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The Active Pharmaceutical Ingredients (APIs) molecular structure determines its biological and

therapeutic activity → Drug efficacy also depends on pharmacodynamics and pharmacokinetics

APIs and Role of Solid Forms

Why are most oral drugs formulated as solid forms?

ORAL DRUGS
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Most small-molecule drugs are manufactured, stored, and administered in the solid state.

Solid formulations provide: 

❑ Higher stability and longer shelf life 

❑ Easier storage, transport, and handling 

❑ Accurate dosage and content uniformity 

❑ Robust manufacturing and quality control 

❑ Patients convenience and taste

APIs and Role of Solid Forms

The choice of the API solid form and formulation is therefore a 

critical step in pharmaceutical development.
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Polymorphism of Pharmaceuticals

The ability of substances with 

identical chemical composition to 

crystallize according to different 

arrangements of the atoms

Gozzo, Masciocchi, Griesser, Niederwanger, 2010



www.excelsus2S.com fabia.gozzo@excelsus2S.com

The importance of polymorphism for solid-form pharmaceuticals 
(small molecules)

Very common phenomenon (ca 90% of APIs) – multiple polymorphs can co-exist !

Several phys-chem properties 
influenced by the API polymorphism
• Melting point
• Density
• Chemical reactivity
• Apparent solubility
• Dissolution rate
• Stability
• Spectroscopic properties
• Mechanical properties

Potential impact on
• DP quality
• DP performance
• DP bioavailability ➔ dosage
• DP stability
• Manufacturing of the API and 

the DP

The polymorphism of the API is 
potentially a critical quality 
attribute (CQA)

The polymorphism of some 
excipients can also play a 
critical role !

“Polymorphs must be fully
• characterized during development
• controlled during manufacturing”a dual-edged sword for 

pharmaceutical scientists
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Polymorph Screening, Selection and Characterization 
during Development

Health Authorities expect a proper 
characterization, selection and control strategy 
for the chosen form during the main stages of 

DS and DP development (ICHQ6A). 
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What if none of the crystal forms works?

❑ Nearly 90% of drug candidates exhibit poor 
aqueous solubility. 

❑ Around 40% of marketed drugs are also 
poorly soluble. 

❑ Poor dissolution often limits oral 
bioavailability.

❑ salts 
❑ particle-size reduction/ 

nanocrystals 
❑ lipid formulations 
❑ cyclodextrins 
❑ co-crystals
❑ mesophases

“Polymorphism” also affects APIs’ hydrates, 
solvates, salts and co-crystals
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What if none of the crystal forms works?

❑ Nearly 90% of drug candidates exhibit poor 
aqueous solubility. 

❑ Around 40% of marketed drugs are also 
poorly soluble. 

❑ Poor dissolution often limits oral 
bioavailability.

❑ salts 
❑ particle-size reduction/ 

nanocrystals 
❑ lipid formulations 
❑ cyclodextrins 
❑ co-crystals
❑ mesophases
❑ Amorphous Solid Dispersions 

(ASDs) 

Advantages:

❑ no crystal lattice 
❑ higher free energy 
❑ higher apparent solubility 
❑ faster dissolution 
❑ supersaturation 
❑ improved absorption drug molecules

polymer chain

What is an ASD?

A molecularly dispersed API within an amorphous 
polymer matrix.
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Figure 1 in: Fundamental aspects of solid dispersion technology for poorly soluble drugs” Y. Huang & W.-G. Dai, Acta Pharmaceutica Sinica B, 2014: 4(1), 18-25.

ideal ASD

ASD with some 
crystallization

ASD with amorphous 
drug-rich domains 

dispersed in the matrix

DRUG-POLYMER interaction is key in the ASD design and performance

Amorphous Solid Dispersions
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Caliandro’s lecture on Pair Distribution Function

On-going collaboration with: 
Rocco Caliandro (CNR-IC) Mauro 

De Feudis (Uni Bari)

Recall of R. Caliandro’s lecture on 
PDF technique that allows us the 

study of the local structure of 
materials → pertinent to the study 

of ASDs
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Polymorphism Characterization

A plethora of techniques are available for solid-state pharmaceutical characterization, 

including:

❑ Thermal analyses (e.g. Differential Scanning Calorimetry, Hot-stage Microscopy)

❑ Spectroscopic Analyses (e.g. Raman, Infrared, solid-state Nuclear Magnetic Resonance)

❑ Diffraction and Scattering Techniques (e.g. Single Crystal Diffraction with X-Rays, 

electrons and neutrons, Powder Diffraction , Small-Angle Scattering with X-Rays and 

Neutrons, Pair Distribution Function)



www.excelsus2S.com fabia.gozzo@excelsus2S.com

1817.617.216.816.41615.615.214.814.41413.613.212.812.41211.611.210.810.4109.69.28.88.48

