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ABSTRACT 

Purpose This work examines the relevance of viral activity in the optimization of spray drying 

process parameters for the development of thermally stable vaccine powders. In some instances, 

the actual active pharmaceutical ingredient (API) is not included in the process optimization as it 

is deemed too costly to use until the final selection of operating conditions, however, that 

approach is inappropriate for highly labile biopharmaceutics. We investigate the effects of spray 

drying parameters on i) yield, ii) particle size and iii) viral vector activity of a mannitol/dextran 

encapsulated recombinant human type 5 adenoviral vector vaccine, to demonstrate the effects 

and magnitude of each effect on the three responses, and further show that the API must be 

included earlier in the optimization. 

Methods A design of experiments approach was used with response surface methodology (RSM) 

to optimize parameters including inlet temperature, spray gas flow rate, liquid feed rate and 

solute concentration in the feed.  

Results In general, good conditions for maintaining viral activity led to reduced yield and fewer 

particles of the desired size. Within the range of parameters tested, the yield varied from 50%–

90%, the percentage of ideally size particles was 10%–50%, and the viral vector titre loss was 

0.25-4.0 log loss. 
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Conclusions RSM indicates that the most significant spray drying parameters are the inlet 

temperature and spray gas flow rate. It was not possible to optimize all three output variables 

with one set of parameters, indicating that there will only be one dominant criteria for processing 

which in the case of viral vaccines will likely be viral vector activity.  

 

KEYWORDS: spray dry, adenovirus, viral vector, particle size, titre, yield, process parameters, 

surface response methodology, optimization 

 

ABBREVIATIONS 

API   active pharmaceutical ingredient 
AdHu5LacZ  recombinant human type 5 adenoviral vector expressing Escherichia coli  
   β-galactosidase 
F   liquid feed rate 
F1-5µm   percentage of particles suitable for dry powder inhalation (1 - 5µm size) 
Mr   relative molecular mass 
Pe   Peclet number 
RSM   response surface methodology 
S   solute concentration in the liquid feed 
SEM   scanning electron microscopy 
SG   spray gas flow rate 
T   titre log loss 
TE   inlet temperature 
Tg   glass transition temperature 
We   Weber number 
Y   powder yield 
 

1. INTRODUCTION 

 Thermal sensitivity in biopharmaceutics ranging from antibiotics to viral vectors remains 

a major problem today [1–3]. Diminished pharmacological activity notably occurs at moderate 

temperatures through chemical degradation and protein denaturation for these drug candidates 

[4,5]. Maintaining efficacy often demands adherence to cold chain storage and handling 
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protocols, which increase the cost of the drug to patients and complicates widespread distribution 

when refrigeration is required [6]. As a result, it has become a global challenge to increase the 

thermal stability of many active pharmaceutical ingredients (APIs) to ease logistic concerns. The 

vector platform used in this paper is a human type 5 adenovirus (AdHu5) encoding LacZ for in 

vitro detection of activity. It is known that thermally unstable APIs lose activity even at -20°C 

[7,8]. The AdHu5LacZ vector is commonly used as a model biological within vaccination 

studies [9,10]. Normal storage protocols for AdHu5 vectors require temperatures of -80°C, thus 

it is a suitable biologic to model processing aspects of developing a thermally stable vaccine. 

Vitrification methods which are suitable for increasing the thermal stability of a biologic aim to 

allow storage at much greater temperatures, such as 2-8°C or possibly even ambient temperature. 

 Vitrification of biologics within excipient matrices can enhance stability and is achieved 

through methods such as lyophilisation or spray drying. Lyophilisation has traditionally been 

preferred for handling biologics in order to completely avoid exposure to elevated temperatures 

during processing though it can be a more expensive process [11]. Spray drying has received far 

less attention with biologics, but the growing research on thermally stable vaccines and focus by 

companies on continuous processes has increased interest in the method. However, it can be a 

costly process as well, based on equipment installation, maintenance and scale-up in accordance 

with cGMP requirements [12]. The attractive feature for spray drying in the area of thermally 

stable vaccine production are its robustness, scalability, and continuous nature for producing 

particulate-form pharmaceutics [13–15]. It is used for the manufacture of numerous solid oral 

dosage forms due to its continuous nature, short residence time, excellent particle size control, 

and low cost [13,16,17]. Furthermore, spray drying has been shown to provide reasonable 

scalability from the lab to industrial-scale processes [18].  
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 The process dries biologics within glass-forming ingredients to create particles whereby 

these therapeutic actives are immobilized in stabilizing matrices. Biologics maintain stability 

throughout the drying process as the added excipients are typically able to replace stabilizing 

bonds between the water and biologic [19]. These stabilizing matrices can consist of sugars, 

sugar alcohols, amino acids, and surfactants, as they effectively replace the water-stabilizing 

bonds of isolated biomolecules while moisture is removed from the system throughout the drying 

process [20]. The high glass transition temperatures of these matrix species (often Tg > 100oC) 

restrict molecular movement to the degree that aggregation of an API, such as a vaccine 

platform, is not possible [21]. The entrapped biologic within a stabilizing matrix is prevented 

from degrading and as a result, retains a higher activity after storage in moderate temperature 

environments. Previously, this has been demonstrated with a mannitol/dextran blend stabilizing 

AdHu5LacZ at storage temperatures as high as 55°C [15]. 

