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Abstract
Purpose Thermally stable, spray dried vaccines targeting respiratory diseases are promising candidates for pulmonary deliv-
ery, requiring careful excipient formulation to effectively encapsulate and protect labile biologics. This study investigates the 
impact of dextran mass ratio and molecular weight on activity retention, thermal stability and aerosol behaviour of a labile 
adenoviral vector (AdHu5) encapsulated within a spray dried mannitol-dextran blend.
Methods Comparing formulations using 40 kDa or 500 kDa dextran at mass ratios of 1:3 and 3:1 mannitol to dextran, in 
vitro quantification of activity losses and powder flowability was used to assess suitability for inhalation.
Results Incorporating mannitol in a 1:3 ratio with 500 kDa dextran reduced viral titre processing losses below 0.5 log 
and displayed strong thermal stability under accelerated aging conditions. Moisture absorption and agglomeration was 
higher in dextran-rich formulations, but under low humidity the 1:3 ratio with 500 kDa dextran powder had the low-
est mass median aerodynamic diameter (4.4 µm) and 84% emitted dose from an intratracheal dosator, indicating strong 
aerosol performance.
Conclusions Overall, dextran-rich formulations increased viscosity during drying which slowed self-diffusion and favora-
bly hindered viral partitioning at the particle surface. Reducing mannitol content also minimized AdHu5 exclusion from 
crystalline regions that can force the vector to air–solid interfaces where deactivation occurs. Although increased dextran 
molecular weight improved activity retention at the 1:3 ratio, it was less influential than the ratio parameter. Improving 
encapsulation ultimately allows inhalable vaccines to be prepared at higher potency, requiring less powder mass per inhaled 
dose and higher delivery efficiency.
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Introduction

Vaccine thermal sensitivity is one of the largest hurdles cur-
rently facing global immunization efforts. In low-income 
countries, particularly those with tropical or semi-arid cli-
mates, access to the necessary cold-chain infrastructure is 
limited and incredibly expensive. The resulting immuniza-
tion programs in these regions suffer from insufficient stor-
age capacity and cold-chain equipment failure, leading to 
vaccine wastage or reduced vaccine potency due to poor 
temperature control [1, 2]. To reduce this geographical dis-
crepancy and improve global vaccine access, development 
efforts have started using processing methods such as spray 
drying to achieve thermal stability of active vaccine compo-
nents in dry powder form [3–7].
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Thermal stabilization of a spray dried biologic is based 
upon the water replacement hypothesis, where its proteins 
favorably interact with the hydroxyl groups of excipients 
like carbohydrates to retain the native protein structure and 
prevent denaturation [8]. Careful excipient formulation is 
a critical aspect in the successful encapsulation of highly 
labile biologics such as adenoviruses [9]. Although recom-
binant adenoviral (Ad) vectors such as human serotype 5 
Ad vector (AdHu5) have been utilized to develop human 
vaccines against respiratory infectious diseases including 
COVID-19 [10] and tuberculosis [11], they are particularly 
labile at elevated temperatures and prone to structural dam-
age [12, 13]. This functional limitation highlights the value 
of developing a thermally stable, dry powder preparation 
for pulmonary delivery of Ad-vectored vaccines, with the 
goal of maintaining stability for several months at room 
temperature.

A blend of mannitol and dextran has been previously 
shown to successfully retain viral activity of AdHu5 through 
spray drying, in addition to providing thermal stabilization 
[9, 14, 15]. Of these previous studies, the most successful 
formulation blended mannitol and dextran in a 3:1 mass ratio 
using a moderately low molecular weight dextran of 40 kDa 
[16]. Within this blend, dextran acts as the major amorphous 
component known to effectively stabilize the matrix through 
vitrification [14].

During particle drying dextran diffuses slowly and 
increases the viscosity of the solution, while encouraging 
surface-active components mannitol and AdHu5 to diffuse 
towards the droplet center away from the air–liquid inter-
face and dextran-rich particle surface [17, 18]. By preventing 
viral partitioning at the air–solid particle interface, dextran 
can effectively shield the adenovirus from the high heat envi-
ronment in the drying chamber of the spray dryer. Once the 
particle is dry, dextran helps to minimize adenovirus mobil-
ity within the matrix to prevent viral aggregation, which is 
a known cause of viral deactivation and activity loss [19]. 
Dextran exhibits a relatively high glass transition tempera-
ture  (Tg) making it a preferred choice for encapsulating and 
stabilizing an adenovirus at elevated temperatures [9]. How-
ever, dextran alone does not show good water replacement 
characteristics with the adenovirus resulting in high activity 
losses [9]. As a hygroscopic amorphous solid, dextran is 
moisture sensitive under elevated humidity conditions leav-
ing it susceptible to  Tg depression [20].

Comparatively, mannitol is much smaller than a dextran 
polymer and more readily forms hydrogen bonds with the 
protein capsid of the adenovirus which can prevent dena-
turation [9]. Although mannitol interacts strongly with the 
protein capsid layer of an adenovirus, anchoring it within 
the particle matrix during particle drying, it also has the 
tendency to crystallize. Crystalline regions formed by this 
sugar impede moisture absorption and are associated with 

lower surface energy and increased thermodynamic stabil-
ity of produced dry powders [21]. However, these crystal-
line regions can also lead to viral exclusion which limits the 
extent of viral encapsulation [17, 22]. Fine particle crys-
talline materials are also known to experience high inter-
particulate cohesion, leading to poor dissolution and reduced 
absorption efficiency in the lungs upon inhalation [21, 22]. 
Particle cohesion also reduces aerosolization and must 
therefore be controlled. We hypothesize that our previously 
identified mannitol-dextran excipient blend could be fur-
ther improved by reducing the relative amount of mannitol 
within the blend. This would reduce the negative impact of 
crystal formation within an inhalable product and allow the 
adenovirus to remain fully encapsulated within the interior 
of the particle, minimizing viral deactivation in an inhal-
able spray dried vaccine. This study investigates the role of 
molecular weight and mass ratio of dextran on the retained 
activity, thermal stability and powder flowability of a spray 
dried AdHu5 adenoviral vector intended for pulmonary dry 
powder delivery.

