
Microfluidic Modulation Spectroscopy is a recent innovation in infrared 
spectroscopy techniques that improves elucidation of secondary protein structure.

O 
ver the past two decades, the biopharmaceu-
tical industry, along with the associated reg-
ulatory authorities and analytical instrument 
suppliers, have progressed toward clearer 
identification of the attributes that are crit-

ical for ensuring the quality of biopharmaceuticals and how 
to measure them efficiently. Biotherapeutic proteins are com-
plex, labile molecules that present considerable formulation 
and manufacturing challenges. There are aspects of these 
molecules’ behavior that still require much learning, such 
as the mechanisms that underpin aggregation. The need to 
understand and predict this behavior drives a requirement for 
new informational insights. However, the need to know more 
is balanced against requirements to do more with less—
smaller sample volumes, fewer personnel/operator interac-
tions, and shorter timeframes.

When it comes to choosing instrumentation that can effi-
ciently meet industrial needs, it is useful to have a clear under-
standing of the fundamentals of an analytical technique and 
the information it can provide. This article puts the spotlight on 
infrared (IR) spectroscopy and recent innovations, including the 
introduction of Microfluidic Modulation Spectroscopy (MMS) 
as a technique that rewrites the benefits of IR for the industry. 
The aim of this article is to provide the information needed 
to assess how this technique can support established biophar-
maceutical workflows by providing multiple analytical values 
including aggregation, quantitation, stability, similarity, and 
structure from one IR measurement. 

HOLLY LOMBARDO*, HLombardo@redshif tbio.com, is product 
manager, and MATTHEW MCGANN, is marketing manager; both are 
at RedShiftBio.
*To whom all correspondence should be addressed.

HOLLY LOMBARDO AND MATTHEW MCGANN

Improving IR Spectroscopy as a Tool 
for Biopharmaceutical Analysis

R
o

b
er

t K
ne

sc
hk

e 
- 

st
o

ck
.a

d
o

b
e.

co
m

Biopharmaceutical Analysis  Protein Characterization

REPRINTED WITH PERMISSION FROM THE JULY 2021 eBOOK ISSUE OF BIOPHARM INTERNATIONAL®. 
WWW.BIOPHARMINTERNATIONAL .COM. COPYRIGHT 2021, MUTLIMEDIA PHARMA SCIENCES LLC. 
ALL RIGHTS RESERVED.



PROTEIN CHARACTERIZATION 
FOR BIOPHARMACEUTICALS
The therapeutic efficacy of a protein 
is directly inf luenced by its three-
dimensional structure that is derived 
from interactions between the amino 
acids on constituent peptide chains. For 
biologic therapeutics, form fits function, 
making structural characterization and 
identification of changes in structure 
key requirements to understanding 
protein function. Candidates advancing 
through the drug pipeline are subject 
to increasingly rigorous structural 
elucidation to develop a robust 
understanding of the correlation between 
structure and function, and each level or 
type of structure is studied.

An important focus for the bio-
pharmaceutical industry is identifying 
efficient analytical techniques to track 
each type of structure, with orthogonal 
techniques routinely deployed to gener-
ate complementary information. Much 
of this focus centers on techniques for 
the elucidation of higher order struc-
ture (HOS) at the secondary, tertiary, 
and quaternary levels. The primary 
structure of a protein is relatively fixed 
in the absence of intentional chemical 
modification, but HOS at all levels can 
change in response to a protein’s localized 
environment. Extrinsic stresses such as 
changes in temperature or vibration can 
trigger conformational change within 
secondary structure motifs. Structural 
change at this level is often identified as 
a precursor for many processes that result 
in the formation of protein aggregates.

Examples of respected analytical 
techniques valued for structural char-
acterization include mass spectrometry 
for primary structure, and techniques 
including size-exclusion chromatogra-
phy (SEC) and nuclear magnetic res-
onance (NMR) to observe tertiary 
structure. SEC is also used regularly in 
conjunction with dynamic light scatter-
ing (DLS) for characterizing properties 
of quaternary structure. The two histor-
ical spectroscopic techniques employed 
for measurements of secondary structure 

are Fourier-transform infrared (FTIR) 
spectroscopy and far-ultraviolet circular 
dichroism (far-UV CD).

APPLYING IR SPECTROSCOPY 
TO PROTEIN ANALYSIS
The secondary structure of a protein 
directly inf luences the strength and 
stretch vibration of carbonyl (C=O) 
bonds along the peptide backbone (1). 
FTIR is a vibrational spectroscopy 
technique that probes the Amide 
I band associated with absorbance by 
these bonds. Robust correlations have 
been established between absorbance at 
specific wavelengths and the defining 
motifs of secondary structure (2,3). 
Shifts in absorbance in the Amide 
I band are inherently sensitive to 
changes in hydrogen bonding, dipole–
dipole interactions, and geometric 
orientations associated with α-helices, 
β-sheets, turns, and less prevalent forms 
of secondary structure. Sensitivity to 
changes in β-sheet structure, a motif 
prevalent in monoclonal antibodies 
(mAbs), is especially noteworthy. 

