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2Moisture determination – a short history

• Thirty years ago the gravimetric or loss-on-drying method was the standard 
moisture determination method for freeze-dried pharmaceutical product.

o Karl-Fischer (KF) titration used more frequently as a new method starting in the early 90’s.

o Total moisture content measured by both methods was different – so people started with 

correlation studies.

[Ref.] Measurement of Final Container Residual Moisture in Freeze-Dried 
Biological Products, Internatioal Symposium on Biological Product Freeze-Drying 
and Formulation, Bethesda, USA, 1990; Developm. biol. Standard., Vol. 74, pp. 
153-164 (Karger, Basel, 1991)
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• Disadvantages of the standard moisture determination methods:

o Risk of moisture contamination is high - methods dependent on operator skill

o Methods are time & resource intensive

o Methods are destructive meaning high value samples are lost

Loss on drying KF Titration NIR? Find a better method?

Very difficult (impossible) to analyze statistical sample sets of finished 
product:

o Insight into the drying process is limited

o Accuracy of moisture stability specifications also limited due to destructive 

analysis and assumptions about identical stability samples

Why? Regulator- understand your process & product, ‘statistical confidence in the process’

Moisture determination – a short history



4

Agenda

• Headspace moisture analysis - Introduction
o Comparison to standard moisture methods
o Relation to water activity

• Application examples / Industry case studies
o Formulation development
o Process optimization and scale up
o Manufacturing & QC

• Q & A
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Moisture Application
Sucrose Formulations

[Ref.] Isobel Cook and Kevin Ward (2011), Headspace Moisture Mapping and the Information That Can Be Gained about 
Freeze-Dried Materials and Processes PDA J Pharm Sci Technol September/October 2011 65:457-467

Headspace Moisture – correlation with total moisture content
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• Water activity, or aw is the partial vapor pressure of water in a substance divided 
by the standard state partial vapor pressure of water.

- Indicates how much ‘free’ water is available for chemical reaction

- A water activity of 0.80 means the vapor pressure is 80% of that of pure water

Water activity definition – thermodynamic property
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USP<922> Water Activity implemented in Q1 2021.

• “Total water content is an important quality attribute…However, water may be allocated in more than one 
compartment within these materials. Some of it may be tightly bound and not available to participate in 
chemical, biochemical, or physicochemical reactions (e.g., as hydrate salts), whereas some of the water may 
be more loosely bound and more freely available to participate in reactions... It is important to establish what 
fraction of the total water is contained in the latter category, and the determination of water activity (aw) 
provides this information.”

• “The determination of aw aids in decisions during ingredient and product processes design, ingredient 
selection, packaging selection, and product storage. These include:
• …
• Reducing the degradation of active ingredients within product formulations, especially those susceptible 

to chemical hydrolysis
• …
• Providing a complementary method to the Karl Fischer titration for monitoring changes in water content
• Controlling and monitoring physical, chemical, and microbial product stability
• …”

Introduction to USP<922> Water Activity Chapter
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Laser diode Detector

Laser light matches absorption 

frequency of water vapor molecule.
Amount of absorbed laser light is dependent 

on partial water vapor pressure in 

headspace.

Non-destructive (product not lost, sample can be re-measured)

Rapid (~1 sec)

Headspace moisture analysis = water activity determination

• Measurement of the water vapor pressure in a sealed container at a defined temperature is 
a water activity determination.

• Measurement concept can be applied to general containers containing dry material.

• There will be a trend to replace some total moisture measurements with a water activity 
determination – USP <922>.
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Benchtop instruments:  Laboratory 
and At-line Instruments & accessories

Inspection Machines:
Automated, compact and 
flexible

Example Headspace Platforms for Non-destructive Lyo Moisture Analysis
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For process development and scale-up

• Driving quality in the pharma industry:

o Regulators asking for more analytical data (QbD, validation, monitor & control)

o FDA process validation guidance:  ‘Statistical confidence in the process’

o ‘Collection and evaluation of data, from the process design phase throughout 
production, which establishes scientific evidence that a process is capable of 
consistently delivering quality products.’

