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Protein Particulates in Biotherapeutics

50µm

Limitations of existing standards:
• No particles with low aspect ratios
• No highly irregular particles
• No particles with low optical contrast
• Existing standards have high density

Current state-of-the-art
• Differing methods disagree by 

order of magnitude
• No means of standardizing 

instruments for response to protein 
particulates

• Proteins in solution partially denature 
and subsequently agglomerate

• Highly hydrated (» 95% water)
• Some evidence of immunogenic 

properties
• Particulate size from 10s of nm to 100 

µm



Outline

• What we measure

• Largest uncertainties for optical characterization

• Available standards

• Discussion of two methods:  light obscuration & flo w 
microscopy

• Validation & traceability to the SI for two methods

• Looking ahead



What We Measure

Attribute Measurand

Particle size distribution Number, size

Particle type (e.g., oil drop) Morphology, refractive index, density, 
fluorescence tag

Heterogeneity (e.g., protein-
coated oil drop)

Fluorescence + morphology

Protein conformation Spectral signatures

Aggregate structure (e.g., 
arrangement of  multiple 
epitopes)

Morphology (electron microscopy),
???

Easy

Hard

Not yet 
possible



Measurement Uncertainties of Particle Size Distribut ions

1. Size dispersion
When measuring a monodisperse collection of particles, instrument reports 
a range of diameters (not to be confused with the optical resolution of 
individual images)

2. Particles Invisible Due to Low Optical Contrast
Protein particles are fuzzy & highly hydrated—optical contrast is intrinsically 
small.

3. Incorrect Sizing Due to Diffraction or Insufficie nt Depth of Field
One cannot obtain large depth of field without reduced optical resolution.



1. Size Dispersion
Say we are interested in the particle count within a specified bin
Because of size dispersion of measured diameter:

• some particles of correct size will not be counted (tails of green curve)
• some over- and under-sized particles will be counted (tails of red curves)



Determining Size Dispersion

Measure 2 µm polystyrene beads (monodisperse to within a few percent) in 
two different optical particle counters



2. Invisibility of Particles with Low Optical Contr ast

• Electrical sensing zone (Coulter) measurements give higher counts than 
flow microscopy

• Fluorescently labeled protein aggregates visible in larger numbers than 
with microscopy alone

• Refractive index measurements of particles give refractive index of particle 
as small as 0.004 above fluid

In focus—
virtually invisible

Out of focus—
now visible digitally 

enhanced
edge 
detection



3. Diffraction & Out-of-focus Effects

Reported dimensions depend on threshold choice (red & blue bars below)

For small particles, diffraction effects can make apparent particle size larger 
than actual size. Some microscopy systems partly correct for this.

Is the particle edge the 
white or black 
perimeter?

profile across particle:



Available Standards

1. Size dispersion
Readily characterized by monodisperse suspensions of small (2 
µm) polystyrene beads.

2. Particles Invisible Due to Low Optical Contrast
No good standards available with low optical contrast

3. Incorrect Sizing Due to Diffraction or Insufficie nt 
Depth of Field
Characterization of size variability possible using monodisperse
& polydisperse suspensions

No standards to study correction algorithms for low-contrast 
particles



Combined Effects:  Test with NIST Glass Beads

(thresholds not optimized for glass beads)



Combined Effects:  Test with NIST Glass Beads



Issues with Protein Based Standards

Which morphology do we mimic?

(variable scale)

Standards using actual proteins are limited by several factors:

• stabilization of protein particles likely requires storage and transport at - 80 °C, 

• use of actual proteins precludes the use of accurate quantification techniques 
such as scanning electron microscopy

• protein particles are themselves quite variable, so there is no single protein that 
would match all applications



Optical Method 1:  Light Obscuration

Particle passing through light beam reduces optical  transmission
• Diffraction effects for small particles must be accounted for
• Scattering cross section depends on particle morphology

Existing instruments:
• well validated & key part of USP <788> for particles > 10 µm
• question of sensitivity to particles of low refractive index mismatch

Improvements in sensitivity possible?



Model of Light Obscuration Detection Efficiency ( Q)
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Theoretical infinitesimal detector Finite-angle detector

Refractive index, aspect ratio, wavelength, & detector 
acceptance angle all matter.



Optical Method 2:  Flow Microscopy

• Commonalities of instruments:  
digital capture and analysis of particulates 
flat flow cells
typical range of 1 to 100 µm

• Proprietary features:
particle identification algorithm
optical light source, camera, objectives, apertures

Contrast & spatial resolution depend on proprietary choices



Correcting the Bias of Light Obscuration Method

If the typical aspect ratio and refractive index for a population of protein particles is 
known (by independent measurements), the bias of the light obscuration method 
can be modeled.

Problem: 
• LO detection efficiency depends strongly on particle refractive index

• No simple way to measure particle refractive index of large number of particles

• Because of strong dependence on refractive index, calibration of LO counters 
with a ‘general purpose’ reference material is unlikely to succeed. 