X-ray Powder Diffraction

Powder sample or pill
X-ray diffraction pattern

Scattered X-ray beam

Source of X-ray

2°

In
te

ns
ity



www.excelsus2S.com fabia.gozzo@excelsus2S.com

1817.617.216.816.41615.615.214.814.41413.613.212.812.41211.611.210.810.4109.69.28.88.48

Synchrotron X-ray Powder Diffraction

Powder sample or pillSynchrotron facility

Scattered X-ray beam

X-ray diffraction pattern
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➢ Extremely high beam intensity: 1012-1015 
photons/sec in small beams (m2 to mm2) 

➢ Tunable photon wavelength

➢ Linearly polarized (in the plane of the orbit) 

v<<c

e

What is synchrotron radiation in 30 sec:

➢ Accurate, precise and mechanically stable 
diffractometers

➢ Outstanding detector systems
F.Gozzo, Synchrotron X-Ray Powder Diffraction, Uniting Electron Crystallography and Powder Diffraction, Springer 2012, Chapter 7, 65-82.
https://www.iucr.org/resources/commissions/powder-diffraction/schools/erice2011 

https://www.iucr.org/resources/commissions/powder-diffraction/schools/erice2011
https://www.iucr.org/resources/commissions/powder-diffraction/schools/erice2011
https://www.iucr.org/resources/commissions/powder-diffraction/schools/erice2011
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Synchrotron X-ray Powder Diffraction

Powder sample or pill

Position of the diffracted peaks                →  size and dimension of the unit cell

Intensity ratios of the diffracted peaks     → type and location of atoms in the unit cell

Full Width at Half Maximum (FWHM) → intrinsic properties of the materials                    
of the diffracted peaks  (i.e. microstructural analysis)

Synchrotron facility

Scattered X-ray beam

X-ray diffraction pattern

Structural and microstructural properties 
of materials 
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2θ (CuKalpha-scale)

Form B at 112◦C, 
monoclinic

Form D at 20◦ C, 
orthorhombic

S-XRPD allows the direct and often unquestionable identification of different polymorphic forms

Polymorphism of substances
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Strategic direction
❑ Translating developed competences to substantially fast and cost-effective 

methodologies and exploring opportunities to further push the LOD/LOQ limits  
❑ Combining experimental + computational methods 

Advanced detection & quantification
❑ Ultra-low LOD and LOQ (trace crystallinity, minor phases) 
❑ Quantification under challenging conditions (complex matrices, low signal) 
❑ Reliable quantification of crystalline and amorphous content 
❑ Towards absolute quantification (beyond relative approaches) 

Structure solution capabilities
❑ Ab initio structure solution from powder data 
❑ Integration with: 

❖ Single-crystal diffraction 
❖ Electron diffraction 
❖ Crystal structure prediction (CSP) 
❖ Spectroscopic techniques

Strengthening of in-house expertise
❑ Synchrotron XRPD as core technology 
❑ Complementary methods: SAXS, SANS 
❑ Computational science & crystallography 
❑ Cross-disciplinary collaborations 

Structure → Properties

My lecture today 
focuses on these topics
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❑ Level of Detection (LOD) or Detection Limit (DL)
→ lowest amount of analyte in a sample which can be detected but not necessarily quantitated 
as an exact value (ICH* Q2(R1) §5, p.113) 

❑ Level of Quantitation (LOQ) or Quantitation Limit (QL)
→ lowest amount of analyte in a sample which can be quantitatively determined with suitable 
precision and accuracy (ICH Q2(R1) §6, p.113)

Level of Detection and Level of Quantification

*International Council for Harmonization (ICH) of Technical Requirements for Pharmaceuticals for Human 
Use with 21 Members and 37 Observers, it brings together regulatory authorities and pharmaceutical 

industry to discuss scientific and technical aspects of pharmaceuticals and develop guidelines 
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Level of Detection: what defines it in XRPD?

𝑆

𝑁
 𝑤𝑖𝑡ℎ 𝑆 = 𝐼 − 𝐵 𝑎𝑛𝑑 𝑁 = 𝑛𝑜𝑖𝑠𝑒

Courtesy of Phil Willmott

An Introduction to Synchrotron Radiation: Techniques and Applications

Philip Willmott, 2011 John Wiley and Sons, Ltd and newer editions
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Level of Detection: what defines it in XRPD?

𝑆

𝑁
 𝑤𝑖𝑡ℎ 𝑆 = 𝐼 − 𝐵 𝑎𝑛𝑑 𝑁 = 𝑛𝑜𝑖𝑠𝑒

Courtesy of Phil Willmott

An Introduction to Synchrotron Radiation: Techniques and Applications

Philip Willmott, 2011 John Wiley and Sons, Ltd and newer editions
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➢ 1 mm capillary,
➢ Mythen data at 50% reduced intensity
➢ No radiation damage up to 3min

Large counting statistics in sub-seconds 
acquisition times

In-situ kinetic studies of organic
compounds!