• Analysis of statistically relevant sample sets of finished product gives insight 
enabling decisions that are justified by science-based data

• There is no ‘gold standard’ moisture method – need broader toolbox!

Moisture determination – need for a better toolbox
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• Headspace water vapor correlates to product dryness

• 100% headspace moisture determination to characterize and optimize freeze drying 
cycle

Total analysis time (both batches):  ~ 1 day!

Example:  Robust efficient lyo cycle optimization
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Low value 0.4 torr = 1%  KF
High value 3.2 torr = 4%  KF

Headspace moisture plot shows ‘wet spot’ in center of shelf

Example:  Accurate lyo shelf moisture mapping

• Track vial location 
on the shelf

• Perform 100% 
headspace moisture 
analysis to produce 
shelf moisture map
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Total analysis time per shelf of pilot freeze dryer < 1 hour!

Low value 0.2 torr = 1%  KF
High value 1.0 torr = 1.8%  KF

• Same cycle produced 
2nd batch

• Improving heat 
transfer to the vials 
resulted in 
homogenous moisture 
distribution.

Example:  Accurate lyo shelf moisture mapping
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• Model: 5% sucrose solution, 6R vials, 2.5 ml fill

• Full headspace moisture analysis of shelf:
o Water vapor range of 0.65 to 2.04 mbar 

correlated to 0.8 to 1.4 % (KF)
o Headspace results clearly show an 

inhomogeneous batch

• Edge effects front and side result in lower 
values at front and side positions (acrylic door, 
covered with stainless steel plate)

* Data provided by

Industry case study:  Demonstrating freeze dryer equivalence
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• Model: 5% sucrose solution

• Full headspace moisture analysis of shelf:
o 0.18 to 3.79 mbar, i.e. 0.6% to 2.2% KF
o More inhomogeneous batch

• Cake appearance acceptable, minor 
shrinkage in some vials

• Edge effects front, back and side result in 
lower values (stainless steel door)

Industry case study:  Demonstrating freeze dryer equivalence

* Data provided by
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5% sucrose, lyophilized with non-optimized cycle on two different freeze-dryers

* Data provided by

Industry case study:  Demonstrating freeze dryer equivalence

Freeze-dryer Nr 1 Freeze-dryer Nr 2
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5% sucrose, 2.5% BSA, lyophilized with an optimized cycle on the two different freeze-dryers

Freeze-dryer Nr 1 Freeze-dryer Nr 2

Headspace moisture 
analysis of statistical sample 
sets enabled efficient cycle 
optimization and clear 
demonstration of freeze 
dryer equivalence

Industry case study:  Demonstrating freeze dryer equivalence
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• Background

• Substitution of an old freeze dryer into an existing facility during running operations

• Scale-up from 14 m² to 28 m²

• Introduction of improvements such as Point-of-fill filtration

• Determination of intra- and inter-batch variability and systematic QbD approach to 
comply with recent FDA guidelines

• Industry case study:  GSK Vaccines Marburg

Note: These case study slides were presented at the 2018 PDA Pharmaceutical Freeze Drying Technology conference, Seville, Spain.
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• Headspace Moisture determination

• Performance of Design of Experiments in small-scale 

• 100% determination of intra-batch variability

• Moisture results were used to analyze the impact and interaction of critical process 
parameters during freeze drying and process inherent product variability 

• Determination of a suitable placebo for full-scale runs based on moisture

• Samples used for moisture analysis were still available for other destructive tests in 
contrast to Karl-Fischer to allow 1:1 correlation of results

• Industry case study:  GSK Vaccines Marburg

Note: These case study slides were presented at the 2018 PDA Pharmaceutical Freeze Drying Technology conference, Seville, Spain.



21• Industry case study:  GSK Vaccines Marburg

• Different lyo cycles to verify design space of 
the process

• Cycles show comparable moisture pattern 
and interaction with other parameters

• High dependency of product specific 
attributes with moisture results

• Results were used to define suitable placebo
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Note: These case study slides were presented at the 2018 PDA Pharmaceutical Freeze Drying Technology conference, Seville, Spain.