 Spray drying is less commonly used for labile ingredients in the face of other approaches 

such as lyophilisation for drying APIs, never properly considering the short residence time and 

thermal environment within sprayed droplets. As a result, little process understanding exists to 

meet the stated global challenges [22] of producing thermally stable vaccines by spray drying 

methods. Earlier studies related to the present work have specifically optimized the yield and 

particle size of spray dried particles [23–26]. Further work has examined the effects of spray 

drying process parameters on various species of bacteria [27–29]. Understandably, viral vectors, 

as considered in the present work, exhibit different stabilizing profiles than that of bacterial 

biologics and have not been included in previously published optimization studies. Viral vector 

stability is influenced not only by thermal damage, but is also subject to destabilization through 

other methods such as hydrophobic interactions or spatial position within a formed particle [15]. 
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 This paper will examine the main operational variables to spray drying a thermally stable 

vaccine platform based on AdHu5LacZ, though with the intent of highlighting the necessity of 

measuring viral vector activity, in conjunction with more traditional spray drying responses such 

as powder yield and particle size, during optimization. To the best of our knowledge, this work is 

novel and considers the optimization of viral vector activity through spray drying for the first 

time. Viral vector stability must be thoroughly examined during preliminary spray drying trials 

instead of focusing on yield or particle size, which has been observed in previous studies [30–

33]. This work argues for the viral vector to be included in the optimization trials despite the 

high expense.   

 

2. MATERIALS AND METHODS 

2.1. Chemicals and Adenoviral Vectors 

 D-mannitol and dextran (Mr 40,000 kDa) were purchased as USP grades from Sigma-

Aldrich (Ontario, Canada). Culture media was produced from α-minimum essential medium 

(prepared in the lab according to protocol by the supplier, Life Technologies; Ontario, Canada) 

with 10% fetal bovine serum and 1% streptomycin/penicillin (Invitrogen; Ontario, Canada). X-

Gal stock solution was purchased from EMD Millipore (Ontario, Canada). A recombinant 

replication-defective human type 5 adenovirus expressing Escherichia coli β-galactosidase 

(AdHu5LacZ) was produced in the vector facility of McMaster Immunology Research Centre as 

described previously [34]. 

 

2.2. Spray Drying, Process Parameters and Response Criteria 
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 Powders were produced from spray drying with a Mini Spray Dryer B-290 (Büchi; 

Switzerland). The spray dryer was equipped with a 0.7 mm spray nozzle and high performance 

cyclone. The pressurized spray gas was dried and filtered using an in-line silica gel desiccant air 

dryer (McMaster-Carr; Elmhurst, IL) and Aervent® 0.2 µm filter (EMD Millipore; Billerica, 

MA). The feed solution was composed of mannitol and dextran – both FDA-acceptable 

excipients (at a weight ratio of 67% mannitol and 33% dextran) along with the AdHu5LacZ 

vector (1.5 x 106 pfu). Previously we demonstrated that the Tg for this formulation was 130°C 

and that the thermal stability of AdHu5LacZ was superior with mannitol/dextran compared to 

other sugars and amino acids [15]. The stabilization of viral vectors by vitrification within a 

glassy matrix is well known but depends on the API; we believe this binary mixture is a 

particularly good example for AdHu5 but other glassy formulations, such as sucrose/trehalose or 

lactose/trehalose may be suitable and the results of this RSM are applicable to other 

formulations. Feed solute concentrations within this study were lower than the maximum that 

can be achieved due to the low amount of the AdHu5 vector used. It is disadvantageous to have a 

high powder excipient to viral vector ratio as this is troublesome for reconstitution and 

therapeutic delivery of the spray dried formulation. The aspirator rate was fixed at 35m3/h for 

each case. 

Adjusted process parameters in the study were inlet temperature (TE), gas flow rate (SG), 

liquid feed rate (F), and the solute concentration in the feed liquid (S). These process parameters 

were chosen as they were directly adjustable within the spray dryer process and anticipated to 

have the greatest effect due to previous reports within the literature [35,36]. Although the actual 

chamber temperature is important to the drying process, it is a correlated variable with many of 

the parameters tested and hence was not suitable to study. The parameter values used throughout 
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the optimization study are shown in Table 1, with each individual run listed; each parameter was 

studied at three levels to consider non-linear effects on the process. Optimization was performed 

based on the response criteria of (i) increasing the cumulative size fraction of spray dried 

particles in the range of 1-5 µm which are suitable for dry powder inhalation (F1-5µm), (ii) 

maximizing the overall powder yield (Y) and (iii) minimizing AdHu5LacZ titre log loss (lost 

bioactivity) as a result of spray drying (T); the rank of importance given to each response 

variable will be discussed later.  

