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Image: Multiple myeloma illustration

Credit: Johnson & Johnson
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Biopharmaceuticals vs. Small Molecules

4

Biopharmaceuticals
 Produced by a living organism or derived by a living 

organism by means of recombinant  DNA

 High molecular weight  (>1 kDa)

 Funct ion depending on 3D-st ruct ure

 Prot eins, pept ides, RNA and DNA, et c .

 Parent eral delivery/ st erile

 Temperat ure  sensit ive

 Frozen liquid/  lyophilized powder

Itraconazole (705 Da)

 Small Molecules
 Manufactured by controlled and 

reproducible chemical reactions
 Low molecular weight (<1 kDa)
 Well-defined structure
 Many have low solubility in water
 Oral delivery
 Solid orals, liquid, lyophilized, controlled 

release (oral and parenteral), inhalation, 
etc..

Monoclonal AntiBody  (mAb)
Infliximab (144 kDa)

mRNA (280 kDa)
Jung, H.N. et al., “Lipid nanoparticles for delivery of RNA 
therapeutics: Current status and the role of in-vivo imaging”, 
2022, Theranostics, 12(17), 7509-7531.
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Biomolecules vs. Small Molecules 2

5

Biomolecules
 Amorphous (t ypically)
 Highly soluble in wat er
 Temperature sensitive
 High product ion cost s
 Low dose
 Low oral bioavailabilit y
 Parent eral delivery/ st erile → Freeze Drying

Small Molecules
 Cryst alline (t ypically)
 Many have low solubilit y in wat er
 Post  drying necessary
 High dose 
 Low product ion cost s
 High oral bioavailabilit y
 Oral delivery → Spray Drying

ht tps:/ /www.jnj.com/hiv ht tps:/ /www.jnj.com/healthcare-product s

https://www.jnj.com/hiv
https://www.jnj.com/healthcare-products
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Lipid Nanoparticles 

6

Nanoparticles  recognized as an enabling t echnology for bot h small molecules (poorly soluble) and 
biopharmaceut icals (DNA, mRNA, et c.)

Lipid nanoparticles
• Biocompat ible 
• Biodegradable

• Increased penet rat ion-
permeat ion profile

• Low cytotoxicit y
• Increased bioavailabilit y

SLN/NLC formulation
• Solid lipid
• Liquid lipid

• Surfact ant

• Drying prot ect ant
Illust rat ion adapt ed from Chount oulesi, M. and Demet zos, C., “Promising Nanotechnology Approaches in Treatment of Autoimmune Diseases of Central Nervous 
System”, 20 20 , Brain Sci., V10 , 338 . 
Kuent z et  al., “Rat ional Select ion of  Bio-Enabling Oral Drug Formulat ions – A PEARRL Comment ary”, 20 21, J . Pharm. Sci., V110 , pp. 1921-1930 .
Hou et  al., “Lipid nanoparticles for mRNA delivery”, 20 21, Nat ure Reviews, V6 , pp.10 78-10 94 .
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Lipid Nanoparticles - Challenges 

7

Table from Rosiaux et  al., “Solid lipid excipients — Matrix agents for sustained drug delivery”, 20 14 , J . Cont . Release, V188 , pp.18-30 .
Dokt orovova, S., Shegokar, R. and Sout o, E.B., “Role of Excipients in Formulation Development and Biocompatibility of Lipid Nanoparticles (SLNs/NLCs)”, 20 17, Nanost ruct ures for Novel Therapy, Ch. 30 , pp. 811-843 .
Salminen et  al., “Influence of spray drying on the stability of food-grade solid lipid nanoparticles”, 20 19 , Food Res. Int ., V119 , pp. 741-750

• Low drug loading
• Drug expulsion
• St abilit y - Part icle size and 

Polydispersit y
• Physical st abilit y - 

Polymorphic change
• Drug st abilit y

Solid Lipids

Liquid lipids
– Miglyol 812 (MCT)
– Kollisolv MCT 70  (MCT)
– Labrafac Lipophile WL 

134 9  
– Oleic  Acid
– Squalene Surfactants

– Polysorbat e 80
– Poloxamer 188
– Phosphat idylcholine (soy, egg)
– Poloxamer 4 0 7

Drying Excipients
– Lact ose
– Sucrose
– Trehalose
– Mannit ol
– PVP
– L-Leucine
– Dext ran
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Drying of Pharmaceuticals – Potential Approaches
Drying of Pharmaceuticals – Why?

