not the amplitude images shown here.
	The pSiNPs were seen on the levitated particle surfaces for all formulations except for the control, although the limited area probed by AFM (7 µm  7 µm) made it impossible to quantify differences in their surface content as a function of dextran molecular weight. Image analysis confirmed the diameter of these spherical surface features was between 115 – 125 nm, matching the size of pSiNPs dried from suspensions without excipients (also determined by AFM, Supplementary Information, Figure S1). Long shard-like crystalline regions of mannitol with well-defined edges could be seen as well as smoother regions corresponding to the amorphous dextran, indicating the heterogeneity of the particle surface; x-ray diffraction (XRD) analysis of levitated mannitol/dextran particles in a previous study showed that mannitol is the only crystalline component in this formulation (Morgan et al., 2019).  We note that AFM does not allow for quantification of the mannitol and dextran surface composition and differences in the visible amount of crystalline mannitol in Figure 3 are an artefact of the specific regions selected and should not be overinterpreted. XRD patterns of the three formulations were indistinguishable supporting that changing the molecular weight of dextran does not influence mannitol crystallinity or the overall particle crystallinity (Supplementary Information, Figure S4).
Importantly, the detected pSiNPs were only present in the dextran regions and were excluded from the mannitol crystals (Figure 3); we believe the pSiNPs mimic the surface chemistry and mobility of adenoviral particles in an evaporating droplet sufficiently well to compare to experiments with AdHu5 and the model developed here. Although this experimental result appears to support the hypotheses of others that crystalline materials are less likely to encapsulate and stabilize biologic materials, the importance of amorphous phases for stabilization of AdHu5 requires further research quantifying the long term (thermal) stabilization capabilities of crystalline and semicrystalline excipients  (LeClair et al., 2016a; Weers et al., 2007).
	In attempts to experimentally quantify the distribution of components at the air-solid interface for the three formulations, we focused on the AdHu5 component, whose location is likely the most crucial for viral stability and vaccine effectiveness. Fluorescently tagged fSiNPs were substituted into the samples at the same ‘high’ loading and imaged by confocal laser scanning microscopy, shown in Figure 4. The samples were imaged in air to limit the amount of fluorescent signal from inside the particle, although some signal penetration into the particle interior was still evident. The large images in Figure 4 were generated by creating a z-stack of average pixel intensity of 75 slices for each particle, representing the 2D flattened surface density of fSiNPs for an entire sphere. The small images at the bottom of Figure 4 are slices taken 0 µm, 50 µm, 100 µm and 150 µm from the outer top surface of the particle (left to right). Control samples of each formulation without fSiNPs confirmed that the levitated particles did not display any intrinsic fluorescence (data not shown). 




[image: ]
Figure 4: Confocal laser scanning microscopy images of mannitol/dextran particles levitated at 60°C and 4% RH with various molecular weight dextrans, all containing a ‘high’ loading of fSiNPs: (a) 10 kDa dextran; (b) 40 kDa dextran; (c) 500 kDa dextran. Large images are z-stacks created from average pixel intensities of 75 images taken 2 µm apart; smaller bottom images are (left to right) 0 µm, 50 µm, 100 µm, and 150 µm from the top of the particle. All scale bars are 100 µm.
This distribution of fSiNPs in Figure 4 is in agreement with the predicted AdHu5 distributions in Figure 2. The fSiNPs were highly concentrated at the surface of the sample with the 10 kDa dextran particles showing much more fluorescence (Figure 4a) than the other two formulations (Figure 4b and 4c). Despite the weak fluorescent signal from the interiors, there appeared to be many more fSiNPs distributed deeper in the dried particle as the molecular weight of dextran increased. To quantify this representation of the AdHu5 distribution, the overall emitted fluorescent signal was calculated from the average pixel intensity in each large image in Figure 4. The 10 kDa sample had the highest average pixel intensity of 20441, the 40 kDa sample had an average intensity of 9812, and the 500 kDa sample had the lowest average intensity of 6214. The ratios of fluorescent intensity are very similar to the model: for the 40 kDa sample the fluorescent intensity was 48% of the 10 kDa sample and the modelled surface mass fraction was 56% of the 10 kDa model; similarly, the 500 kDa sample had ratios of 30% and 28% for fluorescent intensity and modelled surface mass fraction, respectively. We note that fSiNPs and pSiNPs were equally representative of AdHu5 in this model since the assumed motion is calculated based solely on diffusion and does not account for chemical interactions between excipients and AdHu5/SiNPs, which could be added to future iterations of the model to increase the accuracy at predicting AdHu5/SiNP distribution with excipients of similar hydrodynamic radii.
4.3. Viral activity of different formulations interpreted based on model predictions	
[bookmark: _Hlk73203167]Previously published AdHu5 viral activity data for three types of acoustically levitated particles with different excipients were compared with the model to see if their component distributions correlated with activity (Morgan et al., 2019). Levitated particles were composed of 9:1 lactose/trehalose, 3:1 mannitol/dextran (40 kDa), or 1:3 xylitol/dextran (40 kDa), where the ratios quoted are weight fractions. Figure 5 shows the activity results for these three excipient blends and the component distributions as predicted by the model (with drying conditions of 55°C, 6% RH, and the same starting droplet size). According to our hypothesis, we expect activity losses to be proportionally higher when the virus is concentrated near the surface of the dried particles – the model was able to predict the trend in performance of different excipient formulations based on the modelled component distribution reasonably well. 