 

Table 1. Design of Experimental Runs Examining Spray Drying Parameters. 
Run Inlet Temperature (oC) Gas Flow Rate (L/h) Liquid Feed Rate 

(mL/h) 
Solute Concentration 
(% w/w) 

1 0 0 0 0 
2 - + - + 
3 0 0 0 0 
4 - + - - 
5 + + - - 
6 - + + + 
7 + - - - 
8 + + + + 
9 0 0 0 0 
10 - - - - 
11 + + - + 
12 - - + - 
13 - + + - 
14 + + + - 
15 + - + - 
16 + - + + 
17 - - - + 
18 0 0 0 0 
19 - - + + 
20 + - - + 
21 - 0 0 0 
22 + 0 0 0 
23 0 - 0 0 
24 0 + 0 0 
25 0 0 - 0 
26 0 0 + 0 
27 0 0 0 - 
28 0 0 0 + 
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2.3. Imaging of Spray Dried Powders 

 The spray dried particles without viral vector were examined using a JEOL JSM-7000F 

scanning electron microscopy (SEM, JEOL Ltd., Japan). Previous examination has shown the 

powders to retain the same size and morphology with viral vector included [15]. Furthermore, 

the morphologies of spray dried particles at specific inlet conditions was reproducible with viral 

vector present (see Supplementary Information). Powder samples were mounted with double-

sided tape and sputter-coated with approximately 5 nm of gold. Micrograph images were 

collected at a working distance of 10.0 mm to 10.3 mm and an electron accelerating voltage of 

5.0 kV. Electron microscopy was performed at pressures below 5.0 x 10-4 Pa. Resulting images 

were analyzed using ImageJ software [37]. 

 

2.4. Sizing and Yield of Spray Dried Powders 

 Particle size was determined using a Malvern Mastersizer 2000 (Malvern Instruments, 

United Kingdom) equipped with a He-Ne laser. The powders were suspended in anhydrous 

ethanol at concentrations of 1.0 mg/mL. Tested powders did not include viral vector as it was 

confirmed through a few select samples that the inclusion of viral vector had no effect on 

measured particles size or morphology (see Supplementary Information Figures S1-S4). It was 

found through analysis of scanning electron microscopy images that the morphology and size of 

spray dried particles did not differ through the inclusion of viral vector for the formulation 

chosen in this study [15]. A representation of ideal particle size with a Feret diameter between 1-

5 µm was based on the cumulative weight fraction, F1-5µm, in the desired size range quantified as 

a percentage. This size range represents the suitability of the powder sample for intranasal 

pharmaceutical delivery as this size offers the best penetration into the lungs [38]. The first 
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moment (i.e. d50) of the size distribution was not considered as an appropriate optimization 

parameter in this study as some spray drying conditions produced such coarse particles that a 

bimodal distribution was found which inappropriately skews the average [39]. Choosing an 

interval size and accounting for the percentage of particles within that range was considered a 

more accurate manner to optimize the process and the size range chosen is identified as suitable 

for pulmonary delivery. 

 Powder yield was calculated simply as the mass of the powder out of the spray dryer 

divided by the mass of excipients originally spray dried multiplied by 100.  

 

2.5. In Vitro Testing of Spray Dried Particles 

2.5.1. Culturing of A549 Cells 

 A549 lung epithelial cells stored in liquid nitrogen were thawed. Cells were cultured with 

complete α-MEM in T150 flasks. The cell culture flasks were incubated in a Forma Series II 

Water Jacketed CO2 Incubator (Thermo Scientific Corporation; Waltham, MA) at 37.0°C and 

5.0% CO2. When cells reached 80-90% confluency, they were either split to a new culture flask 

or plated in a 96-well plate for in vitro testing. 

 

2.5.2. Spray Dried Formulation Viral Infectivity (Titre Log Loss) 

 Spray dried powders containing AdHu5LacZ were dissolved in culture media and then 

added to 96-well plates containing A549 lung epithelial cells for in vitro testing. Eight-fold serial 

volume dilutions were created at dilutions of 100 to 10-7 of the reconstituted sample. The A549 

lung epithelial cells were incubated with the AdHu5LacZ dilutions for 24 hours. Afterward, the 

cells were fixed with a 0.2% glutaraldehyde (Sigma Aldrich)/0.8% fomaldehyde (Sigma Aldrich) 
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solution in phosphate buffered saline (%v/v) for less than five minutes. The fixative was 

removed, and viral activity was detected using the X-gal color reaction with 5-bromo-4-chloro-3-

indoyl β-(D)-galactoside. Cells positive for LacZ transfection were observed with an Axiobert 25 

inverted light microscope (Zeiss, Germany). The resulting median tissue culture infectious dose 

(TCID50) was calculated using the Reed-Muench method [40]. This end titre was compared with 

the initial titre to determine total titre loss from spray drying. 

 

2.6. Data Analysis 

 The optimization study was produced using a Box-Wilson Central Composite Design 

response surface methodology within Design-Expert 7.0 (Stat-Ease, Minneapolis, MN). The 

experimental design was set up with the four process parameters at three levels, as discussed in 

Section 2.2. Three replicates were included for the center point to evaluate uncertainty. The 

initial factorial trials were performed in a random order to minimize bias. Data was analyzed 

through RSM and all statistical plots were created using the statistical package R (R Foundation 

for Statistical Computing, Austria). RSM models were calculated as surface plots of best fit to 

the experimental data. Each model was statistically significant (p ≤ 0.01), indicating that each 

response was affected by the tested process parameters. Process parameters were determined to 

be statistically significant at p ≤ 0.05, thus process parameters and parameter interactions that did 

not meet this criteria (p > 0.05) were not included in the model. 

