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Macromolecular and Vaccine Stabilization Center (MVSC) is 
located in 

Department of Pharmaceutical Chemistry in School of 
Pharmacy at KU:

• Characterization, stabilization and formulation 
• Vaccines (live and recombinant purified antigens, adjuvants) 
• Biopharmaceuticals (proteins, peptides)

www.mvsc.ku.edu
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 Our research grants and fee-for service contracts include complete analytical 
characterization and formulation development studies as well as per sample testing. 

 Our focus is on the science of CMC development.

• Early-stage Characterize and compare candidates with structural assays, develop stability-indicating 
assays and identify degradation pathways

• Translational-stage Characterize, stabilize and formulate biological candidates for first-in-human clinical 
trials (Phase 1). 

• Late-stage Develop final formulations and perform analytical comparability assessments to support 
Phase 3 trials.

 Our research goals include developing analytical tools,                                                  
elucidating degradation mechanisms, improving stability and                                           
correlating physicochemical changes with loss of potency 
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Analytical Characterization 
of Vaccines and Biopharmaceuticals

 Requires an overall assessment of results from a family of assays 
 Physical, chemical, biological, immunological…
 Key role in vaccine and biopharmaceutical development 

e.g., process/formulation, testing, comparability, stability

Physical & Chemical Attributes

 Appearance
 Purity
 Primary Structure
 Secondary Structure
 Tertiary Structure
 Overall Conformational Stability
 Characterize Size (Oligomeric State)
 Measure Aggregation/Particles
 Charge Heterogeneity

5
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Carrier Proteins In Polysaccharide-Conjugated Vaccines

(2011) Knuf, M. et al, Vaccine 29:4881‐4890
(2005) Adegbola, R.A. et al, Lancet 366:144‐150
(2016) Hickey, J.M. et al, J Chrom B, 1032:23‐38

(2011) Strugnell, R. et al, Underst. Mod. Vaccines Perspect. Vaccinol, 1:61‐88
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Incidence of Hib meningitis per 100,000 children < 1 yr
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 Produced in Corynebacterium diptheriae (low yield) and 
requires BSL-2 manufacturing facility

 Natural CRM is commercially available but costly and 
potential issues obtaining sufficient material for 
preclinical/clinical studies

 CRM can be produced in recombinant expression systems 
(E. coli and P. fluorescens)

 How does recombinant CRM compare to natural CRM?

Natural & Recombinant CRM197 (“CRM”)
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PDB ID:4AE0

(2012) Malito, E. et al, Proc. Natl. Acad. Sci, 109:5229‐5234

Fragment A (~21 kDa)
Catalytic domain

Fragment B (~38kDa)
Binds to host cell and helps transfer 

A fragment into cytoplasm

CRM (~58 kDa)
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Physicochemical 
Properties

Relative Solubility 
Profiles

Physical Stability as 
a function of stress
(pH vs. Temp.) 

In vitro
Immunological

Assays

Analytical Comparison

• Commercial product

• Expression System: 
Pseudomonas fluorescens

• Procurement:            
Purchased

• Commercial product

• Expression System: 
Corynebacterium diptheriae

• Reference C7 “natural” CRM

• Procurement: Purchased

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Non-commercial product 
(2006, stored frozen) 

• Expression System: 
Corynebacterium diptheriae

• Procurement:             
Donated

8

Recombinant CRM Natural CRM

(2018) Hickey, J.M. et al, J. Pharma. Sci., 107:1806‐1819
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• Commercial product

• Expression System: 
Pseudomonas fluorescens

• Procurement:            
Purchased

• Commercial product

• Expression System: 
Corynebacterium diptheriae

• Reference C7 “natural” CRM

• Procurement: Purchased

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Non-commercial product 
(2006, stored frozen) 

