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Summary 

Tacrolimus is used as an immunosuppressant following transplant surgery. A dry powder inhaled form could be 
of advantage to lung transplant patients by improved targeting of the therapy and the reduction of systemic side 
effects. The aim of the research was to produce spray dried tacrolimus formulations, investigating the effects of 
the addition of a bulking agent and of blowing agents. Batches were manufactured from 50:50 vol% aqueous 
ethanol solution using Vectura’s bespoke small scale spray drier. The performance of the formulations was then 
assessed by cascade impactor testing using Vectura’s unit dose device or multi-unit dose Gyrohaler® device. 
Inclusion of trehalose or a blowing agent in the formulation greatly improved blister clearance and doubled the 
FPF (≤3.3 µm) compared to a pure tacrolimus powder. Comparable results were achieved using both devices. 
The two lead formulations  –  tacrolimus (20% blowing agent) and tacrolimus /trehalose 1:1 (20% blowing agent)  
- were filled into unit dose blisters and sealed in foil pouches for six months with little change in the performance 
at 25°C/60%RH with only a small decrease in FPF and FPM at 40°C/75%RH.  
 
Spray dried powder formulations of tacrolimus have been successfully developed at a small scale using Vectura’s 
spray drying and formulation technology. The resulting formulations were successfully tested with both unit dose 
and multi-unit dose devices. 
 
Introduction 

Orally administered tacrolimus, an immunosuppressant macrolide, is used as the cornerstone of therapy to 
prevent rejection following transplant surgery

1
. A dry powder inhaled form could be of advantage to lung 

transplant patients by improved targeting of the therapy and the reduction of systemic side effects
2
. Dry powder 

formulations of tacrolimus can be produced by micronisation and blending with a carrier
3
. However, the target 

delivered dose of 1 mg is large for a traditional blended product.  Spray drying is widely used to produce particles 
in the respirable size range

4
 (< 5 µm) and tacrolimus has been spray dried with phospholipids from methanol 

solution
5
. 

 
Our aim was to assess the feasibility of producing a spray dried tacrolimus formulation. Three approaches were 
investigated: spray drying tacrolimus alone, co-spray drying with trehalose as a bulking agent and using 
ammonium bicarbonate as a blowing agent to produce large, low density particles. 
 
Methods 

Small scale batches (2g or 12g) of spray dried tacrolimus with different levels of excipient and blowing agent 
were manufactured using a Vectura bespoke mini spray dryer. The parameters used are detailed in Table 1. 
Tacrolimus was dissolved in ethanol, and trehalose and ammonium bicarbonate, where required, were dissolved 
in an equal volume of deionised water and the two solutions were mixed. The amount of the blowing agent added 
was measured as a percentage of the mass of the other components of the formulation. The blowing agent is 
converted into gases (ammonia and CO2) as the solution is spray dried and so does not remain in the recovered 
particles.  
 

                                                                                           
 
 Figure 1. Unit Dose Blister Device                         Figure 2. GyroHaler® Multi-Unit Dose Device 

 
 



 
 

The powders – 1.2 mg for tacrolimus or 2.2 mg for tacrolimus/ trehalose formulations - were hand filled into 
aluminium blisters and heat sealed. The aerodynamic particle size distribution performance of the formulations 
was then tested using either Vectura’s unit dose device (Figure 1) or the multi-unit dose Gyrohaler® device 
(Figure 2) by cascade impaction (Next Generation Impactor (NGI)) operated at a flow rate of 60L/min (equivalent 
to 4 kPa pressure drop) according to pharmacopoeial methods.  One actuation was collected in the NGI.  High 
performance liquid chromatography (HPLC) was used to analyse the mass of tacrolimus deposited on each stage 
of the NGI.  Emitted dose, fine particle mass (FPM ≤3.3µm), fine particle fraction (FPF, % of emitted dose 
≤3.3µm) and Mass Median Aerodynamic Diameter (MMAD) were then calculated. 
 
The morphology of the spray dried particles was analysed by Scanning Electron Microscope imaging (SEM) 
(Hitachi S3000H, University of Leicester). Samples were sprinkled onto varnished stubs and gold coated for 
imaging. The bulk and tapped density and the Carr’s Index were measured by adapting the pharmacopoeial 
method to small scale; using 0.5 to 1.5 g of each formulation in a 10 mL Grade A glass measuring cylinder.  
 
The two lead formulations were filled into unit dose blisters (1.2mg for tacrolimus (/20% blowing agent) and 
2.2mg for 1:1 tacrolimus/trehalose (20% blowing agent)) and stored at 25°C/60%RH and 40°C/75%RH sealed 
inside a foil pouch.  NGIs were performed at initial, 4 week and 6 month time points for samples stored at 
25°C/60%RH and at initial, 2 and  4 weeks, and 6 months for samples stored at 40°C/75%RH.    
   