Materials & Methods

Chemical and Biologics

D-mannitol, xylitol and dextran  (Mr 40,000 Da) were all 
sourced from Millipore-Sigma (ON, Canada) as USP grades. 
High molecular weight dextran  (Mr 500,000 Da) was pur-
chased from ThermoFisher Scientific (Waltham, MA, USA). 
Milli-Q® water was purified with a Barnstead GenPure 
Pro system from ThermoFisher Scientific (Waltham, MA, 
USA) using a resistivity of 18.2 MΩ cm. A-549 epithelial 
lung tumor cells were used for all cell culturing experi-
ments and were grown in a culture media described in a 
Life Technologies protocol from Invitrogen (ON, Canada) 
which consisted of α-minimum essential media (α-MEM) 
mixed with 1% streptomycin/penicillin and 10% fetal bovine 
serum (FBS). A recombinant human serotype 5 adenovirus 
expressing Green Fluorescent Protein (AdHu5) was prepared 
in the McMaster University Immunology Research Centre 
vector facility and was modified to be replication deficient. 
Upon purification, the adenoviral vector stock was stored 
in a 5% trehalose storage buffer at -80°C and had a titre of 
4.4 × 10

8pfu∕mL [15].

Modelling Excipient Distribution in Spray Dried 
Particles

A diffusion-based single droplet drying model developed 
and validated by Morgan et al. [17] was used to predict the 
distribution of dextran and AdHu5 within a dry particle 
for each of the mannitol-dextran blends using MATLAB 
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(Mathworks, Inc; Natick, MA, USA). Although the model 
was validated based on acoustically levitated particles with 
radii on the scale of 200 µm, it has been previously dem-
onstrated that acoustic levitation and spray drying can pro-
duce particles with similar morphologies, thermal properties 
and viral activity trends due to comparable drying kinetics 
[23]. Therefore, we expect that this model is an appropri-
ate approximation for excipient diffusion and the relative 
component distribution experienced during spray drying. 
Component distribution was plotted across the radius of a 
drying particle by dividing the particle into 40 shells span-
ning the radial axis. The weight fraction of each component 
at a specific shell is reported as a mass%, normalized based 
on the total amount of that specific component added to the 
excipient blend.

Sample Preparation and Spray Drying

Excipient solutions were prepared using a mannitol-to-
dextran (MD) mass ratio of either 3:1 or 1:3 by dissolving 
excipients in purified Milli-Q® water to a concentration of 
1% solids. Either low molecular weight dextran (40 kDa) 
or high molecular weight dextran (500 kDa) was used to 
prepare each formulation ratio. For comparison, a xylitol-
dextran formulation was also prepared at a 1:3 ratio using 
40 kDa dextran. Details and corresponding notations for all 
five excipient formulations are summarized in Table 1. A 
volume of 60 µL AdHu5 stock vector with 5% trehalose was 
added per 100 mg of excipient based on our previous work 
that improved viral activity retention at high loading via 
appropriate selection of the cryoprotective storage solution 
[15]. In all physical characterization and flowability tests 
described in Section "Thermal Aging", a placebo solution 
of 5% trehalose was added at 60 µL/100 mg of excipient 
instead of the viral stock, as particle size and morphology 
of mannitol-dextran spray dried powder is the same with and 
without AdHu5 present [16].

Once the excipients were fully dissolved in solution, spray 
dried powders were produced using a a B-290 Mini Spray 

Dryer from Büchi (Switzerland) outfitted with a 0.7 mm 
nozzle. It should be noted that excipient solutions with 
500 kDa dextran were refrigerated at 4°C for at least 30 min 
to achieve full dissolution prior to spray drying. For accurate 
comparison between each excipient formulations, all spray 
dryer settings were kept consistent for each batch. Based 
on previous process optimization of yield, particle size and 
viral activity [16], the following settings were used: 120°C 
inlet temperature, 217.5 mL/h feed flow rate (pump setting 
13%), 439.11 L/min spray gas flow rate (30 mm rotameter 
reading) and 35 m/h aspirator flow rate (100% aspiration). 
The outlet temperature ranged between 55–65°C. Imme-
diately after drying, powder was collected into microcen-
trifuge tubes within a biosafety cabinet and transferred to 
a benchtop desiccator for storage at room temperature on 
Drierite® anhydrous indicating desiccant (W.A Hammond 
Drierite Company Ltd.). Powders were transported between 
lab spaces using a vacuum sealed storage container that 
contained additional desiccant to avoid exposure to ambi-
ent humidity.

Cell Culturing

Stock suspension of A-549 cells was stored in liquid nitro-
gen under cryo-storage conditions. Once thawed, cells were 
added to pre-warmed α-MEM and centrifuged for 5 min at 
1400 rpm to obtain a cell pellet. A single cell suspension was 
prepared by resuspending the pellet in α-MEM and plating 
in a T-150 flask for overnight incubation at 37°C and 5% 
 CO2 in a water jacketed incubator (Forma Scientific Inc., 
Marietta, OH, USA). Dead cells and remaining dimethyl sul-
foxide from cryo-storage were removed the following day by 
exchanging cell media and passaging the confluent culture 
twice before in vitro testing on a 96-well plate.

