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FIGURE 1: Schematic diagram of protein aggregation assay workfl ow.

Assay Workfl ow

ProteoStat™ Reagent: Applications Overview
Aggregation is one of the most signifi cant obstacles to the development of • 
protein-based pharmaceuticals. 

During drug formulation, protein aggregation can lead to toxicity, low yield, • 
poor storage capacity and increased production costs. 

The ProteoStat™ Protein Aggregation Assay is suitable for investigating the • 
different environments to which a protein product might be exposed to:

Manufacture• 
Storage • 
Shipping • 
Freeze & thaw cycles • 
Oxygen exposure • 
Light & physical stress. • 

The ProteoStat™ assay can provide a better understanding of the overall • 
impact that aggregates will have on drug product safety and quality.

Overview of Dye Performance
Brighter than other dyes (Thiofl avin T, ANS, Nile Red, SYPRO• ® Orange)

Extensively benchmarked with IgG• 

Effective over a wide pH & ionic strength range• 

Optimal excitation / emission properties• 
 Dye is readily excited using a 488 nm argon ion laser and detected with Texas Red fi lter

Detects Low % Aggregate in Concentrated Protein Sample• 

Validated for a range of common applications• 

FIGURE 2: Lysozyme aggregate was prepared by dissolving 1 mM lysozyme in 10 mM HCl, 
which was heated at 65°C under constant shaking at 750 rpm for 90 hours. Lysozyme 
monomer was freshly prepared prior to the fl uorescence measurement. Both samples of 
lysozyme (native or aggregated) were diluted to 10 µM before mixing with equal volumes of 
10 µM dye solution. A microplate reader was used to record fl uorescence intensity values. 
Proteostat™ was measured with Ex/Em fi lter set as 550/610 nm.

Fluorescence Signal Enhancement in the Presence of 
Aggregated Lysozyme for Different Environmentally-

Sensitive and Molecular Rotor Dyes

FIGURE 3: IgG aggregate detection with ProteoStat™ dye by fl uorescence microscopy using 
two different buffer formulations:  Goat anti-mouse IgG (1.5 mg) was resuspended in 150 
µl deionized water (dH2O). The purifi ed IgG was diluted 10 fold in either 100 mM aqueous 
HCl solution or 12 mM Phosphate buffer pH 7.4, containing 150 mM sodium chloride.  The 
samples were incubated for 18 hours at 37°C. The solutions were stained using a fi nal 
concentration of 100 mM MES, pH 6, 0.25 mg/ml IgG and 3 µM ProteoStat™ Detection 
Reagent for 15 minutes. The stained protein was spotted on the surface of a glass microscope 
slide, overlaid with a coverslip, and observed using a BX51 microscope (Olympus, Tokyo, 
Japan). Images were acquired with a 40X objective lens (Olympus). Fluorescent images (C 
& D) were acquired using a Texas Red fi lter set (Chroma Technology Corp., Rockingham, VT).  
The fi gure demonstrates that fi brils were formed in aqueous HCl solution (B and D), but not 
in the phosphate buffer (A and C). The fi brils that formed fl uoresced brightly and specifi cally 
with the detection reagent (D). There is little or no fl uorescence in the absence of fi brils (C). 

Visualization of Aggregates in IgG Formulations

12 mM Phosphate pH 7.4,
150 mM NaCl

(A) & (B) = Phase-contrast microscopy.  (C) & (D) = Fluorescence microscopy.
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FIGURE 4: Different stages are generally observed during the formation of protein aggregates. 
First, a lag time is observed during which no fi brils are formed.  Then, nucleation occurs, and 
fi brils start to form (growth phase).  Eventually, the growth rate decreases and becomes zero, 
indicating either a limitation in monomer supply.  The aggregation process can be accelerated 
by subjecting the proteins to elevated temperature.

Kinetics of Aggregate Formation

Plateau phase region is considered 
100% aggregated.

FIGURE 6:  (A) The effect of pH on the aggregation-specifi c fl uorescence of ProteoStat™ 
Protein Aggregation detection reagent. (B) The effect of pH on the linearity of aggregation 
specifi c fl uorescence.  