 

3. RESULTS 

 To represent the significance of each process variable to the responses of the weight 

fraction of particles with the desirable size, powder yield and viral vector titre log loss, a linear 
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regression model was constructed. An ideal optimized set of process conditions from the 

standpoint of being industrially relevant, would see vaccine powders produced with F1-5µm > 

95%, >85% powder yield and less than 1 log loss; the goal of the program was to ultimately 

develop a thermally stable tuberculosis vaccine intended to be administered by dry powder 

inhaler. Each response was defined in Section 2. The three response surfaces corresponding to 

the selected process variables are given in Table 2. 

Table 2. Response Surfaces for the Spray Drying of Mannitol/Dextran Particles Containing 
AdHu5LacZ. 
Response variable Expression* Eqn. 
𝐹!!!!" (%) 𝐹!!!!" = 25.89− 3.94𝑇𝐸 + 8.68𝑆𝐺 − 2.60𝐹 − 8.87𝑆 − 1.02𝑇𝐸

∙ 𝐹 + 5.64𝑆𝐺 ∙ 𝑆 − 6.90𝑇𝐸 ∙ 𝑇𝐸 +  9.60𝐹 ∙ 𝐹 
(1) 

Powder Yield (%) 𝑌 = 82.34− 6.80𝑇𝐸 − 2.93𝐹 − 3.54𝑆 − 6.02𝑇𝐸 ∙ 𝐹 + 17.81𝑇𝐸
∙ 𝑆 + 21.44𝐹 ∙ 𝑆 − 14.08𝐹 ∙ 𝐹 

(2) 

Titre Loss (log) 𝑇 = 0.99+ 0.67𝑇𝐸 + 0.81𝑆𝐺 − 0.011𝐹 − 0.92𝑆 + 0.79𝐹 ∙ 𝑆
+ 1.76𝑆𝐺 ∙ 𝑆𝐺 

(3) 

* Spray drying process parameters: inlet temperature (TE), spray gas flow rate (SG), liquid feed 
rate (F) and solute concentration (S). 
 

3.1. Percent of Ideally Sized Particles (F1-5µm) 

 In examining the effect of spray drying parameters on F1-5µm, all four parameters were 

found to be significant terms of the surface response model (Equation 1 in Table 2) along with 

the second order terms of TE•TE and F•F, and the two-way interactions of SG•S and TE•F. 

 The effect of each parameter on F1-5µm is shown in the given surface plots in Figure 1. F1-

5µm was found to be as low as 10% and as high at 45% in the study but never approached the 

ideal case (i.e. >95%). The second-order effect of inlet temperature meant that a maxima 

occurred for F1-5µm at moderate temperatures. Conversely, the second-order effect of liquid feed 

rate meant that a minima occurred for F1-5µm within the range of tested rates. Increasing the 

solute concentration reduced F1-5µm while increasing the gas flow increased F1-5µm. These trends 

agree with previous observations by Elversson et al., where increasing solids content increased 
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the resulting particle size, and increasing the spray gas flow rate reduced the formed spray 

droplets[38]. 

 

Figure 1. Surface plots for statistical model (Equation 1, Table 2) of percentage of particles 
sized 1-5 µm (%) against all process parameters. 

3.2. Powder Yield 

 The significant main model terms for spray drying powder yield were TE and S, whereas 

the significant second order term was F•F, and two-way interactions were TE•S, F•S, and TE•F. 
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The model of surface response for powder yield is given as Equation 2, in Table 2. Powder yield 

ranged from > 90% to 50% within this study. 

 Surface plots in Figure 2 show the influence of each spray drying process parameter on 

powder yield. Inlet temperature exhibited a complex influence on powder yield by being 

correlated with solute concentration and feed rate, often producing a maxima in the range of 

120oC. A lower yield was produced using a higher solute concentration for the matrix ingredients 

dissolved in the supplied liquid. The solute concentration and feed flow rate interacted positively 

on yield; the same was true for the interaction between inlet temperature and solute 

concentration. Maury et al. have previously reported on the influence of spray dryer parameters 

on powder yield, observing a decrease in powder yield at high inlet temperatures and increased 

liquid feed flow rates[23]. 
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Figure 2. Surface plots for statistical model (Equation 2, Table 2) of powder yield (%) against all 
process parameters. 

 

3.3. Titre Loss 

 The computed response surface for titre loss is given by Equation 3 in Table 2. The main 

model terms determined to be significant (p ≤ 0.05) were TE, SG, S, while the significant 
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second-order effect was SG•SG and the two-way interaction was F•S. Their adjustment over the 

range of levels tested significantly altered the resulting total titre loss.  