Viral Activity Testing via Flowcytometry

Viral activity testing of each spray dried powder formulation 
was tested in vitro by following the same protocol described 
in our previous work [15]. Briefly, α-MEM was used to 
reconstitute each spray dried sample to a solids concentra-
tion of 1% immediately before infecting 40,000 confluent 
A-549 cells on a 96-well plate and incubating overnight at 
37°C. Cell washing, trypsinization and fixation with 1% par-
aformaldehyde was performed prior to flowcytometry analy-
sis with a Beckman Coulter Life Sciences CytoFlex LX flow 
cytometer (Indianapolis, IN, USA). At least 10,000 events 
were analyzed per sample to account for 25% of the plated 
cell population using CytExpert software. FlowJo® software 
(BD, New Jersey, USA) was used to quantify GFP expres-
sion within the live cell population, excluding cellular debris 
and artifacts using the auto-gating tool. A calibration curve 
was used to convert GFP expression to viral multiplicity of 

Table 1  Formulation notation and preparation details of each excipi-
ent blend, based on component weight percent and molecular weight

Formulation Notation Excipient Weight Percent Molecular 
Weight of 
Dextran

Mannitol Dextran
MD (1:3)- 40 kDa 25 wt.% 75 wt.% 40 kDa
MD (1:3)-500 kDa 25 wt.% 75 wt.% 500 kDa
MD (3:1)- 40 kDa 75 wt.% 25 wt.% 40 kDa
MD (3:1)- 500 kDa 75 wt.% 25 wt.% 500 kDa

Xylitol Dextran
XD (1:3)- 40 kDa 25 wt.% 75 wt.% 40 kDa
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infection (MOI). Viral titre was then calculated based on 
the MOI and normalized based on sample mass of the spray 
dried powder. Processing losses in viral titre due to spray 
drying are discussed on the log scale via viral titre log loss.

Thermal Aging

Each spray dried formulation was stored under accelerated 
aging conditions to determine the impact of excipient formu-
lation on thermal stability of the encapsulated adenovirus. 
Using a previously described protocol [15], each powder 
formulation was stored in a water bath at 45°C for 72 h prior 
to GFP quantification via flowcytometry. Moisture uptake 
was prevented during the aging process by storing the spray 
dried powder within microcentrifuge tubes that were sealed 
with Parafilm® wax, placed within a plastic bag containing 
desiccant and added to a sealed glass jar with additional 
desiccant. Immediately after the 72-h aging process, sam-
ples were removed from the water bath and resuspended 
in α-MEM for cell infection and viral activity tested as in 
Section "Viral Activity Testing via Flowcytometry". Viral 
activity for all aged samples was tested in duplicate and error 
bars represent the standard error between samples.

Particle Flowability and Characterization

Moisture Content via Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to determine 
total moisture content in each spray dried powder formu-
lation following processing and thermal aging. Moisture 
analysis was conducted on samples stored under acceler-
ated aging conditions at 45°C for 72 h. Between 5–10 mg of 
sample was loaded into an alumina crucible and heated in 
a TGA/DSC 3 + LF/1100 instrument from Mettler Toledo 
(Columbus, Ohio, USA) at a rate of 5°C/min until reaching 
150°C where the temperature was held constant for 10 min 
under argon gas. Mass was monitored over the tested tem-
perature range using STARe software from Mettler Toledo 
(Columbus, Ohio, USA). Moisture content was determined 
based on the percentage of mass change from 25°C to 
approximately 110°C, when the sample mass had stabilized. 
Standard error was determined based on duplicate sample 
measurement.

Scanning Electron Microscopy (SEM)

A Tescan Vega II LSU scanning electron microscope (Tes-
can Orsay Holding, a.s., Brno, Czech Republic) was used 
for qualitative analysis of the spray dried particle morphol-
ogy. To prepare samples for imaging, a Polaron E5100 sput-
ter coater (Quorum Technologies Limited, Laughton, UK) 
was used to coat a 24 nm layer of gold on top of sample 

secured by double-sided carbon tape. An electron accelerat-
ing voltage of 20 kV and magnification of 2000 were used 
to capture micrographs at a working distance range between 
10.12—10.14 mm.

Geometric Particle Sizing

Geometric particle sizing was conducted with a Helos 
R-series laser diffraction sensor from Sympatec GmbH 
(Pulverhaus, Germany) using an R2 lens with a 50 mm 
focal length for a reliable detection range between 0.45 
– 87.5 µm in size. Powder samples with mass weighed 
between 7–12 mg were loaded into and dispensed from an 
ICOone™ inhaler provided generously by Iconovo (Lund, 
Sweden). The ICOone™ inhaler is designed for single-
dose usage with medium resistance and fabricated as one 
piece via injection molding, making it a suitable device for 
administering vaccines through inhalation [24]. Aluminum 
foil is intended to protect the powder formulation within the 
device, however protective foil was not used in this study. 
A cumulative particle size distribution was generated, with 
median particle diameter represented by the  50th percentile 
(D50) of the distribution. Span of the particle size distribu-
tion was determined with the values of the  10th (D10),  50th 
and  90th (D90) percentiles based on Eq. 1. All samples were 
measured in duplicate and error bars represent standard error 
between samples.

Aerodynamic Particle Size

Aerodynamic particle size distribution was experimentally 
determined using a Next Generation Impactor (NGI) from 
Copley Scientific Limited (Nottingham, UK). Filter paper 
was used to line each of the impactor stages for gravimetric 
analysis of particle mass deposition. Five ICOone™ inhal-
ers were loaded with 8–12 mg of spray dried powder, for a 
total nominal dose of approximately 50 mg, and immediately 
dispersed into the impactor drawing a flow rate of 60 L/min. 
Total air volume drawn per sample was approximately 100 
L. Dry powder inhalers were tested with a pressure drop 
of 4 kPa across each device, with calibrated pressure drop 
across the assembled NGI being approximately 10 kPa. The 
mass median aerodynamic diameter (MMAD) was calcu-
lated based on the cumulative particle size distribution from 
gravimetric measurements.