 Pharmaceut icals are more st able in t he solid st at e
 Reduct ion of t ransport at ion cost s
 Ease of handling and st orage

Spray Drying
 Investment/Operating costs: 5-8 times 

lower than FD
 Organic solvent s feasible
 High capacit y & Cont inuous Process
 Part icle Engineering
 PAT might  be applied

Freeze Drying
 Inject ables/ Parent erals
 St erile manufact uring
 High yields
 Small volumes

Spray Drying feasible for:
 Powder propert ies import ant  for funct ionalit y e.g. Oral Dosage Forms, Inhalable Particles
 Large volumes
 Low/ Medium Heat  sensit ive product s

Freeze Drying feasible for:
 Inject ables/ Parent erals/ St erile product s
 Small volumes
 Heat  sensit ive product s 8

Vass et al., “Drying Technology Strategies for Colon-Targeted Oral Delivery of 
Biopharmaceuticals”, 2019, J. Cont. Rel., Vol. 296, pp.162-178.
Walton and Mumford, 1999, “Spray Dried Products – Characterization of Particle 
Morphology”, Trans IChemE, V77, pp. 21-38.
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Image: Multiple myeloma illustration

Credit: Johnson & Johnson

Particle Engineering using
Spray- and Freeze-Drying 
Technologies
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Drying Processes for Inhalable Biopharmaceuticals

Drying ± Milling (+ Powder Filling)
1. Spray Drying 
2. Elect ro-spraying/ -spinning + Milling (spinning)
3 . Spray-Freeze Drying
4 . Supercrit ical Drying
5. Cont inuous Bulk Freeze Drying + Milling
6. Act ive Freeze Drying + Milling
7. Thin Film Freeze Drying 
8 . Drying (part icles) + At omic Layer Deposit ion
9. ……

10

Walt ers et  al., 20 14 , “Next Generation Drying Technologies for Pharmaceutical Applications ”, J . Pharm Sci., V10 3 , pp. 26 73 -26 9 5 .
Vass et  al., 20 19 , “Drying Technology Strategies for Colon -Targeted Oral Delivery of Biopharmaceuticals ”, J . Cont . Rel., Vol. 29 6 , pp.16 2-178 .
Sharma et  al., 20 21, “Innovative Drying Technologies for Biopharmaceuticals”, Int . J . Pharm., V6 0 9 , Art icle 121115 .
Samborska et  al., 20 22, “Innovations in spray drying processes for food and pharma industries”, J . Food Eng., V3 21, Art icle 110 9 6 0 .
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Freeze Drying + Jet Milling

11

 Advantages
+ Low t emperat ure drying
+ High yield
+ St erile manufact uring (Pharma)
+ Preservat ion of shape (Food)

Sharma et al., 2021, “Innovative Drying Technologies for Biopharmaceuticals”, Int. J. Pharm., Vol. 609, Article 121115.
C. Ratti, 2013, “Freeze drying for food powder production”, in Handbook of Food Powders, Woodhead Publishing, DOI : 10.1533/9780857098672.1.57, pp. 57-84.
Yang et al., 2024, “Characterization and biological activity evaluation of water-soluble resveratrol complexes obtained by spray drying, ball milling and jet milling”, J. Drug Del. Sci. Tech. V100, doi.org/10.1016/j.jddst.2024.106075. 
Macdonald et al., 2016, “The spiral jet mill cut size equation”, Powder Tech. V299, pp. 26-40, dx.doi.org/10.1016/j.powtec.2016.05.016.