Results for Test with BSA



Results for Test with BSA



Key Measurement Need: Particle Refractive Index

Possible Methods:

• Immersion in index matching fluids— difficult because the particles are 
quite fragile and sensitive to the matrix liquid

• Quantitative Phase Microscopy— (Nugent and Paganin, and variants) 
good choice, but the method is patented and software presently hard to 
obtain.  Variants may be outside of patent.

• Digital holography—(many variants) promising method

• Gravimetric Sedimentation —Measure of average density of particles; 
works for aspect ratio near 1

Refractive Index 
of Particle

Best measure of protein 
mass bound in aggregates



Example of Refractive Index Map:  Agitated IgG

Digitally enhanced 
brightfield microscopy

Darkfield microscopy Quantitative Phase 
Microscopy

0.4 rad

Assume particle is nearly spherical—

• obtain from quantitative phase microscopy 
a refractive index of approximately 0.004

• equivalent to protein density of only 2% !!



Abraded Polymer Particles:  NIST Recipe

ETFE polymer (alternating tetrafluoroethlyene & ethylene copolymer) 
has desirable properties:

1. Refractive index of 1.40 (very similar to protein adsorbed on wall 
from solution)

2. Very durable & tough
3. Can we make it look like a

protein? 

Recipe for preparation:
• Mechanically abrade to make wet slurry
• Dilute with water + 0.1 % (w/v) surfactant
• Filter & size selection by gravimetric 

sedimentation

ETFE roofing panels
(Eden Project, wikicommons picture)



ETFE in water + 24 % 
sucrose (Dn = 0.03)

ETFE in water (Dn = 0.07)

Agitated IgG



Engineered Particles

Borrow from semiconductor manufacturing technology:
• Fabricated polymer films (SU-8 photoresist)
• A single 150 mm wafer can produce

2x108 particles of area 40 µm2

• Potential size range from visible to < 1 µm

NIST NanoFab Facility



SU-8 refractive index much higher than protein particles. By creating small
internal features on the interior of a disk of SU-8, we mimic the low optical
contrast off proteins. Adjustment of process parameters controls depth of
internal features.

While the microscope image does not show the 0.5 mm feature, it is
clearly visible on the AFM scan.

Microscope image of 20 µm 
diameter “target”

AFM trace across features

Reduction of Optical Contrast Using 
Features Inside of Targets



Advantages:
• Extremely rugged means of producing low optical contrast features

• Insensitive to extraneous particles/contamination

• Particles can be re-used many times

• Measurement is a ratio, and insensitive to particle number—the fraction
of features seen for a given number of particles, so optical contrast
attribute is decoupled from count attribute

• Targets tend to self-locate in the middle of the flow cell (thus
measurement is sensitive to loss of alignment)

Disadvantages:
• Targets tend to self-locate in the middle of the flow cell (thus do not

characterize sensitivity out of focal planealignment)

• Not useful for non-imaging methods.

Advantages & Disadvantages of a Target



Instrument validation will require multiple standards, possibly including:

Commercially available standards:
• monodisperse beads , to calibrate instrument response and 

characterize size dispersion

• mono- or polydisperse suspensions of particles in nearly index-
matching fluid to validate counts and sizing accuracy.

NIST standards under development:
• lithographic ‘targets’ to validate morphological analysis & 

characterize sensitivity 

• polydisperse ETFE to validate the detection, sizing and morphological 
analysis of irregular particles. 

Traceability Path for Flow Microscopy



Characterizing instrument response is fundamentally limited by strong 
sensitivity to particle refractive index.  Also, instrument cannot distinguish 
particle types.

• Simple refractive index characterization: need a ‘turn-key’ method.

In-house standards:
• Particulate suspensions that mimic typical protein & non-protein 

particles, to calibrate instrument response and characterize size 
dispersion.  Shelf life & initial characterization are big issues!  

Commercially available standards:
• monodisperse beads , to calibrate instrument response and 

characterize size dispersion.  Because LO undersizes particles, 
instruments need to be calibrated at diameters below diameter of 
interest!

NIST method:
• model of optical response , to enable bias correction. 

Traceability Path for Light Obscuration



Looking Ahead

In progress

• Electrical Sensing Zone Counters: understand what Coulter counter 
measures & correlate with flow microscopy

• Refractive Index or Density of Particles: methods need to measure 100s 
of particles relatively quickly

Future Work

• Fluorescence: how can fluorescence intensity be correlated with protein 
concentration and aggregate size?

• Standards for particles 0.1 µm to 1 µm: need to understand methods first



Acknowledgments

• Josh Wayment
• Germarie Sanchez-Pomales
• Michael Carrier
• Dick Cavicchi
• Rebecca Zangmeister
• Michael Tarlov