Bulk Density, Tapped Density and Carr’s Index

Bulk density of spray dried powder was determined using 
a method loosely based on a scaled down USP protocol for 

(1)Span =
D90 − D10

D50
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powder bulk density measurement published in the Inter-
national Pharmacopoeia [25]. By pouring a known mass of 
powder into a graduated cylinder with minimal agitation, the 
volume was recorded and used to determine bulk density. 
Although the USP protocol for bulk density testing in the 
European pharmacopeia states that a scaled down test can 
utilize a 25 mL graduated cylinder for bulk volume measure-
ment, this would still require powder mass in quantities far 
larger than feasibly produced with the lab scale spray dryer. 
Hughes et al. have shown that a material sparing testing 
method for bulk density using a 10 mL cylinder produced 
acceptable results comparable to the USP method [26]. 
Here, the bulk density testing method was further scaled 
down to a 1 mL graduated cylinder, readable to 0.1 mL, 
using 200 mg of powder per measurement to save needing 
additional material.

Tapped density was determined by manually tapping a 
syringe filled with approximately 200 mg of powder for 1 min 
at a rate of 2 taps/s. Tapping height was approximately 2 cm. 
The powder mass was divided by the difference between 
recorded volume before and after tapping to determine tapped 
density. As an indicator of powder flowability, the percentage 
of powder compressibility (Carr’s Index) was calculated based 
on Eq. 2. Prior to data collection, the experimental method was 
validated based on a standard Carr’s Index scale for flowability. 
Further details on experimental set-up and method validation 
can be found in Figure S1 and Table S1 of the Supplementary 
Material. All spray dried powder formulations were tested in 
triplicate using the described method and error bars represent 
standard error between measurements.

(2)Carr
�

s Index =
�tapped − �bulk

�tapped

Intratracheal Delivery Device (Dosator)

An intratracheal dosator device intended for in vivo test-
ing with a murine animal model was assembled based 
on similar custom designs described by Ihara et al. and 
Qui et al. which both used a 3-way stopcock to control 
airflow from a syringe through a gel-loading pipette or 
needle tip [27, 28]. Briefly, our intratracheal dosator 
consisted of a 1 mL syringe with a male luer lock con-
nection that twists onto a complementary luer inlet on 
a 3-way stopcock purchased from Cole-Parmer (Mon-
treal, Canada). An air volume of 0.6 mL was pre-drawn 
in the syringe prior to securing the luer lock connection. 
Between 3–4 mg of powder was weighed onto weigh 
paper and carefully poured into a 10 µL Rainin LiteTouch 
System pipette tip (Mettler-Toledo, Oakland, CA, USA) 
before tightly fastening the pipette tip on the opposite 
end of the 3-way stopcock. After ensuring the valve was 
correctly oriented, powder was dispersed through the 
tip by quickly depressing a pre-drawn syringe. A new 
pipette tip with freshly loaded powder was used when 
each sample was sprayed. Individual components of the 
intratracheal dosator, as well as the final assembly loaded 
with powder, can be visualized in Fig. 1.

Emitted and Delivered Dose

To test the functionality of this intratracheal dosator and 
compatibility with each spray dried powder formula-
tion, powder was loaded into the dosator and released 
through a 3D printed model of a mouse trachea and into 
a glass collection vial (Fig. 1). The 3D trachea model 
was developed using CT scans from mice, which were 
converted into binary images in MATLAB (Mathworks, 

Fig. 1  Custom made intratra-
cheal dosator intended for in 
vivo delivery to mice using 
assembled components (Panel 
A) including: a 1 mL syringe 
with luer lock connection, 
3-way stopcock and a 10 µL 
pipette tip. Spray dried powder 
is loaded into the pipette tip and 
all components are assembled 
tightly together (Panel B). A full 
experimental set up is pictured 
in Panel C, showing the syringe, 
dosator assembly, 3D mouse 
trachea model and a powder 
collection vial.
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Inc; Natick, MA, USA) and used to produce a CAD ren-
dering. To improve the durability, the wall thickness of 
the printed trachea was increased to 2.5 mm while keep-
ing the internal geometry printed to scale. See Figure 
S2-S7 in Supplementary Material for further details. 
The 3D trachea was printed with a ProJet® MJP 2500 
Plus from 3D Systems (South Carolina, USA) using the 
ultra high-definition printing mode with VisiJet M2R-
CL rigid plastic (3D Systems, South Carolina, USA). 
Figure 1 (panel C) shows the experimental set up used 
for device testing. The dosator was tested in a vertical 
orientation for all measurements to closely represent 
the needle positioning used during in vivo intratracheal 
delivery of dry powder to mice. This orientation also 
minimized any variation during repeated device set-up 
and actuation. A retort stand with clamp was used to 
secure the dosator assembly above the collection vial 
for consistency between actuations. Emitted dose from 
the intratracheal dosator was determined after loading 
the tip with a known mass of powder and measuring the 
mass of the dosator assembly before and immediately 
after actuation. This difference was divided by the total 
powder loaded in the tip and expressed in terms of per-
centage, as indicated in Eq. 3. The calculated emitted 
dose accounted for all powder losses within the pipette 
tip and at the luer lock connection point. Triplicate meas-
urements were performed, with error bars representing 
the standard error.

To approximate the amount of powder that could be effec-
tively delivered through a mouse trachea and into the lungs, 
the tip of the intratracheal dosator was sprayed directly into 
the 3D printed mouse trachea. The other end of the trachea 
was secured on top of a glass collection vial. By measur-
ing the mass of the collection vial before and after powder 
administration from the dosator, delivered dose was calcu-
lated (Eq. 4). In this context, the delivered dose refers to the 
percentage of powder that successfully flows through the 3D 
printed mouse trachea for delivery into the lungs with respect 
to total powder loaded. All measurements were performed in 
triplicate, with error bars representing standard error.