• Expression System: 
Corynebacterium diptheriae

• Procurement:             
Donated

Recombinant CRM Natural CRM

(2018) Hickey, J.M. et al, J. Pharma. Sci., 107:1806‐1819
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Structural Attribute Analytical Techniques for CRM Comparison 

Appearance,
Protein concentration,

Purity

UV-Visible Spectroscopy (+/- Light Scattering correction, +/-
Centrifugation)

SDS-PAGE (Reduced vs. Non-reduced)

Primary Structure 
Intact Mass (Reduced vs. Non-reduced)

Peptide Mapping (Non-reduced)
Additional Assays for 

Primary Structure/Protein 
Heterogeneity 

(Purity)

Capillary Isoelectric Focusing (cIEF)

Anion Exchange Chromatography (AEX)

Secondary Structure
Far UV Circular Dichroism

Fourier Transform Infrared Spectroscopy

Tertiary Structure
Intrinsic Fluorescence Spectroscopy

Extrinsic Fluorescence Spectroscopy

Overall conformational 
stability

vs. temperature

Intrinsic Fluorescence Spectroscopy

Static Light Scattering

Extrinsic Fluorescence Spectroscopy

Differential Scanning Calorimetry (DSC) 

Characterization of Size 
and Presence of 

Aggregates

Sedimentation Velocity Analytical Ultracentrifugation

Size Exclusion Chromatography (+/-MALS)

Archimedes (RMS)

Micro Flow Imaging (MFI)

EcoCRMTM

rCRM

Pfenex CRM

Vaxform CRM

C7 CRM

Analytical 
comparison in a 
common buffer 

(PBS pH 7.2)

Overview of comparing the physicochemical properties of five CRM samples

10
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Fragment A
(~21 kDa)

CRM (~58 kDa)

PDB ID:4AE0

Fragment B 
(~38kDa)

Proenzyme is cleaved by 
trypsin‐like protease in C. 
diptheriae and fragments A 
and B are associated through 

one disulfide bond

Lane 1) EcoCRMTM

Lane 2) rCRM
Lane 3) Pfenex CRM
Lane 4) Vaxform CRM 
Lane 5) C7 CRM

Comparison of Purity and Presence of Covalent-Linked Aggregates 
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CRM Monomer 
(Proenzyme)

A fragment

B fragment

Recombinant 
CRM

Natural
CRM

Recombinant 
CRM

Natural
CRM
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(2012) Malito, E. et al, Proc. Natl. Acad. Sci, 109:5229‐5234
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Time (min)

rCRM

Vaxform CRM

Pfenex CRM

N-terminal 
peptide 

with Met1
N-terminal 

peptide 
without 

Met1

U
V 

21
4n

m

C7 CRM

Cys462-Cys472

disulfide bond
Cys187-Cys201 

disulfide bond

Primary Structure (Intact mass analysis & peptide mapping)
CRM with 
N-terminal

Met
CRM without 

N-terminal
Met

Unknown Species
(CRM MW + 324/648 Da)

EcoCRMTM

Recombinant 
CRM

Natural
CRM
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Higher Order Structure Comparison at 10˚C

Tertiary Structure/
Exposure of 

Apolar Surfaces

α‐helix

Intrinsic Tryptophan Fluorescence Spectroscopy Extrinsic ANS Fluorescence Spectroscopy

β‐sheet

β‐turn

Circular Dichroism Fourier Transform Infrared Spectroscopy

n = 3

Secondary 
Structure

Secondary 
Structure

Tertiary 
Structure

13
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Size Analysis and Quantitation of Soluble Aggregates

11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0

Monomer

Fragment
Species

Larger 
Aggregate 
Species

158 kDa 44 kDa 17 kDa(SEC Standards)

Vaxform CRM
Pfenex CRM

rCRM
EcoCRM

C7 CRM
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Fragment
Species

(1.3-1.8s)

Larger Aggregate 
Species 

(5.9-10.4s)

Monomer
(3.9s)