The lactose/trehalose formulation with the highest reported viral activity losses (1.6 log loss) was predicted to have 17% of all AdHu5 virus at or near the surface (calculated from the outer 2 µm), while the xylitol/dextran had only 5% of the virus at or near the surface and the lowest reported loss (1.0 log loss). Mannitol/dextran, which is predicted to have moderate activity loss between the other two blends (1.4 log loss), was predicted to have 10% of AdHu5 at or near the surface. These findings appear to support our hypothesis, originating from research done linking degradation of various proteins to the amount of protein at the air-solid interface and observations of LeClair et al. that found virus-sized nodules on the surfaces of spray dried leucine and lactose/trehalose AdHu5 vaccines which demonstrated high activity losses (Devineni et al., 2014; LeClair et al., 2016a; Xu et al., 2014). While this work does not speculate on the precise mechanism of deactivation of AdHu5 at air-solid interfaces, it does indirectly support that activity is linked to viral location within a dried particle. 
   [image: ]
Figure 5: A comparison of experimentally determined viral activity data (top left, from reference (Morgan et al., 2019)) to component distribution predictions made by the model for lactose/trehalose (top right), mannitol/40 kDa dextran (bottom left), and xylitol/40 kDa dextran (bottom right).
4.4 Particle engineering using modelling
In order to make recommendations on formulation and drying conditions, the input parameters to the model were adjusted with the aim of creating a more ‘ideal’ adenovirus distribution where the AdHu5 would be less concentrated at the surface of the final dried particle. The impacts of RH, drying temperature, and the addition of a fourth component to a base formula of 3:1 mannitol/dextran (40 kDa) was examined with all other parameters remaining the same. Temperature was modelled at 10°C, 23°C, 50°C, and 80°C with a constant RH of 4%; RH was modelled at 0%, 25%, 50%, and 75% with a constant temperature of 60°C; and the addition of SiNPs with diameters of 500 nm as the fourth component was modelled at concentrations of 0, 10, 100, and 1000 times the concentration of AdHu5 at a constant temperature of 60°C and a constant RH of 4%. Figure 6 shows the modelled distributions under these various conditions where only the distribution of AdHu5 at each condition is shown for clarity. The complete component distributions for all 12 conditions explored are provided in the Supplementary Information, Figures S5–S7. 
 [image: ]
Figure 6: The impact of increasing (a) relative humidity, (b) temperature, and (c) addition of SiNPs on the distribution of AdHu5 within the final dried particle. All modelling was done using a 3:1 mannitol/dextran (40 kDa) formulation.
	Figure 6a and Figure 6b show that a decrease in temperature or increase in RH during drying have the same effect of reducing the amount of AdHu5 at the surface, making it more evenly distributed. Both a lower temperature and a higher RH would lengthen the droplet drying time, allowing time for the components to diffuse throughout the droplet more evenly. Given slow enough drying, the distribution of components would tend toward a more uniform composition throughout the particle. However, this allows more time for AdHu5 to aggregate, which also leads to deactivation (Evans et al., 2004). Lower drying temperatures and higher RH would also lead to a final product with a higher moisture content which can lower the stability of the powder as water is a plasticizing agent that can depress the glass transition temperature (Ameri and Maa, 2006). Storage at or above the glass transition temperature can greatly increase the mobility of AdHu5 in the matrix and increase the chance of degradation; both the chemical and physical stability of the material are dependant on the glass transition temperature as well (Ameri and Maa, 2006; Hancock and Zografi, 1994). An increase in RH would also produce a larger particle as seen in Figure 6a (i.e., the modelled line ends at a larger radius for higher RH values), because the droplet does not completely dry out.
	Figure 6c shows that the addition of 500 nm SiNPs can also reduce the tendency of AdHu5 to partition at the surface of the final dry particle. In this case, the larger size of the SiNPs compared to AdHu5 would cause the SiNPs to diffuse slower and concentrate near the particle surface, forcing AdHu5 towards the center (Walters et al., 2014). This is similar to the effect seen using formulation additives such as surfactants like Tween 20, which competes to partition at the air-solid interface and can limit aggregation of proteins (Kreilgaard et al., 1998). However, selection of these additive components must be done carefully to ensure that they are approved for human consumption and non-toxic. Overall, these modelling results show that there are many different ways to approach particle engineering with an end goal of creating an even distribution of AdHu5, although the route towards “ideal” particles needs to be carefully considered to maintain biologic activity, thermal/storage stability and safety of the final product.
5. CONCLUSIONS
	These results show that the proposed diffusion-based droplet drying model can make accurate predictions for time to dry, final particle size, and component distribution within an individual drying droplet under various environmental conditions. The model also suggested trends in viral vector activity by demonstrating that activity decreases when the model predicts large amounts of AdHu5 at the particle surface, although future work should further investigate the predictive power of the model related to activity. We believe that the use of this model for particle engineering (with inputs of excipient properties easily available in the literature) is an ideal first step in formulation development and can reduce time and costs by identifying good encapsulating excipients and excipient blends without the need for experimental work. Overall, combining modelling predictions with experimental results from the acoustic levitator can substantially facilitate dry powder vaccines development without requiring large amounts of the active biologic; once a promising composition is identified, the activity of the final product can be optimized through spray drying. Future improvement to the model, including considerations for surface activity and chemical interactions, will allow predictions to be made for other active vaccine components, such as enveloped viruses and mRNA-based vaccines.
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