(3)
Emitted Dose =

Dosator MassBefore − Dosator MassAfter

Powder Loaded
× 100%

(4)

Delivered Dose =
Vial MassAfter − Vial MassBefore

Powder Loaded
× 100%

Results & Discussion

Predicted Component Distribution in Spray Dried 
Particles

We used our previously established mannitol-dextran for-
mulation, MD (3:1) with 40 kDa dextran, as a baseline 
to compare the impacts of increasing the relative dextran 
content and molecular weight of dextran. Using a diffu-
sion-based drying droplet model, the relative distribu-
tion of AdHu5 was predicted with respect to the radial 
distance to the particle surface (Fig. 2). The displayed 
AdHu5 mass% was normalized by the total concentration 
of AdHu5 added to the excipient blend, not the total mass 
of all excipient components. It should be noted that the 
particle was treated as a series of finite thick shells to pre-
dict the distribution of components throughout.

Based on the model output, the baseline formulation of 
MD (3:1)-40 kDa led to the highest amount of adenovirus 
located at the particle surface and had the lowest predicted 
amount of adenovirus throughout the solid inner layers 
of the particle. In comparison, the formulation with low-
est predicted adenovirus on the particle surface was MD 
(1:3)-500 kDa. The molecular weight of dextran was pre-
dicted to significantly influence adenovirus surface con-
centration, as both formulations containing 500 kDa dex-
tran showed lower AdHu5 mass% on the particle surface 
compared to the 40 kDa counterparts. A similar prediction 
was previously reported with this model for levitated par-
ticles and was verified experimentally with fluorescently 
tagged-protein coated silica nanoparticles as adenovirus 
analogues [17]. Using atomic force microscopy and con-
focal laser microscopy, the previous study identified the 
relative location of adenovirus analogues within dried 
particles to validate the model prediction that excipient 
formulation can influence surface concentration and par-
titioning of AdHu5 [17]. Similarly, uniform dispersion of 
AdHu5 throughout the particle was not observed in the 
model predictions of the current study which indicates that 
AdHu5 became encapsulated during the drying process.

Higher molecular weight dextran at a higher concen-
tration experiences much slower self-diffusion of dextran 
entanglements and creates an obstruction effect on the 
smaller solutes within the droplet [29, 30]. With dextran 
acting as a physical obstacle, diffusion of mannitol and 
AdHu5 within the bulk droplet is hindered and may explain 
why AdHu5 is less likely to partition on the particle sur-
face. Previous reports have noted that increased viral con-
centration on or near the surface of a drying particle can 
lead to reduced viral activity [14, 17]. Consequently, we 
anticipate that vaccine formulations with lower predicted 
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viral mass at the surface are likely more effective at retain-
ing biologic activity under experimental conditions.

Furthermore, both formulations containing a 1:3 ratio 
of mannitol-to-dextran had a higher predicted mass% of 
AdHu5 at the particle core compared to the formulations 
using a 3:1 ratio. These 1:3 formulations also have a more 
uniform distribution of dextran throughout the particle, in 
contrast to the dextran-enriched particle surface seen for 
3:1 formulations. Dextran has a substantially larger impact 
on viscosity, compared to mannitol and AdHu5, resulting 
in a much lower diffusion coefficient in water [31]. This 
effect is particularly relevant in the 3:1 formulations, as 
dextran becomes enriched on the droplet surface during 
solvent evaporation where it reaches saturation and pre-
cipitates [17]. Since increasing dextran concentration in 

water has been found to increase the solution viscosity 
[32], incorporating more dextran within the formulation 
physically prevented mannitol from diffusing towards the 
droplet surface. As a result, mannitol can closely inter-
act with AdHu5 in the particle core to provide stabiliza-
tion though hydrogen bonding. It should also be noted 
that encapsulating AdHu5 in 40 kDa dextran alone has 
been experimentally shown to yield poor viral activity, 
likely due to the inability of dextran to effectively stabi-
lize AdHu5 through water-replacement hydrogen bonding 
[9]. Overall, these model predictions suggest that the for-
mulation with higher molecular weight and mass ratio of 
dextran favors more viral entrapment at the particle core, 
which should be verifiable by activity testing.

Fig. 2  Model predicted, normal-
ized mass distribution of (A) 
AdHu5 adenoviral vector and 
(B) dextran within a mannitol-
dextran particle. Radial distance 
refers to the percentage of 
distance between the particle 
core (0%) and the particle 
surface (100%). Mass% of each 
component was normalized 
based on the total amount of 
that component added to the 
formulation. Excipient formula-
tions include mannitol and 
dextran in a ratio by mass of 
either 1:3 or 3:1, respectively, 
and a dextran molecular weight 
of either 40 kDa or 500 kDa.
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Viral Activity and Thermal Aging

To validate the model predictions, viral activity was experi-
mentally tested immediately after spray drying as well as 
after accelerated thermal aging for each powder formula-
tion (Fig. 3). Here we compare results to a xylitol-dextran 
blend where, xylitol is chemically similar to the structure of 
mannitol and has previously been shown to retain high viral 
activity through spray drying [23]. In terms of activity losses 
attributed to processing, minimal viral titre log losses were 
observed immediately after spray drying when a 1:3 ratio 
was used for either mannitol or xylitol blends. Processing 
loss for the MD (1:3)-500 kDa and XD (1:3)-40 kDa were 
both below the acceptable threshold of 0.5 log loss, indicat-
ing very favorable results. The MD (1:3)-40 kDa was slightly 
above the target threshold with viral titre log losses that were 
slightly below 0.8 log loss. Processing losses were signifi-
cantly higher for the powders formulated with a 3:1 man-
nitol-to-dextran ratio, exceeding 1.7 log loss. These results 
generally reflect the model prediction, in that viral activity 
was the highest for the MD (1:3)-500 kDa formulation with 
the lowest amount of AdHu5 predicted at the air-particle 
interface. Likewise, MD (3:1)-40 kDa had the highest pre-
dicted AdHu5 at the air-particle interface and had low viral 
activity after processing. A slight deviation between mod-
elled distributions and experimental activity was observed 
in the MD (3:1)-500 kDa, giving the highest overall activ-
ity loss. However, the model does not currently account for 
crystallinity or void formation within dry particles, which 

may have contributed to the different experimental outcome. 
It should be noted that formal process optimization was only 
conducted for the baseline MD (3:1)-40 kDa formulation, as 
the process yield was similar for all other mannitol-dextran 
formulations (data not shown). Since yield can be an indi-
cator of spray drying process efficiency, this suggested that 
additional optimization of processing parameters was not 
necessary for the purposes of this study.