 
Table 1. Spray Drying Conditions 

Parameter Setting Parameter Setting 

Feedstock concentration 2.5% w/v Drying air flow 5 L/s 

Liquid feed rate 5 g/min Drying air pressure 1 bar 

Atomisation pressure 3.0 / 5.0 bar Inlet temperature 120°C 

Atomisation flow 25 L/min Outlet temperature >75°C 

 
 
Results and Discussion  

Small scale batches (2g) were initially produced and tested in the unit dose device to enable a rapid screen of 
formulations (Table 2).  It was clear from the results that spray dried tacrolimus alone was mostly retained in the 
blister resulting in a very low fine particle mass. The addition of trehalose or of the blowing agent dramatically 
improved the emitted dose and fine particle mass.  
 
Table 2. Summary of NGI Performance Data of Spray Dried Tacrolimus Formulations 

 Tacrolimus Tacrolimus /  Trehalose (1:1) 

Blowing agent  0% 10% 20% 10% 20% 

Blister retention 
(%) 

76 - 85 6 - 9 3 - 25 2 - 3 3 - 4 

Emitted dose (µg) 237 - 416 831 - 904 629 - 1008 837 - 947 915 - 940 

FPF (%) < 3.3µm 25 - 35 68 - 72 65 - 74 58 - 69 63 - 64 

FPM (µg)  
(< 3.3µm) 

42 - 52 589 - 611 462 - 665 549 - 576 572 - 603 

MMAD (µm) 2.6 - 3.7 2.1 - 2.2 2.2 - 2.4 2.2 - 2.6 2.4 

 
 
The effect of adding the blowing agent on formulation density can be seen in Table 3 and Figure 3. The particles 
produced when the blowing agent is added are thin walled shells and so have low bulk and tapped density.  The 
SEM images show that the particles produced using the blowing agent are geometrically larger than those where 
no blowing agent was used.  
 
 
 
 
 
 
 



 
 

Table 3.  Density Measurements for Spray Dried Tacrolimus Formulations 

 Tacrolimus Tacrolimus /  Trehalose (1:1) 

Blowing agent 0% 20%  0%*  20%  

Bulk Density g/ml 0.149 0.126 0.157 0.070 

Tapped Density 
g/ml 

0.219 0.168 0.234 0.092 

Carr's Index (%) 32 26 33 24 

Observations 
Cohesive powder 

poor flow 
Poor flow 

Cohesive powder 
poor flow 

‘Flowable’ 

* - using 12 g scale batch 

(a)    (b)  

Figure 3. SEM images of (a) 1:1 tacrolimus/trehalose, and (b) 1:1 tacrolimus/trehalose (20% blowing agent).  

 
 
Three formulations were then manufactured on a larger scale (12g) and tested using the multi-unit dose 
GyroHaler® device (Table 4). This device can contain up to 60 doses and so may be more suited to a daily 
dosing regime. The results show performance comparable to that for the small scale batches, with those 
manufactured using the blowing agent giving higher FPF and FPM, although the blister retention is higher and 
more variable than that seen from the unit dose device. GyroHaler® is designed for optimum performance with 
traditional blended formulations and so this not unexpected.  
 
Table 4. Performance data for larger scale formulations in the GyroHaler® Device. 

 Tacrolimus Tacrolimus / Trehalose (1:1) 

Blowing agent  20% 0% 20% 

Blister retention 
(%) 

18 - 34 7 - 29 6 - 37 

FPF (%) < 3.3µg 66 - 79 52 - 63 65 - 79 

FPM (µg)  
(< 3.3µm) 

548 - 732 463 - 631 499 - 720 

MMAD (µm) 2.0 - 2.3 2.4 - 2.8 1.9 - 2.2 

 
 
The two lead formulations – tacrolimus (20% blowing agent) and 1:1 tacrolimus/ trehalose (20% blowing agent)  - 
were filled into unit dose blisters and stored at 25°C/60%RH and 40°C/75%RH sealed inside a foil pouch.  
Storage for six months at these conditions resulted in little change in the performance  at 25°C/60%RH (Figure 4 
and 5 – error bars represent one standard deviation) with only a small decrease in FPF and FPM at 
40°C/75%RH. There is no apparent difference in the stability of the two formulations although the variability of the 
data is high for some time points, in part due to the small number of tests performed. Further data would be 
needed to confirm these results.  



 
 

 

Figure 4.  Stability of Fine Particle Mass (µg) (<3.3 µm) of Two Spray Dried Tacrolimus Formulations (n=3).   

 

Figure 5.  Stability of Fine Particle Fraction (%) (<3.3 µm) of Two Spray Dried Tacrolimus Formulations (n=3).   

Conclusions 

Spray dried powder formulations of tacrolimus have been successfully developed at a small scale using Vectura’s 
spray drying and formulation technology and these have been tested using both unit dose and multi-unit dose 
devices. Addition of trehalose as a bulking excipient or ammonium bicarbonate as a blowing agent appears to 
greatly enhance the performance of the formulation and would allow for the fill weight and tacrolimus content to 
be readily manipulated to obtain the target dose. The two lead formulations filled into blisters and stored at 
25°C/60%RH and 40°C/75%RH show good physical stability over a six month period. 
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