 Surface plots modeling the effects of process parameters on total titre loss are shown in 

Figure 3; the lowest titre loss was sought in this study (corresponding to the highest retained 

bioactivity). The titre loss varied from less than 0.5 log loss to 4.0 log loss compared to the 

original viral vector stock (control). This implied that there is a wide range of spray drying 

parameters that can lead to viable APIs where less than 1 log loss is considered good but greater 

than 2 log loss is poor. The chosen surfaces in Figure 3 demonstrate the influence of the 

significant processing parameters on the resulting viral vector titre in the collected powders. The 

total titre loss for the adenovirus-containing powder was reduced by increasing the solute 

concentration within the liquid feedstock but was increased at high gas flow rate and high inlet 

temperatures. The feed rate generally did not influence the resulting viral vector titre loss except 

when correlated with changes in the solute concentration. In these cases, a higher feed rate 

minimized the negative outcome of lowering the solute concentration. Previously, work has 

examined the effects of spray dryer parameters on recovery of bacterial cells, particularly in the 

food industry [27–29]. The results within this work extend upon this through the use of a viral 

vector, for which stabilizing profiles differ from that of a bacterial cell. 
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Figure 3. Surface plots for statistical model (Equation 3, Table 2) of AdHu5LacZ total titre loss 
(log) against all process parameter combinations.  
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4. DISCUSSION 

4.1. Process Parameter Effects on Particle Size (F1-5µm) 

 Typically, the low-end tail of the particle size distribution extends into the 1-5 µm range 

(F1-5µm); the dominant proportion of particles are much larger than the identified ideal size range 

sought in this study. Examples of two distinctly different size distributions observed are given in 

Figure 4 with the fraction of particles contributing to F1-5µm highlighted. These different 

distribution shapes can arise, for example, from the collapse and breaking of spray dried particles 

which Figure 4b represents. 

 

Figure 4. Particle size distributions of two trials are shown with the ideal size range (F1-5µm) 
outlined by the vertical black lines. Distribution (a) presents a typical size distribution formed 
from non-collapsing particles (Run 2) whereas (b) shows a size distribution formed from 
collapsing and breaking particles (Run 6). 

 

 Inlet temperature of the spray dryer exhibits a second-order relationship with F1-5µm 

(Figures 1b, c, f) where the highest and lowest temperatures tested produce a lower amount of 

particles in the desired size range of 1-5 µm. At the higher end of the tested temperature range, 

particle temperature approaches the glass transition temperature of the matrix species and 

coalescence based on bridge formation between particles becomes possible, as observed in 

Figure 5 [41]. Furthermore, the high Peclet (Pe) number corresponding to these drying 
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conditions leads to a higher likelihood of larger sized (yet hollow) individual particles since 

surface solidification occurs much faster than solute diffusion within the droplet [42]. The Pe 

number given in Equation 4 represents the balance of evaporation rate (κ, Equation 5) versus 

solute diffusion, Di in this process [43]: 

 𝑃𝑒 =  
𝜅
8𝐷!

 (4) 

 

 𝜅 = ℎ𝐴(𝑇 −  𝑇!) (5) 

 

where the evaporation rate is increased by a larger temperature gradient between the drying 

droplet (T) and the air in the spray drying chamber (T∞). The evaporation rate is also related to 

the convective heat transfer coefficient of the process (h) and the surface area of heat transfer 

(A). Thus, increasing the inlet temperature of the spray dryer increases drying and the formation 

of large, hollow particles, which is characterized by a greater Peclet number. The creation of 

hollow particles through spray drying often occurs using matrix solutes that poorly diffuse from 

the droplet surface, such as L-leucine, as shown in other studies [44,45]. However, it has also 

been observed that even highly soluble molecules can form hollow particles at high evaporation 

rates [38]. The sunken depressions observed on the surfaces of formed mannitol/dextran particles 

by SEM in Figure 5 are characteristic of such hollow structures, and thus larger in size than 

particles with a compact core. Overall, higher inlet temperatures promote the formation of larger 

and more hollow particles. Conversely, low inlet temperatures facilitate slower drying, which is 

more likely to produce denser particles. However, low temperatures are less efficient at drying 

the formed particles, and thus results in higher residual moisture contents. Water is a plasticizer 

to the matrix ingredients used here, depressing the glass transition temperature and promoting 



Page 20 
 

particles to bind together should they collide [46]. The overall effect for low inlet temperatures is 

the production of aggregated particles. Some of the large aggregates that are formed from low 

temperature drying are shown in Figure 6. 

 

Figure 5. Spray dried particles (without AdHu5LacZ) formed at an inlet temperature of 150°C as 
imaged by SEM at (a) 3000x and (b) 5000x magnification. Significant bridging between particles 
is observed.  

 

Figure 6. Spray dried particles (without AdHu5LacZ) formed at an inlet temperature of 90°C as 
imaged by SEM at (a) 3000x and (b) 5000x magnification  Particles adhere to each other due to 
incomplete powder drying.  
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Our results indicate that gas flow is linearly related to F1-5µm. Hede et al. have 

demonstrated this relationship through the Weber number (We) where larger Weber numbers 

result in smaller sized particles [47]. The increased inertial terms of the Weber number caused by 

higher gas velocity is more likely to overcome the surface energy of the fluid to produce smaller 

droplets and hence smaller dry particles. 

