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Introduction

Secondary structure characterization is an 
essential part of drug development and the 
tools for measuring secondary structure 
of small proteins and peptides are limited. 
Microfluidic Modulation Spectroscopy 
(MMS), a new characterization platform that 
powers the AQS3pro system developed by 
RedshiftBio, measures protein secondary 
structure by combining infrared spectroscopy 
with microfluidics to enhance sensitivity and 
accuracy. MMS achieves higher sensitivity 
across a wider concentration range compared 
to current FTIR techniques by utilizing a 
Quantum Cascade Laser (QCL) that is 100 
times brighter than traditional light sources, 
and a microfluidic flow cell that modulates 
rapidly between sample and reference 
buffer. This use of real-time, automated 
buffer subtraction is accurate and nearly 
drift-free. These advances enable MMS to 
See change® in protein structure that is not 
currently possible with CD or FTIR.

For this application, MMS was used to 
determine the structural effects of low 
pH on insulin, a 51 amino acid peptide 
hormone. Due to its importance in glucose 
homeostasis, the structure and function 
of insulin has been widely studied.1-4  Of 
particular importance is the assembly state 
since the active form, a monomer, is stored 
in the pancreas as hexamers.5 This shift in 
assembly state is a complex equilibrium 
partially dictated by  the presence of zinc, 
protein concentration, and pH.5-9 In this 
investigation, the Higher Order Structure 
(HOS) of insulin was analyzed on the 
AQS3pro as a titrated series prepared at four 
pH values of 2.5, 4, 6, and 7.5.

Methods 

Insulin was prepared at 3.5 mg/mL or 100 units 
as a solution with 16 mg/mL glycerol (w/v), 2.5 
mg/mL m-cresol (v/v), and 0.015 mg/mL Zn using 
HPLC-grade water. The pH was titrated using 
concentrated HCL to create four samples at pH 
2.5,  4,  6, and  7.5. Samples at each pH were run 
in duplicate on the RedShiftBio AQS3pro MMS 
system at a modulation rate of 1 Hz with 5 psi 
backing pressure. Data was processed using the 
AQS3delta Data Analysis software package.

Results 

I. Absolute Absorbance: The Absolute Absorbance 
spectra of the averaged replicates for insulin at each 
pH are shown in Figure 1 and have been normalized 
for concentration and buffer contribution. The 
spectra overlay well, indicating a similar secondary 
structure for insulin at each pH. 
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Figure 1:  Absolute Absorbance spectra of 
             insulin at pH 2.5, 4, 6, and 7.5
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Results, continued
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Figure 2: Second Derivative Plot of the insulin titration 
           and the major Amide I feature at 1658 cm-1

      Table 1: Similarity of titrated insulin compared to the pH 2.5 sample

II. Second Derivative: The Second Derivative Plot shown in Figure 2 was calculated to enhance the individual features comprising 
the Absolute Absorbance spectrum at each pH. The most prominent feature for each sample is located at 1658 cm-1, and is due to 
the predominant alpha-helical secondary structure of insulin.10 

III. Area of Overlap and Similarity: The Area of Overlap Plot shown in Figure 3 was derived from the baseline-subtracted second 
derivative of the Absolute Absorbance spectra, and was used to calculate the percent similarity between the titrated samples 
compared to the pH 2.5 sample. The calculated similarity among replicates and system repeatability is detailed in Table 1. The  
plot and table results show that percent similarity decreases as the pH increases, indicating that increasing pH subtly affects the 
secondary structure within the Amide I band as the value dropped from 99% similarity to 96.9% at pH 7.5. 

Figure 3: Area of Overlap Plot showing 
          Similarity between samples

Insulin Sample Repeatability  
among replicates Percent Similarity* 

pH 2.5* 99.3 100

pH 4 99.5 99.0

pH 6 (single measurement) 97.8

pH 7.5 99.3 96.9
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Conclusions

It is critical to be able to detect slight changes to the secondary structure of insulin caused by changes in the pH of the environment 
because pH is one of the contributing factors to the assembly state of insulin. This investigation showed that when insulin was 
subjected to different pH environments from 2.5 to 7.5,  the alpha-helical content increased with an increase in pH, and the 
unordered and beta-turn content decreased. These results show a more structured assembly near physiological pH and a more 
unordered structure at lower pH. MMS was successfully used to characterize insulin, a small peptide hormone. The increased 
sensitivity of the AQS3pro with its high repeatability among replicates detected subtle changes with a high degree of confidence.
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Results, continued

Figure 4: HOS bar graph and resulting increase in 
alpha-helix with increased pH 

IV. Higher Order Structure: Using the Similarity Plot, 
the Higher Order Structure (HOS) was calculated using 
a Gaussian curve fitting algorithm. The HOS bar graph 
in Figure 4 demonstrates that as the pH of the insulin 
sample is increased, the percent of alpha-helical content  
increases, and the percent of unordered and beta-turn 
structures decrease.
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