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Peptide drugs such as glucagon often face solubility and stability challenges that necessi-
tate the use of organic solvents like dimethyl sulfoxide (DMSO), particularly in early dis-
covery and screening stages. However, structural characterization of peptides in DMSO is 
difficult for most conventional biophysical techniques due to solvent interference. In this 
study, we applied Microfluidic Modulation Spectroscopy (MMS) to quantify the secondary 
structure of glucagon in increasing concentrations of DMSO and at varying pH conditions. 
MMS revealed a progressive reduction in intermolecular β-sheet content and an increase 
in α-helical and turn structures with increasing DMSO concentration, indicating a shift 
toward monomeric, helical conformations. Lowering the pH further enhanced α-helix for-
mation and suppressed aggregation-prone β-sheets. These results highlight the ability of 
MMS to deliver high-resolution, quantitative secondary structure data for peptides in or-
ganic solvent environments, providing critical insights for early-stage peptide drug devel-
opment where organic solvents like DMSO are frequently required.

Abstract

Introduction

Glucagon is a peptide hormone essential for glucose homeostasis and has growing 
applications in emergency hypoglycemia treatment and metabolic disease therapies. 
However, its therapeutic use is challenged by instability and aggregation tendencies under 
aqueous conditions.1 Understanding how solvents and pH influence glucagon's secondary 
structure is critical for improving formulation and storage strategies.

Analyzing peptide conformation in the presence of organic solvents such as DMSO 
presents a unique challenge for traditional biophysical techniques, as solvent absorption 
and interference can obscure spectral signals. This limitation has hindered the ability to 
accurately characterize peptides in formulation-relevant conditions that require organic 
co-solvents for solubility or stability.

Microfluidic Modulation Spectroscopy (MMS) offers a highly sensitive, label-free approach 
to analyzing protein and peptide conformation in native and formulated conditions. By 
leveraging infrared (IR) spectroscopy with real-time buffer referencing, MMS enables 
quantitative secondary structure determination even in complex solvent environments, 
including aqueous/organic mixtures and low pH conditions. 
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Glucagon (1-29, human, powder, purity > 99.8%) was pur-
chased from MedChemExpress (NJ, USA). For the DMSO 
gradient experiment, glucagon was directly dissolved in DI 
water and 10%, 20%, 30%, 40%, 50% DMSO:water mix-
ture, and finally 100% DMSO at 1 mg/mL. The 100% DMSO  
sample was briefly heated in a warm water bath and soni-
cated to aid in dissolution. The pH for these samples were 
measured to be pH 5-5.2. For the pH experiment, the  
glucagon in water sample and the glucagon in 50% DMSO 
sample were adjusted to pH 2 using HCl. The exact same 
amount of HCl was spiked into their respective buffer refer-
ence. The same solvents were used as the buffer reference 
for the respective sample. The differential absorbance spec-
tra of each sample against its buffer reference were mea-
sured across the Amide I band region (1712 – 1588 cm-1) 
using the Aurora. Triplicate measurements were collected 
and averaged for each sample. 

The data were analyzed using the RedShiftBio Analytics 
software package.2 First, the raw differential absorbance 
was converted to absolute absorbance by normalizing con-
centration and optical path length. For samples in aqueous 
buffers, the displacement of the peptide molecules in sol-
vent is considered due to water absorption. Thus, the raw 
differential absorbance spectra were also corrected using 
corresponding buffer spectra to generate absolute absor-
bance. For samples in 100% DMSO, the molecular displace-
ment can be neglected as DMSO is effectively transparent 
in the Amide I band.  The second derivatives of the absolute 
absorbance spectra are automatically generated along with 
the “similarity plot” by inverting and baseline subtracting the 
second derivative plot. Gaussian curve fitting is then applied 
to the similarity plot to generate the higher-order structure 
(HOS) bar chart.

Methods

Results

Introduction, continued

This capability is especially important for therapeutic 
peptides like glucagon, where understanding structural 
behavior in both aqueous and organic solvents can 
guide downstream formulation strategies that minimize 
aggregation and extend shelf life. Here, we used MMS 
to monitor glucagon’s structural changes in response to 
increasing DMSO concentrations and under different pH 
conditions.

The secondary structure assignments are shown in  
Table 1.