Due to its ability to measure changes 
in intermolecular β-sheet structure, 
IR spectroscopy is one of very few 
techniques that can be used to directly 
monitor aggregate formation (4).

Measurements of secondary structure 
have considerable utility because they 
help to elucidate the mechanisms that 
underpin drug efficacy and stability, 
binding, and more, and provide funda-
mental information for many biophys-
ical investigations. The concept being 
that almost any change in conformation 
or association experienced by a protein, 
from ligand binding studies to aggre-
gation processes to formation of oligo-
meric complexes, includes a fundamental 
shift in secondary structure that can be 
observed using IR spectroscopy.

In formulation development activi-
ties, the aim is to preserve the therapeu-
tically efficacious form of the protein 
while at the same time enhance stabil-
ity. Here, comparative measurements 
of secondary structure can be used to 
identify successful formulation strate-
gies and accelerate investigations 
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Figure 1. Schematic showing the core features of a Microfluidic Modulation 
Spectroscopy (MMS) flow cell where a sample is modulated across the laser path with 
a matching buffer stream to produce real-time differential scans of the Amide I band. 
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into the impact of excipient choice 
and processing conditions that result 
in reduced stability and the onset of 
aggregation long before aggregates are 
formed. Comparability studies based 
on the measurement of secondary 
structure can be equally beneficial in 
manufacturing for confirming batch-
to-batch consistency and the validity 
of post-approval process modifications. 
These studies may also directly support 
the demonstration of biosimilarity for a 
therapeutic in development.

There is considerable potential to use 
FTIR to quantify the relative amounts of 
different elements of secondary structure 
and apply the resulting data across the 
drug development lifecycle, and it is an 
established characterization technique for 
this reason. But FTIR is not a workhorse 
tool. Conventional FTIR inherently pos-
sesses several practical limitations; how-
ever, within current industrial settings, 
there are instances where only FTIR can 
generate the information required.

UNDERSTANDING THE 
LIMITATIONS OF FTIR
A closer look at conventional FTIR 
instrumentation and workflows is helpful 
to understand the practical limitations of 
the technique.

Because protein therapeutics are 
labile, the preference in biopharmaceuti-
cal analysis is to measure structure using 
samples in their native state, which can 
be achieved by keeping preparation to 
a minimum. This approach also bene-
fits analytical productivity. In the ear-
lier stages of development, samples are 
relatively simple and dilute due to drug 
scarcity, but as formulation progresses, it 
is necessary to measure at clinically rep-
resentative concentrations in the presence 
of the excipients and additives needed to 
optimize formulation properties.

Therapeutics are also developed in 
aqueous conditions. For FTIR analysis, 
background reference absorbance spec-
tra are subtracted from sample spectra 
to enhance protein characterization and 
improve signal to noise. This subtraction 

is complicated by the presence of water 
vapor due to strong absorbance by oxy-
gen–hydrogen (O–H) bonds at a wave-
length within the Amide I band. Digital 
processing routines facilitate this task, but 
accuracy relies on a constant measure-
ment temperature and water absorbance 
spectra are extremely temperature sen-
sitive. Furthermore, IR detectors suffer 
from non-linearity at high absorbance 
values associated with aqueous samples. 
As a result, the pathlength is typically 
limited to 10 µm or less, and the concen-
tration of protein required to achieve an 
acceptable signal-to-noise ratio is corre-
spondingly high, optimally within the 
range 10 –150 mg/mL.

These issues largely define the recog-
nized drawbacks of conventional FTIR. 
Due to the combination of reference and 
water vapor subtraction, FTIR measure-
ments also tend to exhibit background 
drift, poor repeatability, and resulting low 
sensitivity. The technique is demanding 
with respect to temperature control and 
is admittedly laborious with the need 
for subjective manual intervention. As 
such, traditional FTIR instrumenta-
tion is poorly amenable to automation. 
Perhaps more crucially, FTIR is ill-suited 
to the dilute aqueous samples associated 
with early development. Because of con-
centration limitations, FTIR analysis is 
often used in conjunction with far-UV 
CD which has an even narrower optimal 
operating concentration range of approx-
imately 0.2 – 2.0 mg/mL. Finally, the 
alternative approach of increasing sam-
ple concentration via manual concentra-
tion methods adds the risk of generating 
unrepresentative data. 

MMS OVERCOMES 
HISTORICAL LIMITATIONS
The new, commercially available tech-
nique of MMS was purposely developed 
to exploit the inherent utility of IR spec-
troscopy while simultaneously addressing 
the practical limitations of FTIR.

