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Benefits of Lyophilization

Low moisture 
content

More surface 
area & porous

Easy to Dissolve

Powder

Increased Stability

Lyophilization

Freezing

Sublimation

Desorption

“30% of therapeutic proteins are freeze dried”

“80% are lyophilized in vial”

Zoster vaccine
(Zostavax®)

Azithromycin 
injection.

(Zithromax®)

Easy to transport

Lyophilization commonly used for
Small Molecules Drugs (e.g., acyclovir)
Large Molecule Drugs (e.g., proteins, DNA)
Vaccines
Blood factors
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Critical process parameters:

• Ice nucleation temperature (𝑇n)

• Rate of change of the product 

temperature ( Τd𝑇p d𝑡): 

• Phase behaviour of solid/solute fraction

• Critical temperature (e.g. collapse), 𝑇c

• Ice interface temperature (𝑇i)  < 𝑇c

• Vial heat transfer coefficient

• Porosity of the ‘dry’ fraction of the 

product that develops during primary 

drying (𝑅p = 1/ Porosity )

• Primary and secondary drying end points

Lyophilization process Operating parameters : 

(A) shelf temperature (ramp)

(B) chamber pressure

(C) condenser temperature
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Process Analytical Technology (PAT)

Single vial (new) techniques

• Through vial impedance spectroscopy

Single vial (existing) techniques

• Probe probes

• Microbalance

• Heat flux transducers

PAT, as defined by the ICH, is “a system for designing, analysing and controlling the
manufacturing through timely measurement (during the process) of critical quality
and performance attributes of raw and in-process materials and the process with the
goal of ensuring final product quality”

ICH, 2009. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use
Topic Q8(R2): Pharmaceutical Development.

Batch techniques

• Pressure rise test (PRT)

• Manometric temperature 
measurement (MTM)

• Comparative pressure 
measurement (CPM)

• Time domain laser absorption 
spectroscopy (TDLAS)
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Through Vial Impedance Spectroscopy

Low thermal mass of 
electrodes

• no interference with heat 
transfer & drying rates

Single Vial PAT

Non- perturbing to 
packing of vials

Thin flexible cables 
(0.5 - 2 m)

• Stoppering 
unaffected

Multichannel

Temperature calibration 
• using nearest neighbour vial(s)

Non-sample invasive
no impact on ice nucleation

TVIS vial TC vialPlain vial
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Phase behaviour of the solid/solute fraction

CASE STUDY

The behaviour predicted by DSC is 
not always evident in-vial!!

0%; 1% and 15% IgG
1% Sucrose, 4% Mannitol, 20 mM Histidine, 

0.01% Tween 20
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Conventional Method : mDSC

Sample Amount (mg)

1% IgG 51.2

15% IgG 77.3

Excipients 82.3

DSC Q2000 V24.11 Build 124 
(TA Instruments)

Step Description

1 Isothermal for 2 min

2 Ramp 10 °C/min to -50 °C (mark end of cycle 1, data storage off)

3 Isothermal for 5 min

4 Ramp 1.5 °C/min to -15 °C

5 Isothermal for 10 min

6 Ramp 1.5 °C/min to -50 °C (data storage on, sampling interval 1 s/pt, modulate ± 0.23 °C every 60 s)

7 Isothermal for 8 min (data storage on, sampling interval 1 s/pt)

8 Ramp 1.5 °C/min to 25 °C (mark end of cycle 2)
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mDSC
Thermograms

15% IgG
1% sucrose, 4% mannitol

20 mM histidine, 0.01% Tween 20

1% IgG
1% sucrose, 4% mannitol

20 mM histidine, 0.01% Tween 20

Sample

𝑻𝐠 onset (oC)

Heat 
flow

Non reverse 
heat flow

Reverse 
heat flow

0% IgG −39.5 −39.5

1% IgG −31.9 −32.1

15% IgG −33.5

0% IgG
1% sucrose, 4% mannitol
20 mM histidine, 0.01% Tween 20
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5 Channel TVIS System connected to Telstar LyoBeta
(National Institute for Biological Standards and Control)

Particulars Details

Standard TVIS vial, 5 mL Type 1 Tubular 
Glass Vial from Schott, 
Hungary, VC005-20C

Electrode material Copper Adhesive Tape 
1181 3M

Electrode dimension 10 mm high and 19 mm 
wide

Position of the 
electrode from vial 
base

3 mm

Sample Water for Irrigation
IgG in 2 formulations 

Weight 3 g (Fill factor 0.9)

Impedance 
spectrometer 

Pass through

Junction box

Telstar LyoBeta Pilot 
Freeze Dryer

Vial array
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TV3

TC4 TC3

TV1TV2

TC2

BACK

FRONT

TV4

TC1

TC1

TV1

TV4

TC4

15% IgG

1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20

- TVIS-modified vial connected to CH1

- Standard-unmodified vial with TC1

- TVIS-modified vial connected to CH4

- Standard-unmodified vial with TC4

- Standard-unmodified vial 

TV2

TC2

TV3

TC3

1% IgG

1% Sucrose, 4% Mannitol 20 mM Histidine, 0.01% Tween 20

- TVIS-modified vial connected to CH2

- Standard-unmodified vial with TC2

- TVIS-modified vial connected to CH3

- Standard-unmodified vial with TC3

- Standard-unmodified vial 

0% IgG

1% Sucrose, 4% Mannitol, 20 mM Histidine, 0.01% Tween 20

- Standard-unmodified vial

Loading the freeze-dryer

TCx TVx
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Freeze drying cycle
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Step