 A second-order relationship was found between F1-5µm and the liquid feed rate (Figures 

1a, b, d) with a minimum determined within the range of tested conditions. At low feed rates, a 

smaller amount of liquid is dispersed to form smaller droplets [48]. The trend resembles previous 

work modeling an exponential decrease in formed droplet size from an atomizer as the liquid 

feed to the system is reduced [47]. Increasing feed rate based on this theory should form large 

droplets; however, another phenomenon which begins to dominate causes this trend to gradually 

reverse. At a constant solute concentration, the larger particles are more hollow with a thinner 

shell than particles formed from smaller droplets [38]. The result is particles more prone to 

collapsing and breaking, which produces smaller-sized particles. These particles are shown in 

Figure 7, where the appearance of broken particles presumably leads to the creation of finer-

sized debris. A single collapse/break can form many smaller particles, and thus the percentage of 

particles between 1 and 5 microns increases at high feed rates. Particle size data shown in Figure 

4b indicates that such breakage can lead to a bimodal distribution. 

 It is known that a higher feed rate also corresponds to a lower outlet temperature within 

the spray dryer [49], which would indicate lower Peclet number drying. It was generally 

measured, and observed in Figure 7, that the effect of a high feed rate was more significant in 

producing hollow particles than the lower Peclet number drying was in preventing them. 
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However, the mentioned influence of the feed rate on the drying temperature seems present in 

the interaction parameter TE•F and so was a significant contributing effect overall (Table 2). 

Thus the formation of larger, more hollow particles (and smaller particles, through the collapse 

of these larger particles) results from a balance between the large droplets formed at high feed 

rates and the lower Peclet number drying (which promotes fewer hollow particles). The 

interaction parameter explains the small minima present when adjusting the feed rate or 

increasing inlet temperatures for a fixed feed rate. This reduction in F1-5µm is presumably due to 

less collapsed particles on account of the change in Peclet drying induced by the change in the 

feed flow rate.  

 

Figure 7. Spray dried particles (without AdHu5LacZ) formed at the high liquid feed rate imaged 
by SEM at 5000x magnification. 

 

 The solute concentration has a simple linear effect on F1-5µm, like gas flow rate, with 

fewer particles of ideal size occurring due to preferential growth as the solute concentration was 

increased. This is related to the gradient in solute concentration radially within the droplet and a 
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receding capacity for solute to diffuse to the centre as the droplet shrinks through evaporation 

[42,50].  

 

4.3. Powder Yield 

 The response surface with respect to powder yield shows similar trends to F1-5μm for the 

most significant processing parameters. Yield displays a simple linear dependency on inlet 

temperature, decreasing yield as TE increases, despite the non-negligible interaction terms for 

inlet temperature with solute concentration and feed rate (Equation 2). The increased likelihood 

of particle bridging with increased inlet temperature mentioned in Section 4.2 (and shown in 

Figure 5) will similarly result in more particles adhering to the spray chamber wall. By sticking 

to the wall, less powder was collected from the separating cyclone and hence yield decreased. 

 A second-order relationship exists for feed rate with a displayed maximum in the range of 

tested conditions. Yields decrease at higher and lower feed rates due to particle adherence to the 

spray dryer glassware. At low feed rates, there is less liquid for evaporation within the drying 

chamber, thus raising temperatures within the spray drying glassware [49]. Higher drying 

temperatures results in more free-flowing and adhering particles due to the particle Tg. Higher 

feed rates lower the temperature within the spray dryer, but also increases the moisture content of 

the particles [51,52]. Greater particle water content reduces the matrix Tg, thus although the 

temperature within the spray dryer is lower, the temperature at which the particles become sticky 

and free flowing is also lower. Sticky and free flowing particles readily adhere to the spray dryer 

chamber walls, reducing powder yield. Similar particle adherence has previously been observed 

in studies by Bowen et al. and Gikanga et al. with the use of benchtop- and industrial-sized spray 

dryers [53,54]. Our work agrees with the conclusions by Bowen et al. and Gikanga et al. in 

comparing bench top- and industrial-sized spray drying, highlighting that powder yield is 
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majorly impacted by adherence of spray dried particles to the glass chambers. Thus our findings 

can be appropriately scaled to apply to larger spray dryer units. These effects are further evident 

from the interaction between inlet temperature and feed rate (TE•F, Figure 2b). At the maximum 

for each of these conditions, both spray dryer temperature and particle moisture are elevated. The 

reduced glass transition temperature of these particles at high temperatures causes the greatest 

particle adherence, and greatest loss of yield. 

 Interaction between the feed rate and solid matrix concentration (F•S) is shown in Figure 

2a. The yield exhibits a parabolic dependency on the feed rate, as discussed previously. 