MMS automates the requirement 
for background subtraction by rapidly 
modulating the sample solution with a 

matching reference stream across the 
path of the laser beam at a 1 Hz–5 Hz 
frequency, thereby producing real-time 
differential spectral scans across the 
Amide I band. A schematic of the flow 
cell highlighting the design of the micro-
fluidic path is shown in Figure 1. The 
resulting differential spectra are instan-
taneously auto-referenced, background 
compensated, and essentially drift-free. 
This automated approach adds signif-
icant efficiency and repeatability to the 
analytical workf low, versus that with 
FTIR, by removing an important source 
of inaccuracy and variability.

The concentration limitation typical 
of FTIR is a second limitation that is 
addressed by use of a tunable mid-infra-
red quantum cascade laser (QCL), which 
generates an optical beam approximately 
100 times brighter than that used in con-
ventional FTIR systems. With a QCL 
laser that is set to an optimized opti-
cal configuration for the Amide I band, 
it is feasible to generate highly sensitive 
secondary structure information over a 
concentration range that extends from 
0.1 mg/mL–200 mg/mL. The broad 
dynamic range of MMS spans that of 
combined far-UV CD and FTIR and 
makes it possible to now measure sec-
ondary structure with a single technique 
from late-stage development where 
far-UV CD has greater utility, through 
formulation and into manufacturing, 
where FTIR is feasible, by offering the 
advantage of measurement at clinically 
representative protein concentrations in 
complex formulations across the entire 
development pipeline. 

The third critical advantage of MMS 
is the automated advanced spectral pro-
cessing engine and software developed to 
interpret the spectral results and reduce 
manual input. The data analysis software 
package rapidly and efficiently converts 
measured spectral absorbance into infor-
mational insight in the form of area of 
overlap plots, % similarity values, and 
fractional contribution data for specific 
HOS motifs of secondary structure, to 
name a few. These tools make it easy 

Biopharmaceutical Analysis  Protein Characterization



to establish a secondary structure 
baseline fingerprint for a biomolecule 
and then use it to assess the impact of 
change in formulation conditions due to 
process variability from batch-to-batch 
and between test and reference products.

To further illustrate the advantages 
of MMS over FTIR and far-UV CD, 
it is useful to evaluate a set of experi-
mental data showing how the perfor-
mance of MMS compares with the 
two historical analytical techniques. In 
the study shown in Figure 2, 20 mg/
mL immunoglobulin (IgG1) samples 
were spiked with 20 mg/mL bovine 
serum albumin (BSA) for a series of 
0% to 10% volume per volume (v/v) 
samples and analyzed using conven-
tional FTIR technology and MMS to 
assess the ability of the techniques to 
detect and quantify structural impuri-
ties within each sample (5). Analogous 
measurements were carried out using 
far-UV CD but at a much-reduced 
sample concentration of 1 mg/mL for 
each spiked sample in keeping within 
the limitations of the technique. The 
MMS results show greater linear-

ity versus the FTIR data, and much 
greater sensitivity with a limit of quan-
titation (LOQ ) of 0.76% vs 22.7%, 
respectively. Furthermore, these results 
are achieved with a direct labor prepa-
ration time for all 10 samples of around 
15 minutes for walk-away automation 
and analysis by MMS, compared with 
more than five hours by FTIR.

Traditional FTIR spectroscopy has 
been difficult to establish as a useful 
technique within the commonly used 
biopharmaceutical characterization tool 
kit for many reasons. Optimal instru-
ments in this tool kit must provide 
sample flexibility, wide measurable con-
centration ranges, automation, and above 
all, the ability to work with complex 
formulation conditions found in clini-
cally relevant samples. These are features 
that traditional secondary structure tools 
such as CD and FTIR simply do not 
possess. With the introduction of MMS, 
this tool kit has now evolved. Secondary 
structure characterization and the ability 
to detect unpredicted changes in sec-
ondary structure for almost all protein 
biomolecule processes makes MMS a 

technique that can easily be deployed at 
any stage of the development process, 
from the study of protein–ligand inter-
actions in early stage development to 
evaluating formulation conditions, by 
determining optimal process conditions, 
and performing batch comparisons post 
fill/finish. With MMS, it is now pos-
sible to observe detrimental effects of 
these processes at the most fundamental 
level of protein stability, the secondary 
structure level, and at the earliest possi-
ble stage of development.
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Figure 2. Microfluidic Modulation Spectroscopy (MMS), shown in the middle, offers reduced labor times relative to Fourier 
transform infrared (FTIR) spectroscopy (left panel) and a lower limit of quantitation (LOQ) than either of the incumbent 
technologies, including far ultraviolet circular dichroism (Far UV CD) (right panel) for measuring secondary structure from 
the same in complex buffer solution.


