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Microfluidic Modulation Spectroscopy (MMS) Fills  
an Analytical Gap with a Lower LOQ for Measuring 
Protein Misfolds and Structural Similarity

Introduction
Protein misfolds in secondary structure 
can occur during all phases of drug 
development. A protein misfold 
represents a structural impurity  
and at any level can result in changed 
efficacy and increase the potential  
for immunogenicity. Improving 
spectroscopic methods for measuring 
low level impurities in secondary 
structure is necessary to maintain 
confidence in a protein’s integrity  
during all phases of drug development. 

Common structural characterization 
methods such as FTIR and CD have 
known limitations in reproducibility  
and sensitivity which adversely increase 
the lowest level of quantitation (LOQ) 
achievable when measuring structural 
impurities and similarity. The MMS 
system developed by RedShiftBio is a 
new protein characterization method 
which generates reproducible high 
resolution measurements. Demonstrated 
here, across a structural impurity range 
of 0–10%, are lower LOQ values 
compared to those possible using  
FTIR and CD.

AQS3™pro 
The AQS3pro quantitatively measures 
protein aggregation, stability, structure, 
and similarity with high sensitivity using 
an automated workflow and novel 
baseline correction algorithms.

The mid-IR quantum cascade laser 
(QCL) and microfluidic pathway used  
in the AQS3pro generate reproducible, 
virtually drift-free spectral data through 
rapid, simultaneous modulation of 
sample and reference buffer.  
This approach results in differential  
spectra with a superior signal to noise 
performance and the enhanced ability 
to detect smaller amounts of change in 
protein folding in the amide I region. 

Methods
A model protein system consisting of 
different secondary structures in the 
amide I region was prepared to measure 
and compare structural similarity using 
three characterization methods. Stock 
20 mg/mL IgG1 solution (predominantly 
β-strand) was spiked in varying ratios 
with stock 20 mg/mL BSA (predominantly 
α-helix) to generate a set of samples 
with varying levels of structural impurity 
across a 0–10% spiked range.  

Three spectroscopic methods including 
MMS, FTIR and circular dichroism (CD) 
were compared. For FTIR analysis, a 
Bruker Optics Vertex 70 spectrometer 
was operated at ambient temperature 
for all samples. Spectral resolution in the 
MCT detector was set to 4 cm-1 and 128 
consecutive scans were collected and 
averaged for each sample from 4000 to 

1000 cm-1 to generate final spectra. 
These were then buffer subtracted and 
area normalized across a range of 1600 
to 1705 cm-1. FTIR second derivative 
spectra were calculated after applying 
9-point smoothing and area 
normalization across a wavenumber 
range of 1620 to 1700 cm-1.

CD measurements were obtained using 
an Applied Photophysics Chirascan 
spectropolarimeter to analyze samples 
at ambient temperature. Samples were 
diluted to 1 mg/mL and analyzed by 
autosampler using a bandwidth of 1 nm 
at a collection interval of 1 s across the 
wavelength range of 260 to 178 nm. 
Eleven repeats were collected per 
sample and averaged to generate the 
final spectra which were then buffer 
subtracted and normalized to the  
mean residue molar ellipticity (MRME).

MMS measurements were obtained 
using the automated AQS3pro system 
with AQS3delta analytics software at 
ambient temperature. Sample and buffer 
fluids were modulated into the 23.8 µm 
pathlength microfluidic flow cell at a 
frequency of 1 Hz and 5 psi pressure. 
Differential spectra were collected at  
31 discreet wavenumbers by scanning 
from 1714 to 1590 cm-1 across the amide I 
band. AQS3delta analytics software was 
used to calculate area of overlap and 
generate second derivative spectra  
that were baseline corrected using  
the proprietary correction algorithm.
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Results
When considering the level of spectral processing to be used in calculating the area of overlap for this study, the secondary 
derivative spectra also provided higher resolution and increased sensitivity in detecting differences in structure. The overlaid raw 
differential spectra for both proteins resulted in a higher calculated similarity value of 0.84 by AO and a WSD value of 0.0056. 
These values were less ideal than those obtained using the second derivative spectra which were compared for this study. 

Area Normalization: Although second derivative spectra can be compared without area normalization, both FTIR and MMS 
replicate spectra showed improvement in linearity across the spiked BSA range after normalization, with MMS spectra already 
superior in R2 prior to processing. Figure 3 shows the effect of area normalization on second derivative FTIR spectra and Figure 4 
shows the effect on spectra collected using MMS. Both sets of replicate data covered the entire BSA impurity spike range. 

The FTIR data demonstrated a slight improvement in R2 from 0.4508 to 0.772 before and after area normalization by WSD with 
obvious lower reproducibility shown in the overlaid trace. This improvement is still significantly lower than the linearity observed 
using MMS, which already demonstrated a high R2 value of 0.9965 and greater reproducibility pre-area normalization, improving 
slightly to 0.9997 after area normalization. 