Performance of ProteoStat™ Dye as a Function of 
Buffer pH
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FIGURE 5:  Linear dynamic range of antibody aggregate detection using ProteoStat™ dye, 
compared with Thiofl avin T.  Rabbit anti-goat IgG (4.26 mg/ml) was incubated in aqueous HCl 
solution, pH 2.7 at 80° for 90 minutes to form aggregates.  The signal from the aggregate 
was determined after mixing aggregate with monomer at different ratios such that the total 
IgG concentration remained  60 µg/ml protein.  

Benchmarking ProteoStat™ Dye Relative 
to Thiofl avin T Dye

TABLE 1:  Limit of detection of Antibody aggregate using ProteoStat™ Detection Reagent 
compared with Thiofl avin T.  ProteoStat™ Detection Reagent is able to reliably detect less 
than 1% aggregated IgG.  

Comparison of ProteoStat™ Dye and Thiofl avin T
3 mM ProteoStat™ Detection Reagent 3 mM Thioflavin T

Aggregated 
Antibody Conc.

% of Aggregated 
Proteins

Avg Net 
Intensity

Stdev S/N S/B Avg Net 
Intensity

Stdev S/N S/B

0.00 µg/ml 0% 0 +/-140 0 +/-24

0.19 µg/ml 0.3% 100 +/-120 0.7 1.08 11 +/-40 0.5 1.04

0.38 µg/ml 0.6% 212 +/-75 1.5 1.17 0 +/-67 0.0 0.84

0.75 µg/ml 1.3% 679 +/-196 4.8 1.55 0 +/-47 0.0 1.31

1.50 µg/ml 2.5% 787 +/-77 5.6 1.64 0 +/-42 0.0 0.82

3.00 µg/ml 5.0% 1,600 +/-168 11.4 2.29 3 +/-40 0.1 1.14

6.00 µg/ml 10.0% 2,952 +/-1,592 21.0 3.81 4 +/-34 0.2 0.91

12.00 µg/ml 20.0% 7,313 +/-575 52.1 6.92 102 +/-36 4.2 1.52

ProteoStat™ Detection Reagent 
y = 291.2x
R² = 0.988

Thioflavin T
y = 4.56x 

R² = 0.517
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FIGURE 7:  The effect of buffer ionic strength on the aggregation-specifi c fl uorescence of 
ProteoStat™ Protein Aggregation detection reagent. 

Performance of ProteoStat™ Dye as a Function of 
Buffer Ionic Strength
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TABLE 2:  Selection of representative reagents and concentrations commonly used in protein 
formulation, tested for compatibility with the ProteoStat™ Protein Aggregation Assay. 

Benchmarking ProteoStat™ Dye with Common Excipients
Tested Reagents and Validated Concentrations

Sodium Chloride, up to 1M Ascorbic Acid, up to 1 mM

Calcium Chloride, up to 200 mM Triton® X-100, up to 0.01%

Ammonium Sulfate, up to 300 mM Arginine, up to 500 mM

Sorbitol, up to 600 mM Glycine, up to 2%

Mannitol, up to 600 mM Tween®-20, up to 0.01%*

Trehalose, up to 600 mM Dithiothreitol, up to 1 mM

Lactose, up to 300 mM Ethanol, up to 20%

*Higher concentrations of certain 
detergents, such as 0.2% Tween-20, may 
produce an increase in background signal 
with the monomeric protein. However, the 
protein aggregate signal typically remains 
substantially larger.

FIGURE 8:  1 mg/ml of IgG, dissolved in 0.02% Tween 20, 100mM NaPi, pH 7.2, was kept at 
various temperatures for 10 minutes. Then ProteoStat™ or SYPRO Orange dye was added 
to a fi nal concentration of 5 µM. Dye signal was determined by fl uorescence spectroscopy.  
ProteoStat™ dye was able to detect lower levels of protein aggregate (65°C trace).

ProteoStat™ Dye Detection of  IgG Aggregate in the 
Presence of Tween-20: Comparison with SYPRO Orange Dye
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FIGURE 9:  Monitoring the ability of an excipient to inhibit protein aggregation. Lysozyme was 
incubated in the presence or absence of  N,N’,N’’-triacetyl-chitotriose in 10 mM potassium 
phosphate, pH 7.3 for 16 hours.  Aggregation was induced by 3.5 fold dilution into 50 mM 
potassium phosphate buffer, pH 12.2. Aggregation was monitored for several weeks at room 
temperature.  The assay shows that chitotriose inhibits lysozyme aggregation.
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Identifying Inhibitors of Protein Aggregation

FIGURE 11:  pH shift increases destabilization of the IgG.