Despite their valued role in hydrogen bond stabilization, 
mannitol and xylitol both added some crystallinity to the 
overall particle matrix which can negatively impact viral 
activity. Previously reported x-ray diffraction (XRD) data 
has shown that spray dried particles consisting only of dex-
tran did not display any crystalline peaks, while spray dried 
mannitol-dextran particles in a 3:1 ratio exhibited crystal-
line behaviour resembling the �-polymorphic form of man-
nitol [14]. Furthermore, our group previously reported that 
the molecular weight of dextran does not change the overall 
crystallinity of acoustically levitated mannitol-dextran par-
ticles [17], which supports that the mass ratio of mannitol 
or xylitol controls the extent of crystallinity within the dry 
powder. Incorporating a lower mass of xylitol or mannitol 
minimizes crystal exclusion of the adenovirus within parti-
cles that would otherwise force the biologic towards an air-
particle boundary or potentially even damage the structural 
integrity of the virus [17]. If the adenovirus is located on the 
particle surface or any air–solid boundary, there is a greater 
chance of exposure to high heat during processing and higher 
activity losses [13, 14, 16, 17]. Additionally, including a 

Fig. 3  Viral titre log loss (pfu/mg) of spray dried AdHu5 adenoviral vector with excipient formulations using mannitol with dextran (MD) in a 
ratio by weight of either 1:3 or 3:1 and either a low molecular weight dextran (40 kDa) or high molecular weight dextran (500 kDa). A xylitol-
dextran (XD) formulation with a 1:3 ratio using 40 kDa dextran is also shown. Process loss refers to viral titre loss from spray drying compared 
to the stock viral titre, while aging losses are associated with the additional viral titre loss after samples were stored at 45°C for 72 h prior to in 
vitro testing. All samples were tested in duplicate and error bars represent the resulting standard error.
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higher fraction of dextran promotes stronger thermal shield-
ing upon exposure to the outlet temperature conditions to 
protect against structural degradation of the protein capsid 
for better activity retention [13]. Since the molecular weight 
of dextran does not impact crystallinity, its impact on AdHu5 
partitioning within the particle is diffusion controlled. Using 
a higher molecular weight dextran may further increase vis-
cosity during drying [32], impeding molecular movement of 
the adenovirus that might otherwise lead to viral aggrega-
tion. However, at the 3:1 ratio, the 500 kDa dextran led to a 
slightly higher viral titre log loss than the 40 kDa formula-
tion, suggesting that the molecular weight of dextran was less 
influential on viscosity than its concentration in the droplet.

Thermal stability was also tested in all five formulations, 
by analyzing viral activity retention upon exposure to accel-
erated aging conditions at 45°C for 72 h. All mannitol-dex-
tran formulations display similar thermal aging behaviour, 
based on aging losses being of similar magnitude for each 
of these formulations (Fig. 3). This suggests that there were 
no significant differences in  Tg between these formulations. 
This observation is directly supported by  Tg values reported 
in literature, which indicate that 40 kDa and 500 kDa dextran 
have a  Tg of approximately 223°C and 225°C, respectively 
[33]. Measured  Tg values are often associated with an error 
range of 10°C, depending on the method of measurement 
[44, 45], indicating that a 2°C difference in Tg between 40 
and 500 kDa dextran is not highly significant. Mannitol-
dextran formulations showed superior thermal stability, 
compared to the xylitol-dextran blend which experienced 
1.1 log loss during thermal aging.

Notably, the combined processing and aging losses expe-
rienced by the MD (1:3)-500 kDa formulation were below 
0.8 log loss. The chemical structure of xylitol and mannitol 
is very similar, differing only by one C–OH group. But as 
an individual sugar alcohol, amorphous xylitol has a very 
low  Tg of -24°C and will readily recrystallize at room tem-
perature [34]. Comparatively, the reported  Tg of amorphous 
mannitol is around 12°C [35], which significantly improves 
the overall  Tg in a dextran blend compared to xylitol. Under 
elevated thermal conditions, the xylitol-dextran blend 
likely experienced a higher degree of molecular mobility 
that led to viral aggregation. Xylitol recrystallization may 
have also forced more adenovirus towards the air-particle 

interfaces where thermal stresses during aging could have 
caused deactivation. Similarly, reorganization of the excipi-
ent crystal structure could have resulted in structural rear-
rangement and denaturation of the adenovirus causing poor 
stability [36]. Due to the significantly higher thermal aging 
losses observed with the use of xylitol, this formulation was 
considered to have poor thermal stability and was not used 
for further characterization. Despite past reports indicating 
xylitol as a promising excipient for vaccine powders [23], to 
the best of our knowledge this is the first study showing that 
the thermal aging properties of xylitol in blended systems 
are likely unsuitable to protect viral vectors during vaccine 
storage and distribution.

The accelerated aging conditions used in this study were 
recommended by the World Health Organization and rou-
tinely used to assess the stability of vaccine formulations, 
often used to identify excipient candidates that may achieve 
or exceed the desired stability criteria [46, 47]. Although 
accelerated studies are an efficient screening tool, long-term 
studies are still required to accurately determine the shelf-
life of an inhalable dry powder formulation at the intended 
ambient storage temperature of 25°C.