 Challenges
- Long drying t imes
- Expensive
- Difficult to scale -up
- St resses during freeze drying (freezing and 

dehydrat ion) and milling (mechanical)
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Spray-Freeze Drying

12

I.B. Sebastiao et al., 2019, “Bulk Dynamic Spray Freeze-Drying Part 2 - Model-Based Parametric Study for Spray-Freezing Process Characterization”, J. Pharm Sci., Vol. 108, pp.2075-2085.
Chang et al., 2021, “Dry powder pharmaceutical biologics for inhalation therapy”, Adv. Drug Del. Reviews, V172, pp. 64-79.
Farinha et al., 2023, “Spray Freeze Drying of Biologics: A Review and Applications for Inhalation Delivery”, Pharm. Res., V40, doi.org/10.1007/s11095-022-03442-4.

Advantages
+ Ideal for heat  sensit ive prot eins
+ High yield 

Challenges
- Scale-up challenging
- Capacit y
- Freezing and dehydrat ion 

st resses

”2-step production of a dry powder by 1) Atomization of a liquid into droplets and freezing 
the droplets by a cold gas, liquid or surface, and 2) freeze drying the frozen particles”



Proprietary and confidential. Internal J&J use only unless authorized for external use.

Thin-Film Freeze-Drying Technology for Inhalation

13

Sahakijpijam et  al., “Using thin film freezing to minimize excipients in inhalable tacrolimus dry powder formulations”, 20 20 , Int . J . Pharm., V586 , 119490 .
Chang et  al., “Dry powder pharmaceutical biologics for inhalation therapy”, 20 21, Adv. Drug Del. Reviews, V172, pp. 64 -79 .

Advantages
+ Ideal for heat  sensit ive 

prot eins
+ Minimal air/ wat er int erface
Challenges
- High specific surface area
- Low densit y part icle
- Freezing and dehydrat ion 

st ress
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• Technology from the semiconductor indust ry
– Layer is well-cont rollable in nm-size range
– Nonconformal object  are uniformly coat ed

• Idea/Purpose:
– Improve powder processabilit y (i.e . 

dispersibilit y, flowabilit y)
– Improved st abilit y against  water and oxygen

Advantages
+ Improved dispersibilit y and flowabilit y
+ Small excipient  amount  (t ypically 1-5  wt .%)
Challenges
- New t echnology (supplier, benefit s, ….)
- Mainly metaloxides as coatings
- Toxicology
- …..

Atomic Layer Deposition

14

La Zara et  al., 20 21, “Controlled Pulmonary Delivery of Carrier-Free Budesonide Dry Powder by Atomic Layer Deposition”, ACS Nano, V15 , doi.org/10 .10 21/acsnano.0 c100 40 .
R. van Ommen, 20 20 , “ALD on part icles - Scalable product ion of  nanost ruct ured mat erials”, NEVAC Blad, 58 (2); ht t ps:/ /nevac.nl/archief_pdf/pdf_194 .pdf. 

Al2O3

TiO2

SiO2

https://nevac.nl/archief_pdf/pdf_194.pdf
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1. Solution Preparation 
including Filtration

2. Atomization

3. Mixing of droplets and 
the drying gas 

4. Drying
• Inlet  80 -20 0 °C
• Out let  30 -80 °C

5. Separation of particles 
and gas 

Spray Drying – Concept & Elements
”1-step production of a dry powder by atomization of a liquid into droplets with 
simultaneous exposure to a hot gas, whereby the liquid is evaporated”

15

2 3

4
1

Dobry et  al. “A Model-Based Methodology for Spray-Drying Process Development”, J . Pharm. Innov., 20 0 9, Volume 4 , pp. 133-14 2.

Filter

1
2 3

4
5

5
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Stresses in Spray Drying

 Atomization stresses:
 Shear forces

 Thermal stresses:
 Inlet  & out let  t emperature
 Residence t ime
 Formulat ion (prot eins at  t he Air-Water int erface)

 Powder recovery system:
 Temperature
 Humidity
 Residence t ime

16

CFD simulation shown courtesy 
Hovione FarmaCiencia S.A.