Temperatur

e (°C)

Ramp 

(°C/min) Time (min)

Cumulative 

Time (h)

Ramp 

(mbar/min

)

Set pressure 

(mbar) Notes

Equilibrium phase 4 30 0 1000 Equilibrate 

Freezing ramp -50 -0.45 120 2 1000 Freeze to below maximal solidification point (determined by FDM/thermal methods)

Freezing hold -50 60 3 1000 Soak to equilibrate whole batch at frozen state

Re-heating ramp -15 0.58 60 4 1000 Warm to annealing temperature (temperature will need to be determined empirically) 

Annealing hold 1 -15 120 6 1000 Annealing ( time will need to be determined empirically )

Re-cooling ramp -50 -0.58 60 7 1000 Re-freeze to be below maximal solidification point

Re-cooling hold -50 60 8 1000 Soak to equilibrate whole batch at frozen state 

Re-heating ramp -30 0.33 60 9 1000 Second warming

Annealing hold 2 -30 90 11 1000 Second annealing

Re-cooling ramp -50 -0.67 30 11 1000 Re-freezing

Re-cooling hold -50 120 13 1000 Soak to equilibrate whole batch at frozen state 

Vacuum applied -50 0.00 1 13 999.6 0.2 Apply vacuum

Primary drying ramp -10 0.67 60 14 0.2 Ramp to primary drying temp (determined by thermal method/FDM) 

Primary drying hold -10 1800 44 0.2 Primary dry 

secondary drying 30 0.07 600 54 0.2 Slow ramp to secondary drying conditions

secondary drying 30 600 64.02 0.2 Secondary drying to achieve ambient temperature stability

back-fill with 25 30 64.52 0.7 Back fill to inert atmosphere and partial v acuum, then stopper in dry er 

𝑇𝑠ℎ𝑒𝑙𝑓 > 𝑇𝐶
(possible 
because of 
sublimative 
cooling)

Slow 2° drying ramp 
(0. 07 °C min− 1) to 
avoid collapse

Critical temperature 𝑇𝐶(𝑇g
′)

Anneal temperature and time and critical 𝑇𝐶(𝑇g
′) need to be determined empirically .Condenser temperature (not shown)

should be 10-20°C below minimum shelf T,e.g. −70 °C

Critical 

temperature 

determination
Temperature 

calibration
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Re-heating of 15% IgG, 1% sucrose, 4% mannitol, 20 mM 
histidine, 0.01% Tween 20 
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Re-heating of 15% IgG, 1% sucrose, 4% mannitol, 20 mM 
histidine, 0.01% Tween 20 
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Re-heating of 1% IgG, 1% sucrose, 4% mannitol, 20 mM 
histidine, 0.01% Tween 20 
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Re-heating of 1% IgG, 1% sucrose, 4% mannitol, 20 mM 
histidine, 0.01% Tween 20 
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What does this mean?
15% IgG, 1% sucrose, 4% mannitol, 20 mM histidine, 0.01% Tween 20

Excipient only

15% IgG 
+ excipients
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What does this mean?
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A. Increased dielectric 
polarizability suggests 
increased mobility

B. Temperature ramp 
continues through …..𝑇g

A with B suggests a glass transition
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What does this mean?
1% IgG, 1% sucrose, 4% mannitol, 20 mM histidine, 0.01% Tween 20
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A. Reduced dielectric polarizability 
suggests decreased mobility

B. Temperature ramps 
through the transition

A with B suggests crystallization 
(i.e. devitrification)
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Summary: “unexpected” phase behaviour at low IgG

De-vitrification Glass transition

CPP 0% IgG 15% IgG 1% IgG

DSC Tg (Onset) (oC) −39.5 −33.5 −32

TVIS data TV1 TV4 TV2 TV3

devitrification (oC) N/A - - −31 −31

glass transition (oC) N/A −29 −30.5 −38.5 −37.5

CPP: critical process parameter

The process of devitrification is not 
observed by the mDSC method

Devitrification occurs in-vial for the 
low concentration of IgG (1%)

Devitrification is suppressed by the 
higher concentration of IgG (15%)

The glass transition of the excipient 
only formulation by mDSC is similar to
the in-vial response of 1% IgG

(excipient only studies by TVIS were 
not undertaken)
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Thank you for listening ………. 

Feel free to email me if you have any further questions : 

gsmith02@dmu.ac.uk

Prof. Geoff Smith

School of Pharmacy, De Montfort University, Leicester, UK

DMU LyoGroup
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Further Reading

• Introduction to TVIS theory

• Description of the measurement principles

• Dielectric loss and relaxations mechanisms (liquid and frozen states)
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Chapter 5 Through Vial Impedance Spectroscopy (TVIS) A New Method for 
Determining the Ice Nucleation Temperature and the Solidification End point

Further Reading

https://www.crcpress.com/Freeze-Drying-of-Pharmaceutical-Products/Fissore-Pisano-Barresi/p/book/9780367076801
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