Moisture Content and Particle Morphology

Since excessive water uptake can hinder dry powder stabil-
ity, TGA was used to measure moisture content in each man-
nitol-dextran formulation after exposure to accelerated aging 
conditions (see Table 2). Moisture content for the MD (1:3)-
40 kDa formulation was 4.6%, which was slightly higher 
than the remaining mannitol-dextran formulations that con-
tained closer to 3% moisture. Since moisture content was 
measured after 72 h of thermal aging, these values indicate 
that formulations with a greater concentration of dextran 
had a higher capacity for moisture absorption under elevated 
storage temperatures. Kawaizumi et al. found that dextran 
hydration decreases with increasing molecular weight [20], 
which could explain why MD (1:3)-500 kDa did not have 
the same moisture content as the MD (1:3)-40 kDa formula-
tion. As such, using a higher molecular weight dextran may 
also promote more effective, long-term stabilization of the 
encapsulated adenovirus.

Table 2  Summary of particle flowability properties of spray dried powder formulated with mannitol and dextran (MD) excipient blend in a ratio 
by weight of either 1:3 or 3:1, using a low molecular weight dextran (40 kDa) or high molecular weight dextran (500 kDa)

Formulation Ratio Dextran MW Moisture Content (%) Bulk Density Carr’s Index

MD (1:3) 40 kDa 4.6 ± 0.2% 0.28 ± 0.02 53 ± 4
MD (1:3) 500 kDa 3.5 ± 0.2% 0.33 ± 0.01 47 ± 4
MD (3:1) 40 kDa 3.4 ± 0.2% 0.41 ± 0.03 48 ± 5
MD (3:1) 500 kDa 2.7 ± 0.2% 0.39 ± 0.03 53 ± 1

2323Pharmaceutical Research (2022) 39:2315–2328



1 3

Powder morphology of each mannitol-dextran formula-
tion was observed by SEM (Fig. 4). Formulations with a 1:3 
mannitol-dextran ratio appeared to be highly clumped with 
large agglomerates observed, also indicating higher moisture 
content and stickiness in these powders. Handling and prepa-
ration of these powders was conducted in a lab space with 
increased ambient humidity directly before particle imaging, 
so the observed agglomeration may be further indication that 
increased amorphous content causes an increased capacity 
for moisture absorption. These particles appeared to have a 
rough outer surface, but solid particle structure. Agglomera-
tion and clumping due to liquid bridge formation appears to 
be worse in the MD (1:3)-40 kDa sample, compared to the 
same ratio with 500 kDa. This qualitative observation is in 
direct agreement with the measured moisture content and 
may also be attributed to the natural tendency of hydrophilic 
polymers to experience “stickiness” in the presence of water. 
Dextran is a hygroscopic material [20], so a higher amor-
phous content increased the capacity for moisture absorption 
when exposed to humidity.

Comparatively, formulations that contained more man-
nitol appeared to have a smoother particle surface, with the 

tendency to form hollow shells (as evidenced by the dim-
pling and rounded indentation observed in Figs. 4C and 
4D). Hollow shell formation is indicative of particles with a 
high Peclet number, in which evaporation occurs faster than 
solute diffusion [32]. Clumping is also less evident in the 
samples with higher crystalline content. Moisture absorption 
can ultimately reduce the  Tg of the formulation through a 
plasticization effect, leading to reduced thermal stability and 
poor viral activity retention over time [37]. Therefore, proto-
cols for handling spray dried powders with high amorphous 
content and some degree of crystallinity must minimize 
exposure to humidity as much as possible (i.e., through the 
use of double-wrapped powder blister packs and/or desic-
cants during storage).

Geometric and Aerodynamic Particle Size

To assess the suitability of these powders for inhalation, both 
geometric particle size and aerodynamic particle size were 
quantified and summarized in Table 3. In all formulations, 
the median particle diameter (D50) was either at or above 
5 µm, indicating that the overall geometric particle size was 

Fig. 4  Scanning electron 
microscope (SEM) images 
showing particle morphology of 
the following mannitol-dextran 
(MD) spray dried powders: (A) 
MD (1:3)–40 kDa dextran, (B) 
MD (1:3)–500 kDa dextran (C) 
MD (3:1)–40 kDa dextran and 
(D) MD (3:1)–500 kDa dextran. 
Arrows indicate particle dim-
pling and indentation likely due 
to hollow shell formation. All 
images were captured at 2000 X 
magnification with a scale bar 
representing 20 µm in length.
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slightly above our target size range for efficient pulmonary 
delivery to the peripheral lung [38]. However, these geomet-
ric particle sizes are not expected too substantially hinder 
inhalation efficiency. The MD (1:3)-40 kDa formulation had 
the highest D50 value of 8.7 µm with a large span indicat-
ing potential agglomeration in the sample. Agglomeration 
in this sample could also be a consequence of the higher 
dextran weight fraction, leading to the higher moisture con-
tent (Table 3). This presents a concern for inhalation deliv-
ery depending on the time scale for aggregation relative to 
patient administration. Subsequent moisture swell or particle 
cohesion may have resulted in the higher D50 and broader 
size distribution found for MD (1:3)-40 kDa. Despite these 
geometric particle sizes, the MMAD values ranged from 
4.4—4.9 µm. Based on these results, all formulations have 
an aerodynamic particle size within the appropriate range of 
1–5 µm for delivery to the lungs [39]. Since experimental 
MMAD was smaller than the measured geometric particle 
size, these powders can be considered inhalable and are 
therefore applicable for further study in pulmonary delivery.

