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The recently published USP <922> General Chapter [1] describes the 
specific methods that pharmaceutical companies will use to calibrate, 
qualify, and use water activity instruments in their testing protocols. It is 
water activity measurements, not total water content, that correlate to 
critical product quality attributes. USP <922> includes a description of 
tunable diode laser absorption spectroscopy which is the only method 
to reliably and accurately measure water activity when the sample 
contains other volatile compounds. This article summarizes the 
importance of water activity and how laser-based headspace analysis 
can be used for water activity determination.
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WHAT IS WATER ACTIVITY?
Water Activity (aW) is the amount of loosely 
bound or free water within a drug product that 
is available to participate in chemical, 
biochemical, or physical reactions.    

Total water content, typically measured by Karl 
Fisher (KF) titration as detailed in USP<921>, 
and water activity, measured by the methods 
described in USP<922>, are very different, as 
shown in Table 1. Water activity provides 
information that is not available from Karl Fisher 
testing alone.
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When water is bound into a crystalline lattice, 
as in the case of dicalcium phosphate-dihydrate 
(DCP), the water molecules are not available to 
attack chemical bonds (hydrolysis) or fuel 
bacterial growth. Water always moves from 
compounds of high water activity to 
compounds of low water activity. That being 
said, assuming the excipients in Table 1 are 
combined in a formulation together, mono-
crystalline cellulose (MCC) which has the lowest 
total water content of 4% wt/wt but the highest 
water activity of 0.46 aW, will transfer water to 
the DCP, which has the highest initial total 
water content of 21% wt/wt but the lowest initial 
water activity of 0.17 aW. Eventually, all 
compounds in the formulation will reach 
equilibrium and therefore have an identical final 
water activity.

Table 1: Total water content and water activity of common pharmaceutical excipients [2].

Common Excipients
Total Water 

Content by KF 
 % wt/wt

Water  
Activity 

aw

Water Location

Dicalcium Phosphate-dihydrate (DCP) 21 0.170.17 Tightly bound in  
salt crystal

Pre-gelantized Starch 8 0.300.30 Mono-layer adsorbed 
to starch

Monocrystalline Cellulose (MCC) 4 0.460.46 Multi-layer with  
free water

aw ≠ KF



WHY IS WATER ACTIVITY IMPORTANT?
The water activity of an oral solid dose (OSD) 
product is changing constantly from when the 
pill, tablet, or capsule is first placed into its 
primary package and then throughout its entire 
shelf life when exposed to varying relative 
humidity and temperature conditions. As the 
humidity inside the primary package increases, 
the water activity of the product increases. In 
fact, the water activity of the product has a 
direct relation to the equilibrium relative 
humidity (ERH) inside the package. The units of 
aW range from 0 to 1.0; ERH units range from 0% 
to 100%.
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Monitoring water activity throughout the 
product life cycle is important to control critical 
quality attributes such as microorganism 
growth, product degradation, product 
dissolution and product hardness or friability. 
Table 2 gives an overview of the impact of 
water activity on these critical quality 
attributes.

aw* 100  % ERH

Table 2: Impact of water activity on critical quality attributes.

Critical Quality Attribute Water Activity Impact

Microorganism growthMicroorganism growth
If aw increases above a critical limit, objectionable 
microorganisms can begin to grow on non-sterile 
products.

Product DegradationProduct Degradation
aw has been shown to exponentially increase the 
degradation rate of moisture sensitive Active 
Pharmaceutical Ingredients (APIs).

Product DissolutionProduct Dissolution
Changes in aw can decrease the dissolution rate of 
immediate release formulations and bioavailability of 
amorphous solid dispersion products.

Hardness, friability, or swellingHardness, friability, or swelling Changes in aw can increase or decrease tablet hardness 
or friability and can cause capsules to swell or crack.
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WHO SHOULD USE WATER ACTIVITY?
Stability testing begins during the early 
development phase, continues during clinical 
trials, and culminates when the product is 
approved with an expiration date at an explicitly 
stated storage condition. Water activity testing 
provides unique and critical information at 
every point in the product life cycle.

Early in the development phase, the formulation 
is tested in open cups stored in environmental 
chambers at elevated temperature and humidity 
conditions.  Exposing the product directly to 
ICH stability zone conditions is key to 
understanding how humidity, temperature, and 
time impact the critical quality attributes.   

The formulation and packaging development 
groups must work closely with each other 
because even small changes in the formulation 
or the packaging can have a major impact on 
the stability. Water activity testing provides 
critical information to understand the 
interaction of these complex variables during 
the development phase. Water activity 
measurements can be used to create a 

Table 3: Groups that use water activity testing at each phase in the life cycle.

quantitative record of the humidity history of 
the product as moisture permeates the primary 
packaging to interact with the contents.

The process development and manufacturing 
teams need to determine how temperature and 
humidity impact powder flow, compression, 
adhesion, and the physical characteristics of the 
tablet, pill, or capsule. Water activity is strongly 
correlated to these critical physical factors and 
therefore should be part of raw material and 
in-process testing.

Long term stability testing is required to prove 
that the product will maintain its potency, 
purity, and efficacy for its entire shelf life. It is 
well recognized that elevated humidity and 
temperature have the largest impact on OSD 
stability failures. In 2018, pharmaceutical 
companies in the USA recalled 34 lots of OSD 
products that failed during stability testing. 
When water activity testing is included in 
stability test protocols, the data can be used to 
assess risk of stability failures or understand 
why a particular batch of product failed before 
the expiration date.

Life Cycle Phase Department/Group Goal

Development PhaseDevelopment Phase

Formulation Development

Provide all the key information 
required for NDA/ANDA including 
primary packaging and stability data.

Packaging Development

Process Development

ManufacturingManufacturing

Raw Material testing in QC
Test raw materials, in process samples, 
and final packaged product to 
determine if water activity is within 
specification.

In-Process testing in QC

Release testing in QC

Stability TestingStability Testing

Degradation in Stability
Monitor changes in water activity 
during long-term storage and 
determine how aw impacts critical 
quality attributes

Dissolution in Stability

Microbiology in Stability



Figure 1: Schematic of how the Lighthouse Instruments FMS-Water Activity Analyzer uses 
tunable diode laser absorption spectroscopy to make a rapid water activity measurement.
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LASER-BASED HEADSPACE ANALYSIS FOR 
WATER ACTIVITY DETERMINATION
USP <922> includes a description of Tunable 
Diode Laser Absorption Spectroscopy (TDLAS) 
measurements and states that it is the only 
method to reliably and accurately measure 
water activity when the sample contains other 
volatile compounds.  

The Lighthouse FMS-Water Activity Analyzer 
uses TDLAS to non-destructively and directly 
measure the water activity non-invasively of 
samples in a sealed glass vial, which is placed 
into a laser optics chamber (see Figure 1). 

Unlike systems that require the sample to reach 
equilibrium inside the instrument, the FMS-
Water Activity Analyzer can provide accurate 
water activity data in as little as 10-seconds, 
and can therefore test hundreds of samples 
within one hour. The ability to generate robust 
data quickly is a big advantage for the 
formulation and packaging development 
process and the long-term product stability 
testing program.  
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