Figure 1. Secondary structure ratios for IgG1 and BSA. 
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Figure 2. Two methods of determining similarity between IgG1 and BSA.

Similarity of lgG1 and BSA

Weighted Spectral Difference (WSD) = 0.021

Area of Overlap (AO) = 0.47

Measuring Sample Similarity
To measure the similarity of IgG1 versus BSA for the model system, two mathematical methods were used: area of overlap (AO) and 
weighted spectral difference (WSD). 

Figure 1 depicts the model system proteins and their native secondary structure ratios across the amide I band region, 
demonstrating that IgG1 is predominantly composed of β-strand structures and BSA is predominantly α-helical. Figure 2 shows the 
calculation of similarity for the two proteins in the amide I region using second derivative spectra by AO resulting in a similarity 
value of 0.47. This compares to a similarity value of 0.021 determined by WSD. These values supported using the model protein 
system for this spiked study.
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Figure 3. FTIR Weighted Spectral Difference (WSD) and amide I area normalization.

Figure 4. IR MMS Weighted Spectral Difference (WSD) and amide l area normalization
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Figure 5. Amide l scan data using MMS shows 30-fold improved sensitivity of structural misfolds vs FTIR.

Limit of Quantitation (LOQ): The LOQ value determines the lowest possible % change in secondary structure that can be 
detected and quantified. The calculation method used in this study aligns with the ICH Q2 (r1) standards and allows comparison of 
the accuracy and precision of all three protein characterization methods. Higher linearity across the entire spiked impurity range 
corresponded to a higher confidence in detecting protein misfolds at the lowest levels of structural impurity and resulted in 
subsequently lower LOQ values for detecting impurities. 

Stable absorbance creates reproducible data: In the MMS system, the larger flow cell and direct ability to remove air bubbles 
improved the data quality by generating a stable response that was reproducible for all replicate samples across the entire BSA 
spike range. Alternatively, the smaller flow cell pathlength used in FTIR, which typically produces slight variations in absorbance due 
adherence of microbubbles and incomplete purging of samples during injection, showed lower reproducibility. These artifacts 
increase variability in differential spectra and therefore decrease the sensitivity of the FTIR data as seen in the lower matched 
overlaid traces even at the second derivative level. 

MMS shows higher reproducibility at raw spectrum level: Even before further processing, the LOQ to detect protein  
misfolds by MMS far exceeded the capabilities of the FTIR due to the stability of absorbance signal measured in the MMS flow  
cell resulting from rapid modulation of the sample and reference buffer and in-line degassing. Figure 5 compares the sensitivity and 
reproducibility of the MMS system versus FTIR at the raw spectral level, with MMS showing a 30-fold increase in sensitivity and  
an impurity LOQ of 1% versus >30% measured using FTIR across the entire BSA spiked range. The R2 linearity value using MMS  
was 0.9995 vs 0.5575 for FTIR and poor matching was seen in the overlaid traces from the FTIR. Processing of raw spectra for 
background subtraction was automatically performed during analysis using the AQS3pro, whereas it had to be performed  
manually with FTIR after raw spectra collection. 
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Conclusions
•  MMS out-performs traditional FTIR and CD methods by generating reproducible replicate spectra at both the raw differential 

spectral level and second derivative level, with and without area normalization 

•  MMS exceeds the capability of FTIR and CD in detecting and measuring protein misfolds with a lower LOQ 

•  MMS does not require sample dilution as is necessary with CD, and it does not require manual background correction as is 
necessary with FTIR 

•  MMS  generates a stable signal and virtually drift-free subtracted spectra using a walk-away automated platform

•  The AQS3pro with MMS is ideal for direct, label-free characterization of proteins through all phases of biologic drug development 
as a fully automated walk-away system

Figure 6. Comparison of 20 mg/mL IgG1 spiked with 0–10% BSA, second derivative spectra and WSD by MMS, FTIR and CD.

Detection of protein misfolds by MMS vs FTIR and CD: As a final comparison, spectral reproducibility and calculation of LOQ  
for detecting protein misfolds across the entire BSA spike range was measured using MMS, FTIR and CD at a concentration of  
20 mg/mL. Figure 6 shows the highest reproducibility of spectral data using the AQS3pro with the greatest matching of overlaid 
traces. The FTIR traces overlaid better than the CD traces, which showed the lowest matching and reproducibility of the three 
methods. The LOQ of 0.76% calculated using MMS exceeded the LOQ measured by FTIR by more than 20-fold and was greater 
than the LOQ determined by CD by more than 3.5-fold. Note, the samples measured using CD had to first be diluted to 1.0 mg/mL.
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