Atomization illustration from Shrestha et al., “Primary break-up and atomization characteristics of a nasal spray”, 2020, PLOS ONE., V15(8):e0236063. 
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Degradation Examples

Human Growt h Hormone
• Degradat ion by Air-Wat er int erface exposure i.e. 

high at omizat ion force (small droplet s)
• Degradat ion reduced by use of surfact ant  

(Tween20 )

 β-Galactosidase
• Degradat ion by t emperat ure (same at omizat ion 

condit ions)
• Degradat ion reduced by use of excipient s (Sucrose, 

Trehalose)

17

Broadhead et al., “The effect of process and formulation variables on the properties of spray dried b-galactosidase”, J. Pharmacy and Pharmacology, 1994, V46, pp. 458–467.
Mumenthaler et al., “Feasibility study on spray-drying protein pharmaceuticals: recombinant human growth hormone and tissue-type plasminogen activator”, 1994, Pharm. Res. V11, pp. 12-20
Maa et al., “Spray-Drying of Air-Liquid Interface Sensitive Recombinant Human Growth Hormone”, 1998, J. Pharm. Sci., V87(2), pp. 152-159.
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Spray Drying Quality-by-Design – Prior Knowledge, Impact on 
CQA‘s, and Critical Process Parameters
1. Formulation impact s physical and chemical 

propert ies
 Concent rat ion, Viscosit y and Solvent (s) choice, 

Polymer t ype, API:polymer (sugar) rat io
 Viscosit y: At omizer t ype & Droplet  size

2. Atomisation (droplet  size) impact s primarily 
Part icle  Size and Solvent  Cont .
 Specific  at omizer design
 2-Fluid Nozzle: Liquid & At omisat ion Gas flow 

rat e, Rat io bet ween flow rat es
 Pressure Nozzle:Pressure (Liquid flow rat e) 

3. Droplet -Gas Contact impact s primarily 
Morphology and Density
 Drying Gas flow rat e
 Gas disperser design (fixed)

4. Drying impacts Solvent Cont., 
Activity, Purity, HMWP, Tg
 Drying Gas flow rate
 Inlet temperature
 Liquid flow rate
 Condenser temperature
 Outlet temperature = func. (Inlet T, Liquid flow 

rate, Drying gas flow rate, Condenser T and Liquid 
properties)

 Relative Saturation = func. (Inlet T, Liquid flow 
rate, Drying gas flow rate, Condenser T and Liquid 
properties)

5. Collection impacts Solvent Cont., 
Activity, Purity, HMWP, Tg
 Collector design: Cyclone vs. Bag-filter
 Residence time

6. Post Drying impact Solvent Cont.
 Temperature
 Time
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Formulation, Process Understanding and CQAs
Process underst anding – Spray Drying & Formulat ion:

 Impact  of spray drying paramet ers on t he Crit ical Qualit y At t ribut es (CQAs)
 Int eract ion bet ween process paramet ers

• E.g. through Design-of-Experiments (DoE)

 Crit ical Mat erial At t ribut es impact  on CQAs
• Solut ion composit ion (solvent s)
• Excipient s (polymers, sugars)
• Surfactant s

Typical Crit ical Qualit y At t ribut es:
 Impurit y profile /  High Molecular Weight  Prot ein
 Residual Solvent
 Part icle size 
 Powder densit y
 Flowabilit y (inc. with particle size and density)
 Part icle shape (inhalat ion)
 API form (cryst alline vs. amorphous)
 Yield (process qualit y at t ribut e)

The st rat egy for scaling up a spray drying process will depend on the specific  product :
 Pulmonary Particle size maintained
 Solid Dosage Form Increase particle size/flowability

PulmospheresTM

Vehring, R.“Pharmaceutical Particle Engineering via Spray Drying”, 2008, 
DOI: 10 .10 0 7/s110 95-00 7-9475-1.
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Spray Drying Platforms - Inhalation
Spray Dryer Size Drying Gas 