Sedimentation Velocity  Analytical Ultracentrifugation (SV-AUC)

Size Exclusion Chromatography (SE-HPLC)

n = 3
14
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Sub-Micron and Sub-Visible Particle Analysis

n = 3

Recombinant 
CRM

Natural
CRM

Sub-Visible Particle 
Quantification by MFI

Sub-Micron Particle Quantification by 
Resonance Mass Measurement

Recombinant 
CRM

Natural
CRM
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EcoCRM
rCRM

Pfenex CRM

Vaxform CRM
C7 CRM
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Anion‐Exchange ChromatographyCapillary Isoelectric Focusing (cIEF)

Vaxform CRM

Pfenex CRM

rCRM

EcoCRM

U
V 
21

4n
m

0%

100%

C7 CRM
0 2 4 6 8 10 12 14

Retention Time (min)

Additional Peak
(C7 CRM only)

Vaxform CRM

Pfenex CRM

rCRM

EcoCRM

C7 CRM

pI Marker = 4.7 pI Marker = 7.1Main Peak

Acidic‐side 
of Main 
Peak

Comparison of Protein Charge Heterogeneity

Recombinant 
CRM

Natural
CRM

Recombinant 
CRM

Natural
CRM
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Main Peak
Acidic‐side of 
Main Peak

Acidic‐side of 
Main Peak
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Physicochemical 
Properties

Relative Solubility 
Profiles

Physical Stability as 
a function of stress
(pH vs. Temp.) 

In vitro
Immunological

Assays

Analytical Comparison
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• Commercial product

• Expression System: 
Pseudomonas fluorescens

• Procurement:            
Purchased

• Commercial product

• Expression System: 
Corynebacterium diptheriae

• Reference C7 “natural” CRM

• Procurement: Purchased

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Non-commercial product 
(2006, stored frozen) 

• Expression System: 
Corynebacterium diptheriae

• Procurement:             
Donated

Recombinant CRM Natural CRM

(2018) Hickey, J.M. et al, J. Pharma. Sci., 107:1806‐1819
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EcoCRMTM

rCRM

Pfenex CRM

Vaxform CRM

C7 CRM

PBS 
 pH 5.8 
 pH 6.3 
 pH 6.8 
 pH 7.2 
 pH 7.6 
 pH 8.0 

Overview of comparing the physical stability of each CRM molecule as a 
function of stress (pH & temperature)

Structural 
Attribute Analytical Techniques

Secondary 
Structure Far UV Circular Dichroism

Tertiary Structure 
and Aggregation 

Behavior

Intrinsic Tryptophan Fluorescence 
Spectroscopy

Static Light Scattering

Overall 
Conformational 

Stability
Differential Scanning Calorimetry (DSC) 

10-90˚C

18
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Construction of Empirical Phase Diagrams
Data Visualization: Large Biophysical Stability Data Sets

Review: Maddux et al,  J Pharm Sci 100: 4171  (2011)

“Empirical Phase 
Diagram”

Tertiary Structure
(Intrinsic Trp Fluorescence)

Secondary Structure
(Circular Dichroism)

Aggregation Propensity
(Static Light Scatter)

Overall Conformational Stability
(Differential Scanning Calorimetry)

Pfenex CRM
Native-like structure

Various states of 
altered structure and 

aggregation 
formation

19
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Empirical phase diagram of CRM molecules in PBS
Natural CRM Recombinant CRM

Vaxform CRM

C7 CRM

EcoCRM rCRM

Pfenex CRM

Source CRM
Relative area of

native-like
structure

Recombinant
EcoCRM ~35%

rCRM ~37%
Pfenex CRM ~37%

Natural Vaxform CRM ~37%
C7 CRM ~36%

20

Native-like 
structure

Various states 
of altered 

structure and 
aggregation 
formation
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Overall comparison of natural and recombinant CRM

Vaxform CRM

C7 CRM

Natural CRM

rCRM

Pfenex CRM

Recombinant CRM

EcoCRMTM

 Overall similar structural integrity and 
conformational stability but measurable 
differences were observed

 Similar conformational stability/aggregation 
propensity as a function of pH (5.8-8.0) and 
temperature (10-90˚C).