Effects of Acid Exposure on IgG Stability
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Goat-anti-Mouse IgG 

pH 2.7, both during and after 
incubation 
pH 2.7 during incubation, then 
neutralized to 6.0
pH 6.0, both during and after 
incubation

Defi ning Post-Viral Inactivation Storage Conditions
      Effects of Acid Exposure on the Stability and Aggregation Tendency of IgGs

Exposure of antibodies to low pH is often unavoidable.• 
Antibodies are commonly purifi ed by binding to a protein-A column and then • 
eluting at low pH. 
Based upon the premise that the eluted antibody is unstable at this pH, the antibody • 
is often neutralized immediately.
It is unclear whether the antibodies would undergo slow conformational changes • 
if stored in acidic solution following elution.
The most effective means of viral inactivation is acid treatment. The lower the • 
pH the antibody preparation is exposed to, the more effectively the viruses are 
inactivated.
Thus, it is important to assess the stability and aggregation tendency of antibodies • 
at low pH and during titration from low to neutral pH values.

FIGURE 10:  Bulk freezing presents a challenge to stable protein preparations because of the 
solute concentration effect that occurs during the process.  Repeated freeze-thaw cycles can 
lead to further aggregation.

Monitoring Freeze/Thaw Cycle-Induced Aggregations 
in Bulk Proteins
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Freeze-Thaw cycle-induced Aggregation: 
2 mg/ml of Rabbit anti-Goat IgG in 100 mM citrate, pH 2.7

ABSTRACT
During their manufacture, storage and shipment, therapeutic 
antibodies and protein-based drugs are exposed to a range of 
conditions that may infl uence their integrity including exposure 
to surface interfaces, pH and buffer compositions, freeze and 
thaw cycles, oxygen exposure, light exposure, and mechanical 
agitation, all of which can lead to the formation of protein 
aggregates.  Protein aggregates in turn may impact potency, 
immunogenicity and shelf life stability, potentially affecting the 
overall safety and effi cacy of the fi nal product.  Fluorescent dye-
based screening methods for protein aggregate detection offer 
increased throughput and low material consumption relative to 
conventional instrumentation-intensive analytical methods.  Two 
distinct approaches can be applied to detect protein aggregation 
by such methods, the detection of protein unfolding through dye 
interaction with newly exposed hydrophobic surfaces or the 
detection of structural features of oligomeric or amyloid fi brils.  In 
the former case, fl uorescent probes sensitive to the hydrophobicity 
of the surrounding environment are employed (environmentally 
sensitive dyes), while in the latter case fl uorescent probes sensitive 
to inhibition of intramolecular free rotation upon binding to the 
protein aggregate are utilized (molecular rotors).  Benchmarking 
the two approaches demonstrates that the molecular rotor 
approach, but not the environmentally-sensitive dye approach, 
permits assessment of the role of protein concentration on 
aggregation, detects ligand stabilization of protein structure over 
a wider concentration range (4-orders of magnitude), facilitates 
accelerated stability testing of proteins over a wider range of 
thermal stress conditions and enables analysis of peptide 
aggregation.

 

CONCLUSION
ProteoStat™ Protein Aggregation Assay is suitable for:

Identifying inhibitors of protein aggregation• 
Monitoring  bulk freezing and freeze-thaw cycle-induced aggregation• 
Defi ning post-viral inactivation storage conditions• 
Ranking effectiveness of buffers and excipients in protein formulations• 
Defi ning post-purifi cation storage conditions• 

ProteoStat™ Dye is Brighter and More Tolerant of Detergents, 
Like Tween-20, than SYPRO® Orange Dye.

Comparison of Two Different Fluorescent 
Dye-Based Approaches for the Detection 

of Protein Aggregation
Lijun Dai, Jack Coleman, Dee Shen, Praveen Pande and Wayne F. Patton 

Enzo Life Sciences, Farmingdale, NY 11734