Flow Rate
Powder 

Production Rate 1
Residence 

Time
Particle Size 

(Dv50 )

Yield

Cyclone Bag Filt er

Lab (Buchi) 30  kg N2/ h 0 .0 0 5  kg/ h 2 s 2 – 15  μm 50 -90 % NA

Lab (ProCepT) 30  kg N2/ h 0 .0 0 5  kg/ h 5  s 2 – 50  μm 50 -90 % NA

Small Pilot / Commercial (PSD-1) 10 0  kg N2/ h 0 .0 5  kg/ h 25  s 2 – 4 0  μm 4 0 -80 % ≥80 %

Commercial (PSD-4 ) 1.250  kg N2/ h 1 kg/ h 4 5  s 2 – 120  μm 4 0 -80 % ≥80 %

Commercial XL (PSD-7) 10 .0 0 0  kg N2/ h 8  kg/ h 4 5  s 2 – 120  μm 4 0 -80 % ≥80 %

20

12 wt .% aqueous solut ion
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Image: Multiple myeloma illustration

Credit: Johnson & Johnson

Examples of Inhalable 
Biopharmaceuticals
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• BSA prot ein with HP-β-CD
• 5  wt .% tot al solids in water
• Spray-Freeze Drying:  2-fluid nozzle into liquid nit rogen
• Good aerodynamic properties, but BSA aggregation
• Atomization gas flow rate critical for aerodynamic 

properties and aggregation

Spray-Freeze Drying of BSA with HP-β-CD 

22
Lo, J .C.K., Pan, H.W. and Lam, J .K.W., 20 21, “Inhalable Protein Powder Prepared by Spray-Freeze-Drying Using Hydroxypropyl--Cyclodextrin as Excipient”, Pharmaceut ics, V13 , doi.org/10 .3390 /pharmaceut ics13050 615
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• Formulation:
– Lecit hin, Cholest erol, St earoyl Hydrazone PEG, DOTAP, TNF-α

siRNA, Mannit ol
– Part ic le size = 150 -20 0  nm

• Powders produced by TFFD, Spray Drying, and Freeze Drying
– Aft er Freeze Drying SLN part ic le size not  preserved
– SLN part ic le size preserved aft er TFFD and Spray Drying

• TFFD powder had the best  aerosolizat ion propert ies and 
preserved siRNA funct ionalit y

Thin-Film Freeze-Drying of Inhalable SLN with siRNA

23

Wang et  al., ”Aerosolizable siRNA-encapsulated solid lipid nanoparticles prepared by thin-film freeze-drying for potential pulmonary delivery“, 20 21, Int . J . Pharm., V596 , 120 215 .
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• Formulation:
– Budesonide coat ed with SiO2, 

TiO2 and Al2O3 with varying 
thicknesses

• Coat ing improves FPF 2-fold

• Type of metal oxide seems to 
impact  cell viabilit y

• Release can potent ially be t ailored 
through layer t hickness

• Atomic Layer Deposit ion seems to 
be a viable t echnique for 
cont rolled pulmonary delivery

Inhalable Budesonide by Atomic Layer Deposition

24

La Zara et  al., 20 21, “Controlled Pulmonary Delivery of Carrier-Free Budesonide Dry Powder by Atomic Layer Deposition”, ACS Nano, V15 , doi.org/10 .10 21/acsnano.0 c100 40 .
Moseson et  al., 20 22, “Atomic Layer Coating to Inhibit Surface Crystallization of Amorphous Pharmaceutical Powders”,  ACS Appl. Mat er. Int erfaces, V14(36), doi.org/10 .10 21/acsami.2c12666.