Gozzo F. , 2008
See: Bergamaschi et al, J. Synchrotron Rad. 
(2010). 17, 653–668

Radiation Damage Control with fast and efficient detection
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Level of Detection: what defines it in XRPD?

𝑆

𝑁
 𝑤𝑖𝑡ℎ 𝑆 = 𝐼 − 𝐵 𝑎𝑛𝑑 𝑁 = 𝑛𝑜𝑖𝑠𝑒
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Margiolaki’s group, University of Patras, Greece

Angular (FWHM) ResolutionSignal-to-noise ratio
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pH=7.56

pH=7.56

pH=6.0

Protein powders: HI polymorphism induced by two polyphenols

Human Insulin

https://sites.google.com/view/margiolaki-biology-upat/home 

Triandafillidis et al, 2020
Acta Cryst. (2020). D76, 1065–1079

https://sites.google.com/view/margiolaki-biology-upat/home
https://sites.google.com/view/margiolaki-biology-upat/home
https://sites.google.com/view/margiolaki-biology-upat/home
https://sites.google.com/view/margiolaki-biology-upat/home
https://sites.google.com/view/margiolaki-biology-upat/home
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Signal-to-noise ratio

Level of Detection: what defines it in XRPD?

𝑆

𝑁
 𝑤𝑖𝑡ℎ 𝑆 = 𝐼 − 𝐵 𝑎𝑛𝑑 𝑁 = 𝑛𝑜𝑖𝑠𝑒
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Angular (FWHM) Resolution

with A. Grandeury, E. RousakiAccurate instrumental setup and 
calibration protocols
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Level of Detection: what defines it in XRPD?

❑ Signal-to-noise ratio

❑ Angular (FWHM) Resolution

❑ Accurate instrumental setup and calibration protocols

❑ Implementation of ad-hoc experimental setups and/or alternative data analysis 

strategies
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2012: LOD lower than 0.05% wt 

27
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Minority phase: Indomethacin 
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Majority phase (intensity up to 1.5 M counts): Haloperidol

Multiple powder volumes 

measured Could a better angular 

resolution improve the 

ultimate LOD?

Qualitative Phase analysis with the lowest achievable Level of Detection (LoD)
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Courtesy of Phil Willmott

An Introduction to Synchrotron Radiation: Techniques and Applications

Philip Willmott, 2011 John Wiley and Sons, Ltd and newer editions
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1D detector (e.g. MYTHEN strip detector)

Phil’s animation at START
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Courtesy of Phil Willmott

An Introduction to Synchrotron Radiation: Techniques and Applications

Philip Willmott, 2011 John Wiley and Sons, Ltd and newer editions
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Debye-Scherrer cones

Debye-Scherrer rings

Powder sample

Magnified view
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X-Ray beam

2D detector (e.g. PILATUS pixel detector or any flat plate)

Mitigation of effects caused by:
❑ Preferred orientations (PO)
❑ Statistics of Orientation
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Exploring the combination of:
❑ 2D detectors

❑ Functional concept of sample container

❑ Enhanced image processing (serial-2D-analysis) to enhance ultimate LOD

High-throughput systems

Swiss Light Source development, engineered by ANAXAM
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From Level of Detection (LOD) to Level of Quantitation (LOQ)

Interested in receiving a copy of Fabia’s QPA lecture at the Paul Scherrer Institute 
International School of Powder Diffraction?

Drop Fabia a message: fabia.gozzo@excelsus2s.com  

mailto:fabia.gozzo@excelsus2s.com
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Traditional Quantitative Phase Analysis: Rietveld QPA
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Rietveld QPA method (pharma powders, transmission geometry)

𝐼 ℎ𝑘𝑙 𝐵 =
𝐾1,𝐵 ∙ 𝑤𝐵 ∙ 𝜏𝑚

𝜌𝐵 ∙ 𝜇𝑚
∗

𝐾1,𝐵 ∝
1

𝑉𝐵
2

R. J. Hill, Powder Diffr. 1991, 6, 74-77𝐼𝐵 ∝ 𝑆𝐵

𝜌𝐵 = 1.66054 ∙
𝑍𝑀𝐵

𝑉𝐵

Z=number of formula units 
M=molecular mass of the formula unit in AMU

𝑤𝐵 =
𝐼𝐵 ∙ 𝜌𝐵 ∙ 𝜇𝑚

∗

𝐾1,𝐵 ∙ 𝜏𝑚

=
𝑆𝐵 ∙ (𝑍𝑀𝑉)𝐵 ∙ 𝜇𝑚

∗

𝐾

DS

This expression is of general validity, but in DS geometry in the òscaling factor ó K, which 