Bulk Powder Flowability

Powder delivery via inhalation must also consider bulk pow-
der properties like bulk density and Carr’s Index (Table 2) 
to develop a successful powder delivery system. A slightly 
lower bulk density was observed in all formulations contain-
ing less mannitol, when testing in low ambient humidity. 
Lower bulk density in formulations with a 1:3 mannitol-to-
dextran implies that there could be less interparticle contact 
and therefore less cohesion within the bulk state [40]. Bulk 
density was also used to calculate Carr’s Index, to assess 
powder compressibility and flowability. Carr’s Index values 
for each formulation were all above 47, indicating that these 
formulations produce highly compressible powders [41] and 
likely possess very poor bulk flow. Ideal powder flowabil-
ity typically yields Carr’s Index values less than 10, while 
very, very poor flow is represented by values 38 and above 
[42]. While this may primarily be an artifact of the small 
size of our particles, the relative comparison of Carr’s Index 
values between formulations is still insightful. Of all tested 

formulations, MD (1:3)-500 kDa was the least compressible 
and suggests that it would have higher flowability compared 
to the other powders. In terms of pulmonary powder deliv-
ery, the highly compressible nature of this powder requires a 
delivery method that minimizes powder compression during 
powder dosage loading. Due to this poor bulk flowability, 
powder delivery in vivo can also benefit from a delivery 
device that uses positive pressure or physical obstructions to 
interrupt particle bridging and induce aerosolization.

Emitted Dose via Intratracheal Delivery

Powder flowability was further analyzed through in vitro 
powder delivery with a hand-held, positive pressure dosa-
tor device intended for intratracheal delivery to murine 
animal models (Fig. 1). Figure 5 shows the emitted dose 
from the custom-made dosator for each mannitol-dextran 
formulation, as well as the estimated delivered dose that 
can be sprayed through a 3D printed mouse trachea. Emit-
ted dose was substantially higher in MD (1:3)-500 kDa and 
MD (3:1)-40 kDa formulations, with 84% and 91% emit-
ted, respectively. The formulations with highest emitted 
dose also had the lowest Carr’s Index values and particle 
sizes (Tables 2 and 3), predicting better flowability from 
the dosator tip. The other two formulations, both with a 
Carr’s Index of 53, had significantly lower average emitted 
doses which were between 40–60%. The wide differences in 
emitted dose data further supports the claims of others that 
device performance is highly formulation dependent [28]. 
In all cases, the difference between emitted and delivered 
dose can be attributed to the larger particles or clumps that 
became stuck within the 3D printed trachea, representing the 
dose fraction unlikely to reach the lower airways. It should 
be noted that relative humidity during device testing was 
below 25% RH, allowing for relatively high emitted doses. 
Since the formulations with higher dextran content tend 
to absorb more moisture, it is expected that emitted dose 
would be far lower under elevated humidity conditions [43]. 
Based on the high viral loading used in our formulations, a 
delivered powder mass between 2–4 mg should be sufficient 
for generating an immune response in mice, provided that 

Table 3  Geometric particle size compared to aerodynamic particle size of spray dried powder formulated with mannitol and dextran (MD) 
excipient blend in a ratio by weight of either 1:3 or 3:1, using a low molecular weight dextran (40  kDa) or high molecular weight dextran 
(500 kDa). Aerodynamic particle sizes are presented as MMAD based on experimental measurement using a Next Generation Impactor (NGI). 
A Helos R-series laser diffraction sensor was used to measure median particle diameter (D50) and span

Formulation Ratio Dextran MW Median Particle Diameter, D50 
[μm]

Particle Distribution Span 
[μm]

MMAD [μm]

MD (1:3) 40 kDa 8.7 ± 0.5 4.0 ± 0.3 4.5
MD (1:3) 500 kDa 5.9 ± 0.5 2.4 ± 0.1 4.4
MD (3:1) 40 kDa 4.9 ± 0.7 1.6 ± 0.4 4.5
MD (3:1) 500 kDa 6.1 ± 0.1 2.4 ± 0.2 4.9
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viral activity remains high after spray drying [15]. With low 
viral log loss and a high delivered dose above 55%, the MD 
(1:3)-500 kDa formulation displayed sufficient viral potency 
within a desired powder mass for successful in vivo pulmo-
nary delivery.

Conclusions

Within this study, we have demonstrated how excipient 
ratio and molecular weight within a spray dried formu-
lation impact particle drying dynamics and pulmonary 
delivery. Incorporating higher molecular weight dextran 
at a higher mass ratio within a spray dried mannitol-dex-
tran blend can greatly improve retained viral activity in a 
thermally stable and inhalable dry powder. Increasing the 
dextran content relative to mannitol caused an increase in 
viscosity during droplet drying to limit molecular diffu-
sion for more effective encapsulation of the viral vector 
within the particle core. Adding less mannitol to the blend 
also reduced crystal exclusion of the labile AdHu5 vector 
towards an air–solid interface, minimizing viral exposure 
to thermal stresses.

Formulations with a higher dextran ratio do have a 
higher capacity for moisture absorption and particle 
agglomeration, leading to possible challenges with powder 
delivery within environments of increased humidity and in 
vivo targeting at the lung. Under low humidity conditions 
(< 25% RH), an emitted dose above 84% can be achieved 

using a custom made intratracheal dosator device that 
minimizes powder compression. MD (1:3)-500 kDa was 
the best performing formulation as it minimized process-
ing and aging losses, while also offering suitable particle 
size and flowability to achieve a high emitted dose for 
intratracheal delivery. Overall, we have demonstrated that 
this mannitol-dextran spray dried formulation can main-
tain high viral potency and strong aerosolization potential, 
making it a promising candidate for in vivo pulmonary 
vaccine delivery. Since a mannitol-dextran formulation 
has yet to be granted regulatory approval for inhalation 
applications, extensive clinical evaluation is still required 
prior to commercial use.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 022- 03341-8.
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Fig. 5  Normalized dose of spray dried powder dispersed from custom made dosator device (Fig. 1), for each respective mannitol-dextran for-
mulation in a mass ratio of either 1:3 or 3:1 using a low molecular weight dextran (40 kDa) or high molecular weight dextran (500 kDa). Emit-
ted dose refers to the powder dosage exiting the needle tip of the dosator upon actuation. Delivered dose represents the percentage of powder 
collected after powder was sprayed from the dosator and directly through a 3D printed mouse trachea, mimicking endotracheal delivery. Both 
emitted and delivered dose were normalized based on powder mass initially loaded. Error bars represent standard error between replicate meas-
urements (n = 3)
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