Increasing the solute concentration increases the feed rate at which the maximum yield occurs, 

meaning optimal powder yields occur at higher feed rates for higher matrix solid concentrations, 

and at lower feed rates for lower matrix solid concentrations. This is not a major shift, as the 

optimal powder yield feed rate at the lowest and greatest matrix solid concentrations is 

approximately 190 mL/h and 230 mL/h, respectively, indicating only a modest change in feed 

rate for varying matrix solid concentrations. This small variation is likely a result of the thermal 

property changes at these conditions. As described, major powder losses occur due to powder 

adhering to the wall of the spray drying chambers, which occurs at temperatures approaching or 

above the particle Tg. Increasing matrix solid concentration reduces the amount of remaining 

moisture in a formed particle by increasing the ratio of precipitating solute to water per drying 

droplet. This change in moisture content increases the particle Tg and thus shifts the feed rate 

necessary for optimal powder yield, as observed in Figure 2a. 

 It is also of important note that yield can be greatly affected by the efficiency of the 

separating cyclone used. Bowen et al. have previously demonstrated in detail that greater yields 
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can be accomplished through use of a different cyclone [53]. Within this report, a high efficiency 

cyclone was used in order to best collect small-sized particles. 

 

4.4. Titre Loss 

 To understand the influence of spray drying parameters on the observed loss in viral 

activity, it is important to understand the many routes, both physical and chemical, that can lead 

to adenovirus deactivation. To retain activity, the virus must maintain its structure and stay 

intact, which requires that the viral proteins preserve their primary, secondary, tertiary and 

quaternary structure [55,56]. Protein unfolding and denaturation can occur chemically through 

protein interactions with hydrophobic surfaces (including the air-water interface) leading to 

changes in secondary and tertiary structure [4,5] thus water replacement by the excipient 

formulation is necessary through drying to maintain a hydrophilic environment. Protein 

aggregation and protein unfolding due to elevated temperature are other common routes to 

deactivation where protein function is lost by being in the denatured state [57–60]. Losses of 

viral activity can also occur from physical forces, such as high shear, which can mechanically 

disrupt/damage the virus particles [61–63]. Thus minimal AdHu5LacZ titre loss is achieved by 

preventing chemical, thermal and physical inactivation. 

 Adjusting the inlet temperature within the spray dryer controls the total energy in the 

drying system. Thus, the inlet temperature, as set by the temperature of the spray nozzle, is a 

very important parameter, and was determined to be the only factor that was significant for all 

three responses. Increasing this temperature increases the drying rate of the particles but also the 

free energy for deformation/protein denaturation of a labile material such as the viral vector. This 

is seen experimentally as an increase in the total titre loss of AdHu5LacZ with increasing inlet 
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temperature, which generally agrees with bench top studies of protein denaturation as a function 

of temperature [4,64]. While high inlet temperatures are not optimal for powder yield or particles 

of ideal size either, there is still a lower bound  to the inlet temperature because particle 

development (i.e. formation of dry particles, overall powder yield, etc.) will also be negatively 

affected. 

 Increasing gas flow rate during spray drying increases the total titre loss (Figures 3d, e, 

and f). A larger gas flow rate increases the shear applied to the liquid feed, breaking the liquid 

into smaller-sized droplets and correspondingly, increases the total air-water interface which 

decreases vector stability. The amount of shear (𝛾) applied to the fluid in a two-fluid nozzle 

atomizer is estimated through Equation 6, where Uav refers to the average velocity of the spray 

gas and liquid feed, Ul refers to the velocity of the liquid feed and DL refers to the diameter of the 

spray nozzle[47]. 

 

 𝛾 ≈
2(𝑈!" − 𝑈!)

𝐷!
 

(6) 

 

 Previous work has shown that protein denaturation can be related to shear forces on 

biological compounds, such as work by Maa and Hsu observing changes in protein conformation 

by high shear mixers and work by Ghandi et al. demonstrating reduced survival of Lactococcus 

lactis at greater spray dryer shear rates[61,65]. The trend observed in those studies showed that 

biological activity decreased exponentially for increasing shear rates. Our study does not have a 

sufficient number of gas flow rates to fully model an exponential trend but we do find a second-

order dependency as denoted by the significant model terms being SG and SG•SG in Equation 3 

and displayed in Figures 3d, e, and f. The increase in air-water interfacial area resulting from 
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smaller droplet sizes at high shear rates is further detrimental to native protein structure as these 

interfaces act as hydrophobic “surfaces” and enhance the rate of protein denaturing [5,62]. Maa 

and Hsu have previously demonstrated that the rate of protein denaturation is increased through 

the combined effect of shear and air-water interface[62]. As proteins are amphiphilic molecules, 

air-water interfaces can lead to denaturing by exposing hydrophobic moieties. Thus an increase 

in spray gas flow rate leading to a finer spray increases the rate of denaturing for viral vector 

proteins. 

 Increasing the feed rate will increase shear forces within the nozzle, but as indicated by 

Equation 6, increasing feed rate will actually decrease the apparent shear rate on droplets formed 

at the end of the nozzle at a given gas flow rate. Due to the loss in viral vector activity by 

increased shear from spray gas flow rates, the expectation is a reduction in titre loss at high flow 

rates. However, feed rate is not a significant term in Equation 3. This is due to the differences in 

magnitude between the spray gas flow rate and liquid feed rate. Overall, there was no observed 

effect on the total titre loss by adjusting the feed flow rate to the nozzle, indicating minimal 

influence of this variable relative to the other contributing parameters of inlet temperature and 

gas flow rate (Table 2). 