 Similar solubility profile in PBS pH 7.2

 Similar in vitro immunological reactivity
21

Physicochemical 
Properties

Relative Solubility 
Profiles

Physical Stability as 
a function of stress
(pH vs. Temp.) 

In vitro
Immunological

Assays
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Thank you for your attention!

Questions?   
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Overall Conformational Stability as a Function of 
Temperature

Tonset

TM
2

TM
1

Differential Scanning Calorimetry (DSC)

n = 3

Source CRM Tonset (˚C)
Mean ± 3SD

TM1 (˚C)
Mean ± 3SD

TM2 (˚C)
Mean ± 3SD

Recombinant

rCRM 35.0 ± 0.2 42.8 ± 0.1 51.1 ± 0.1

EcoCRM 32.7 ± 0.3 42.0 ± 0.1 51.3 ± 0.2

Pfenex CRM 34.8 ± 0.2 42.8 ± 0.1 51.1 ± 0.2

Natural
Vaxform CRM 33.5 ± 0.2 42.8 ± 0.1 51.1 ± 0.3

C7 CRM 35.2 ± 0.6 44.0 ± 0.1 51.7 ± 0.1
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• Commercial product

• Expression System: 
Pseudomonas fluorescens

• Procurement:            
Purchased

• Commercial product

• Expression System: 
Corynebacterium diptheriae

• Reference C7 “natural” CRM

• Procurement: Purchased

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Non-commercial product 
(2006, stored frozen) 

• Expression System: 
Corynebacterium diptheriae

• Procurement:             
Donated

Recombinant CRM Natural CRM

(2018) Hickey, J.M. et al, J. Pharma. Sci., 107:1806‐1819
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Pall Life Sciences 2013

Measuring binding affinity between CRM and mAbs

0 nM CRM

DissociationAssociation100 nM CRM

26

Source CRM Kon (M-1 s-1)
Mean ± 3SD

Koff (s-1)
Mean ± 3SD

KD
Mean ± 3SD

Recombinant

EcoCRM 4 ± 1 × 105 1 ± 1 × 10-3 3 ± 5 nM

rCRM 5 ± 1 × 105 1 ± 1 × 10-3 3 ± 6 nM

Pfenex CRM 5 ± 2 × 105 1 ± 1 × 10-3 3 ± 5 nM

Natural
Vaxform CRM 5 ± 1 × 105 2 ± 1 × 10-3 3 ± 3 nM

C7 CRM 4 ± 1 × 105 2 ± 1 × 10-3 5 ± 6 nM

Biosensor

anti‐CRM mAb
(Abcam)

n = 3
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Heparin‐Binding 
EGF‐Like Growth 

Factor 

Polyclonal α‐CRM 
antibodies

Secondary antibody

CRM
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 n
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CRM Concentration (g/ml)

 EcoCRM
 rCRM
 Pfenex CRM
 Vaxform CRM
 C7 CRM

Source CRM
LogEC50

Mean ± 3SD
(µg/ml CRM)

99% Confidence 
Interval

(µg/ml CRM)
R2

Recombinant

rCRM 2.3 ± 0.9 1.5 to 3.1 0.97

EcoCRM 1.6 ± 0.9 0.9 to 2.3 0.99

Pfenex CRM 1.8 ± 0.3 1.4 to 2.2 0.99

Natural
Vaxform CRM 1.3 ± 0.3 1.1 to 1.5 0.99

C7 CRM 1.3 ± 0.3 1.0 to 1.6 0.98

ELISA using polyclonal anti-CRM

n = 3
27
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• Commercial product