Budesonide
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• Formulation:
– siGFP, Ionizable cat ionic lipid (analog of DLin-MC3-DMA), 

Cholest erol, PEG-DMG, Lactose
– Part icle  size = ~150 nm

• Spray drying at Buchi B-290:
– Yield = ~65%
– Outlet temperature = 62°C and 72°C (deg.)
– Part icle  size similar before/ aft er SD
– Moisture content  = 3-4  wt .%
– MMAD = 2.9 μm
– Fine Particle Fraction = 28%

• Spray dried LNPs penet rat ed lung mucus
• Bioact ivit y with 90 % prot ein downregulat ion
• 50 % gene silencing of GADPH

Spray Drying of Lipid NP for Inhalation – siRNA

25

Zimmerman et  al., “Spray drying siRNA-lipid nanoparticles for dry powder pulmonary delivery“, 20 22, J . Cont . Rel. V36 :142.
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Spray Drying of Lipid NP for Inhalation – mRNA

26

Friis et  al., “Spray dried lipid nanoparticle formulations enable intratracheal delivery of mRNA”, 20 23 , J . Cont . Rel., V363 , pp. 389-40 1.

• Formulation:
– eGFP, DSPC, DOPE, 306Oi10 

(Cationic lipid), Trehalose, 
TriLeucine

– Particle size = <200 nm

• Spray drying at Buchi B-290:
– Yield >80%
– Encapsulation Efficiency ≥90%
– Temperature (In/Out) = 90°C/54°C 

• New LNP formulation was stable 
at higher temperatures and had 
higher encapsulation efficiency
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Spray Dried Particle Properties – Towards Understanding the Structure

• Use of imaging t echniques like FIB-SEM, XRM and 
MFV-SEM 

• Applicat ion of ML/AI algorit hms to images t o 
charact erize propert ies like part icle  size, surface 
area, pore size dist ribut ion, chemical composit ion, 
wall/ shell t hickness, et c .

• Enables quant ificat ion of spray dried part icle  
morphology in spheres vs. raisins/ shrivelled fract ions 

• Spheres: Low density and good compressibilit y

• Raisins: High density and lower compressibilit y
• Potent ial t ool t o bet t er underst and how to prot ect  

sensit ive molecules during spray drying through 
increased knowledge of component  dist ribut ion and 
part icle  st ructure

27

Going from bulk properties towards resolution on particle level

Zi et  al. (20 20 ), “Characterizing the Impact of Spray Dried Particle Morphology on Tablet Dissolution Using Quantitative X -Ray Microscopy”, J . Pharm Sci., V10 9 , pp.3 4 0 4 -3 4 12. ht t ps:/ / doi.org/ 10 .10 16 / j.xphs.20 20 .0 7.0 3 2
Zhang et  al. (20 21), “Characterizing the Impact of Spray Dried Particle Morphology on Tablet Dissolution Using Quantitative X -Ray Microscopy” , Eur. J . Pharm Sci., V16 5 , ht t ps:/ / doi.org/ 10 .10 16 / j.ejps.2 0 21.10 5 9 21

https://doi.org/10.1016/j.xphs.2020.07.032
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Image: Multiple myeloma illustration

Credit: Johnson & Johnson

Summary/Conclusions

28
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Summary/Conclusions

29

 Biopharmaceut icals are sensit ive t o formulat ion and drying condit ions:
 Thermal st ress t hrough the drying t emperature, equipment  scale, shear st ress, choice of solid lipid 

(Tm), and wall/mat rix-former

 Several Spray- and Freeze-Drying based t echnolgies are feasible for manufacturing inhalable 
biopharmaceut icals; Alt ernat ive t echnologies for „formulat ion“ like Atomic Layer Deposit ion are being 
researched

 Inhalat ion is seen as a viable rout e for biopharmaceut icals with mult iple studies having demonst rat ed t he 
feasibilit y for example for siRNA/mRNA 

 New charact erizat ion t echniqes are becoming available t o give new insight s into part icle  propert ies

 Production of biopharmaceuticals for inhalation by Spray -Drying and Freeze -Drying is feasible, 
however, still require significant formulation development work and optimization of drying conditions



If you have more questions, please contact:
Sune Klint  Andersen
sander8 3@its.jnj.com

Thank you!
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