 In this work, a blend of mannitol and dextran is chosen as a good excipient matrix for 

thermal stabilization of viral vectors based on our previous study which thoroughly investigated 

matrix properties and their effect on long term storage of AdHu5 at high temperatures [15].  

Changing the matrix solute concentration in the feed will primarily affect the ability for the 

matrix to encapsulate the bioactive agent which is required to retain bioactivity. Stabilization of 

other virus types has also been demonstrated through spray drying with sugar matrices [66,67]. 

As predicted, the total titre loss is lowered by increasing the matrix solute concentration in the 
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liquid feed (Table 2). The natural state for AdHu5 is within an aqueous environment where 

hydrogen bonding with water molecules maintains proper protein structure [68,69]. Thus viral 

vector protein denaturation can occur throughout drying due to the loss of water molecules [70]. 

Matrix solutes are able to replace these stabilizing interactions and prevent a loss of protein 

structure during drying [20,71]. This explains the preference of hydrogen-bonding molecules, 

such as carbohydrates, for stabilization of biological materials through vitrification [72]. Greater 

amounts of hydrogen-bonding molecules, such as mannitol and dextran, within the drying 

droplets impart a greater stability on the viral vector due to the increase in potential for 

hydrogen-bonding, and thus better maintaining a hydrophilic environment. The greatest viral 

vector stabilization is achieved at the greatest feed matrix concentration. However, at high liquid 

feed rates, the solute concentration has a negligible effect on the AdHu5 titre loss (Figure 3a). 

This is represented by the interaction parameter for liquid feed rate and solute concentration 

(F•S) in Table 2. High feed rates correspond to higher retention of water within spray dried 

particles. The requirement for water replacing bonds is lower in particles that retain water. 

 

4.5. Significance of Findings 

 A summary of our findings is presented in Figure 8 to highlight the complex nature of the 

dependent parameters. All three responses cannot be maximized within a given set of processing 

conditions which then require the outputs to be prioritized. Furthermore, while some trends may 

seem obvious (i.e. a decrease in viral vector activity for higher spray drying temperatures), it is 

not obvious to which magnitude these effects are present and how they correlate to other 

responses. To expand upon this, the incorporation of a labile material requires that titre loss be 

minimized – most users will agree that this is the primary constraint given the high cost of 
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producing, for example, viral vectors. Process yield and particle size can then be optimized as 

secondary parameters depending on matrix material and processing costs and the intended 

method of delivery of the API. Figure 8 shows that careful optimization of one parameter will 

result in suboptimal values for the other responses. For example, increasing the solute 

concentration decreases the loss of the viral vector through spray drying, but also decreases the 

powder yield and amount of particles in the desired size range. A good compromise for all three 

responses could be to spray dry with medium-low inlet temperature, medium spray gas flow rate, 

medium feed rate, and high solute concentration noting that inlet temperature and gas flow are 

the most influential parameters 

 While the exact responses will differ for different formulations and spray dryer setups, 

the trends and interactions outlined and discussed here can serve as a guide for future 

investigations. The use of dimensionless numbers allows the findings discussed here to be scaled 

up appropriately. For example, as previously discussed, work by Gikanga et al. and Bowen et al. 

has highlighted similar trends in terms of powder yield for a high throughput spray dryer 

[53,54].The results are intended to emphasize why optimization studies are needed with the 

vaccine platform present and that focusing only on a specific response, such as particle size, can 

be detrimental towards the overall purpose (i.e., optimizing particle size in this system would 

lead to a reduction in powder yield and viral vector activity).  
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Figure 8. a) Effect of input parameters (inlet temperature, spray gas flow, feed rate, matrix solid 
concentration) on the viral vector titre loss (log), powder yield (%) and the percentage of ideally 
sized particles (%). The magnitude of the effect is demonstrated by the thickness of the arrow. 
Below are plots demonstrating differences between b) particles sized 1-5 µm, c) powder yield 
and d) titre loss. e) This is highlighted in the two dimensional plot, showing optima for particles 
sized 1-5 µm (▲), powder yield (●) and titre loss (■). 
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5. CONCLUSIONS 

 Overall, this work highlights the importance of including the vector platform while 

seeking optimal spray drying parameters for this new class of thermally stable vaccines and 

demonstrates for the first time the effects of spray drying parameters on viral vector activity. The 

statistical models constructed suggest that the spray drying process can be adjusted to account for 

control over each of the three measured responses, however it also emphasizes the competing 

nature in optimizing for any particular response. Optimal output of one specific response can 

lead to significant loss in the other responses. The responses to each process parameter change 

can perhaps be estimated through known theory, though the magnitudes of each effect is 

nontrivial. Overall, the results presented can be applied to current spray drying processes, both 

laboratory- and industry-scale, to develop desirable particle properties for all three responses. 

While new processes may use different excipients with a different labile material than what was 

used here, the trends and interactions remain constant, proving to be a valuable asset for future 

studies. 
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