Table 1: Gaussian curve fit settings and HOS structural elements designations, 
adopted from Dong et al.3,4

Effect of DMSO on glucagon structure

MMS analysis of glucagon in varying concentrations of 
DMSO revealed a clear transition in the peptide’s sec-
ondary structure (Figure 1). In pure water, glucagon 
displayed predominantly beta-sheet and intermolecular 
beta-sheet features (notably around 1630 cm-1), indic-
ative of structural aggregation. With increasing DMSO 
content, there was a progressive decrease in beta-sheet 
content (1630 cm-1, native and intermolecular) and a cor-
responding increase in alpha-helical structure (around 
1658 cm-1) and turn structure (1664 – 1680 cm-1) (Fig-
ure 1B). At 50% DMSO, turn structure became the major 
conformation with moderate amount of beta-sheet and 
alpha-helix structures. At 100% DMSO, the turn struc-
ture became dominant at over 60%, while maintaining 
the level of alpha-helix structure with less than 10% na-
tive beta-sheet and intermolecular beta-sheet structures 
(Figure 1C). Note that these peak assignments are based 
on the IR absorption of protein secondary structure in 
aqueous solutions (Table 1).3,4 Previous studies in the lit-
erature have suggested that the IR absorption of protein 
secondary structure in DMSO remains unchanged com-
pared to water.5
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This transition is in line with a previous study on DMSO-
dissolved insulin, where the amyloid fibril of insulin 
converts to a monomeric disordered structure from 
aqueous to DMSO.7

Effect of pH on glucagon structure

When comparing glucagon’s structure at different pH 
conditions, we observed that in both 0% and 50% DMSO, 
glucagon at pH 2 exhibited a higher alpha-helical content 
and reduced beta-sheet formation (Figure 2).

These observations are consistent with DMSO’s known 
property of stabilizing alpha-helical structures and dis-
rupting intermolecular interactions that promote aggre-
gation.6 Overall, at 0% to 50% concentration in water, 
DMSO effectively reduces glucagon aggregation by shift-
ing the conformation toward a monomeric, moderately 
helical structure. At 100% DMSO, almost all intermolecu-
lar interactions disappeared. The glucagon conformation 
becomes mostly disordered (i.e. loose turn structure) 
with moderate amounts of stable helical structure. 

Figure 1. Structural transition of glucagon from 0% to 100% DMSO. (A) 
Similarity spectra, or inversed and baselined second derivative spectra. (B) 
Delta of similarity spectra showing clear changes of turn (1680 cm-1), alpha 
(1658 cm-1), and beta (1630 cm-1) as the concentration of DMSO increases. (C) 
HOS bar graph reveals loss of beta-sheet and intermolecular beta-sheet and 
gain in alpha-helix and turn structures with increasing DMSO concentration.

Figure 2. Similarity spectra of pH 2 (dark colors) and pH 5 (light colors) samples 
in water (A) and in 50% DMSO (B) show that the pH 2 samples consistently 
exhibit higher alpha-helix content and significantly reduced beta-sheet 
structures compared to pH 5. HOS bar graph (C) shows an overall reduction of 
20% beta-sheet structure, 10-15% of aggregated beta-sheet, and nearly 20% 
increase of alpha-helix when the pH changes from 5 to 2.
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The effect was more pronounced in aqueous conditions, 
suggesting enhanced stabilization under acidic environ-
ments. As expected, low pH conditions stabilize gluca-
gon’s alpha-helical form, minimizing aggregation-prone 
beta structures. This behavior aligns with studies in liter-
ature and highlights low pH as a favorable condition for 
the solubilization of glucagon.1,8

This study confirms that both DMSO concentration and 
acidic pH significantly influence glucagon’s conformation. 
Increasing DMSO shifts glucagon toward a more helical 
and monomeric structure, while low pH enhances helix 
formation and reduces intermolecular beta-sheet aggre-
gation. These findings provide actionable insights for the 
rational design of glucagon formulations, especially for 
liquid or injectable products requiring enhanced shelf life 
and stability.

Moreover, this work highlights the value of having a ro-
bust biophysical tool capable of analyzing peptides in the 
presence of organic solvents. MMS’s solvent-referenc-
ing capability overcomes the spectral interference chal-
lenges that limit many conventional techniques, enabling 
accurate secondary structure characterization under 
formulation-relevant conditions. Many therapeutic pep-
tide candidates in early discovery require dissolution in 
organic solvents like DMSO for solubility or assay com-
patibility, making MMS essential for accurate structural 
characterization and high-throughput screening under 
these conditions. 
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