puts 𝑤𝐵 on an absolute scale, we also have the packing fraction 𝜏𝑚; in BB 𝜏𝑚=1 

Note that the factor 1.66054 =
1024

𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟
=

1024

6.022∙1023 converts 𝜌𝐵 expressed in 𝐴𝑀𝑈

Å3  to 𝜌𝐵 expressed in 𝑔

𝑐𝑚3 

𝐼 ℎ𝑘𝑙 𝐵=
𝐼03

32 𝜋 𝑟 
∙

𝜎 𝑒4

𝑚𝑒
2𝑐4 ∙

𝑀ℎ𝑘𝑙

2𝑉𝐵
2 ∙ 𝐹ℎ𝑘𝑙 𝐵

2 1

𝑠𝑖𝑛2𝜃∙𝑐𝑜𝑠𝜃
∙ 𝑒𝑥𝑝 −2𝐵𝐵

sin 𝜃



2 𝑤𝐵∙𝜏𝑚

𝜌𝐵𝜇𝑚∗

𝐾1,𝐵

𝑆𝐵 =Rietveld scale factor

…and similarly for phase D of 
bupivacaine 

𝑤𝐵 is the weight fraction
𝜏𝑚 is the packing fraction of the mixture
𝜌𝐵 bulk density of phase B
 𝜇𝑚 ∗ mass absorption coefficient (=

𝜇𝑚

𝜌𝑚
) of 

the ‘bulky’ mixture

In 1988, O’Connor & Raven demonstrated 

that the scaling factor K is independent of 

individual phases and overall sample-

related parameters (Powder Diffr. 3, 2-6) 

Careful: 

factor K also includes the packing fraction
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Rietveld-like QPA method

What if a structural model is NOT available or if it does 

not work well with our experimental data?

See Fabia’s QPA lecture 

What if we are dealing with poorly crystalline or 

amorphous materials? 

See Fabia’s QPA lecture 

What if we are dealing with traces?
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The role of constructing accurate calibration curves for 
reliable LOD assessments and accurate QPA:

Controlled_Net_Mass method 

Accurate calibration curves: a great challenge!



www.excelsus2S.com fabia.gozzo@excelsus2S.com

Do we really need homogeneity of the physical 
mixtures at all? 

XRPD can take care of it if we measure the 
entire weighted mass → Differential weighting 
is the key of accurate CNM-QPA
Make sure the powder volumes “see” the same 
photon flux!

Beyond conventional QPA: the CNM-QPA method

Gozzo et al, to be published
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Calibration curve constructed with the support of 3 spiked series 
%Mmin/Mmaj=0.697(4) [S1bis], 0.871(5) [S2bis], 1.159(0) [S3bis]

Experimental points of 
the 3 of the 5 spiked 
series and their 
dilutions → linear 
regression 

S1bis, S2bis, S3bis: calibration curve series
S1, S3: blind series

Experimental points of 
all spiked series (no 
dilutions) → 2 blinds

blind

blind

S1

S1bis

S2bis

S3bis

S3

Experimental points of 
the 2 blind spiked series 
(i.e. NOT used for 
constructing the 
calibration curve) and 
their dilutions

%relative error for blinds (S1 and S3):

from 0 to 16%, with 16% corresponding to 

0.07%wt 
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CNM are complex and time-consuming SXRPD measurements

❑ Exploring the possibility to limit CNM to calibration curves only

❑ Calibration curves via linear combinations of CNM pure phases

❑ CNM and High-Throughput

Overcome the CNM complexity
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Can we perform reliable quantification using the HT system?
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EX0973

❑ Pilatus 2D detector 

❑ Focused beam ≪ washer powder housing

DCM code

Washer unique ID

Photon beam

Photon beam ~100× smaller 
than washer powder housing

Can we mimic the CNM conditions of 

controlled mass? How?

Work on experimental parameters:

Optimum powder volume in washers

Frequency of shaking

Time of exposure

Data acquisition protocol 

Statistical approach

Can we mimic the CNM conditions of controlled mass? How?

Minority phase

Majority phase
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High-Throughput–Supported Detection and Quantification at Trace Levels
Combining High-Throughput Screening with Targeted High-Resolution XRPD

Two-step, data-driven workflow

❑ HT S-XRPD screening → rapid analysis of large sample sets to identify key patterns, outliers, and representative 
cases 

❑ Targeted HR follow-up (capillary + MYTHEN 1D) → high-quality data on a reduced, information-rich subset 

Iterative and efficient decision process

❑ HT results guide where high-resolution is truly needed 

❑ Continuous loop: automated analysis → expert review → refined measurements 

❑ Optimizes beamtime while maximizing structural insight 

Enabling methodology (in development)

❑ ML-assisted screening and phase detection 

❑ Integration of expert knowledge, client input, and complementary techniques 
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