Results of DoE small-scale study



22• Industry case study:  GSK Vaccines Marburg

DoE Study Conclusions

• Proof of concept for full-scale runs to minimize project risk and number of full-
scale runs

• Determination of suitable Placebo to mitigate lack of drug substance and 
minimize costs

• Verification of robust design space

• Process knowledge about interaction of critical parameters and their effect in 
intra- and inter-batch variability 

Note: These case study slides were presented at the 2018 PDA Pharmaceutical Freeze Drying Technology conference, Seville, Spain.



23

100%,  10,340  vials

AQL inspection, 500  vials

AQL inspection, 500  vials

• Perform 100% moisture inspection on a ‘typical’ batch (during scale-up or validation, for 
example) to determine moisture distribution.

Industry case study:  Troubleshooting an outlier batch

• Compare AQL inspections of other batches to the ‘typical batch’.
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• The previous case studies demonstrated that headspace moisture 
analysis is a very useful analytical tool for gaining statistical insight into 
process and product quality. 

• USP <922> describes headspace moisture (water activity) as a formal 
moisture determination method that in many cases is more useful than 
a total moisture content determination.

USP <922> Headspace moisture as a formal method 
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INCREASING WATER ACTIVITY

Total water content is equal in all product vials.  
Ratio of bound to unbound water is different.

Moisture content vs. Water activity
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Water Activity and Water Content are Different

• Total Water Content measured by Karl Fischer USP<921> is very 

different than Water Activity USP<922>

• Each ingredient in a formulation has its own unique water activity 

versus water concentration. This relationship is typically plotted as 

a sorption isotherm.

• If you change the formulation or the manufacturing process the 

water activity of the drug product will change.

• Water activity measures the amount of loosely bound water that is 

available to participate in undesirable chemical, physical, and 

microbiological reactions.
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• Motivation:

o Replace KF titration with rapid non-destructive method for lyo product 
moisture determination

o Assess correlation between headspace water vapor pressure and degradation 
of a hydrolytic small molecule API

• Measurements:
o Sample sets with range of cake moisture from 0.5-3.0% by weight.
o Measure initial moisture in headspace (water activity at fixed temperature) 
o Since measurement in non-destructive, the same samples can be put on 

stability
o Degradation of the API measured on stability with HPLC
o Look for correlation between water activity and API degradation

Industry case study:  Water activity method study
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Correlating headspace moisture directly to product degradation

Stability study

Targeted moisture content groups:       0.50 %           1.00 %            1.50 %         2.00 %            3.00%  

Corresponding water vapor levels:       4 torr              6 torr              8 torr          10 torr           14 torr

Industry case study:  Lyo water activity method study

Moisture 0.50% 1.00% 1.50% 2.00% 3.00%

25°C X X X X X

40°C X X X X X

60°C X X X X X
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Product degradation results
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Industry case study:  Lyo water activity method study
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   Ln (k) versus FMS water vapor pressure

(At 60ºC)
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• Water vapor (activity) measurement predicts the product stability!
• Potential to replace KF with rapid non-destructive technique for lyo moisture determination

Industry case study:  Lyo water activity method study



31Upcoming Book Chapter

Book title: “Principles and Practice of Lyophilization Process and Product Development”
o to be published end of 2022 in memory of Dr. Michael Pikal (Springer)

Chapter on headspace analysis:
o “Laser-Based Headspace Moisture Analysis For Rapid Nondestructive Moisture 

Determination of Lyophilized products” 



32Summary

• Current moisture determination methods for freeze-dried pharmaceutical product 
(KF titration, LOD methods) give limited insight into process and product quality.

• Headspace moisture analysis is an analytical tool that can be used for formulation 
development, process optimization, freeze dryer qualification, and as a formal 
water activity test method to determine product stability.  

Appropriate analytical methods needed for a robust science-based understanding 
of process and product quality – regulators appreciate and encourage such an 
approach.
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Thank you

for your attention! 