• Expression System: 
Pseudomonas fluorescens

• Procurement:            
Purchased

• Commercial product

• Expression System: 
Corynebacterium diptheriae

• Reference C7 “natural” CRM

• Procurement: Purchased

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Commercial product

• Expression System: 
Escherichia coli

• Procurement: 
Collaboration

• Non-commercial product 
(2006, stored frozen) 

• Expression System: 
Corynebacterium diptheriae

• Procurement:             
Donated

Recombinant CRM Natural CRM
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Buffer (no PEG)                                                        40% PEG-6,000

1) Combine buffer and 40% PEG
to desired %PEG solutions, 
and mix thoroughly.

2) Add to 96 well 0.2µm filter plate

3) Add protein, incubate at room temperature
overnight.

4) Centrifuge plate @3500 rpm for 15 min

5) Transfer equal volumes to a clean UV plate
and measure A280 on plate reader

PEG relative solubility of CRM molecules
(Overview of PEG assay)

PDB ID:4AE0

29
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Data analysis from PEG Assay of CRM molecules
Three types of information can be obtained:

1) Overlaying of curves : 

• To compare solution conditions for a single molecule

• To compare different molecules under similar solution conditions

2) % PEGmidpt : is the weight% PEG in solution required to
decrease the protein concentration by 50%.

• Quicker way of relative solubility assessments, and for high throughput apparent solubility 
screening of different molecules. 

3) Apparent solubility (thermodynamic activity): calculated based on assumptions (not 
shown) and resulting in the equation. 

log Sp =loga0-A12[PEG] where:

Sp is the concentration of soluble protein in a solution containing PEG-precipitated protein in 
equilibrium with soluble protein
a0 is the activity of the protein in a saturated PEG-free environment
A12 is virial coefficient

(1979) Middaugh CR, et al, JBC, 254(2):367‐370
(2011) Gibson TJ, et al J Pharm Sci, 100(3):1009‐1021

30
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Source CRM %PEGmidpt (w/v)
(Mean ± 3SD)

Apparent Solubility 
(mg/ml)

(Mean ± 3SD)

Recombinant
rCRM 23.0 ± 0.2 27 ± 9

EcoCRMTM 23.3 ± 0.2 30 ± 12
Pfenex CRM 23.5 ± 0.1 31 ± 11

Natural
Vaxform CRM 21.5 ± 0.2 16 ± 10

C7 CRM 24.0 ± 0.2 34 ± 12

Relative PEG solubility of CRM molecules in PBS pH 7.2
PEGmidpt :PEG concentration at which 50% of the     

protein has precipitated out of solution

n = 3
31

Natural CRM Recombinant CRM

PEGmidpt

Apparent Solubility
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Pharmaceutical Quality/CMC of CRM
 Can be used to assess comparability, lot-to-lot variability, 

process changes, etc. 

 Critical quality attributes?

 Polysaccharide conjugation and immunogenicity of recombinant 
vs. natural CRM?

Factors that could influence immunogenicity:

(2016) Bröker, M. et al, Hum. Vaccin. & Immunother., 12:1808‐1824

Structural Attribute Analytical Techniques

Protein Concentration, Purity, and 
Proenzyme “nicking”

UV-Visible Spectroscopy

SDS-PAGE (Reduced vs. Non-reduced)

Primary Structure 
Intact Mass

Peptide Mapping
Additional Assays for Primary 

Structure/Protein Heterogeneity 
(Purity)

Capillary Isoelectric Focusing (cIEF)

Anion Exchange Chromatography (AEX)

Secondary Structure Far UV Circular Dichroism

Tertiary Structure Intrinsic Fluorescence Spectroscopy

Overall Conformational Stability
vs. Temperature Differential Scanning Calorimetry (DSC) 

Characterization of Size and Presence of 
Aggregates

Size Exclusion Chromatography (+/-MALS)

Archimedes (RMS)

Micro Flow Imaging (MFI)


