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1. Introduction

Assessment of IgG stability in a low pH elution
buffer using ATR-FTIR spectroscopic imaging and
microfluidics

Céline van Haaren, (22 Bernadette Byrne (2 ** and Sergei G. Kazarian () *

Monoclonal antibodies (mAbs) represent the largest class of biopharmaceuticals, playing a vital role in the
treatment of a wide range of diseases. Although the production of high quality mAbs has significantly
improved over the last three decades, particularly in terms of scale and yield, the antibody’'s complex
nature poses several challenges during bioprocessing. One of the main challenges in the production of
mAbs is the formation of aggregates, which may cause harmful immunogenic responses in patients if not
removed from the final drug product. Exposure to a low pH environment during protein A chromato-
graphy and viral inactivation is thought to be the major contributor to aggregate formation and has there-
fore been a topic of study for many years. Here, we investigate the stability of an IgG4 mAb in a low pH
elution buffer (pH 3.5) under flow using ATR-FTIR spectroscopic imaging. This method, making use of a
microfluidic set-up, enables non-destructive monitoring of mAb structural stability under bioprocessing-
relevant conditions. Samples were (i) prepared through dialysis into the elution buffer and (ii) collected
directly after elution from the protein A column, after which their stability was assessed under flow at two
different temperatures (30 °C and 45 °C). Spectroscopic images and associated IR absorption spectra
revealed that in both cases the protein in the low pH buffer underwent small, but measurable, structural
changes at 30 °C. However, at 45 °C, the protein rapidly aggregated as indicated by a major shift in the
Amide | peak position from 1637 cm™ to 1625 cm™, representing formation of inter-molecular beta
sheets. These results confirm the destabilising effect of the low pH environment and demonstrate the
applicability of ATR-FTIR spectroscopic imaging in combination with microfluidics as a powerful analytical
tool for the analysis of protein structural stability under flow.

duction of these mAbs remains aggregate formation.*®
Aggregate formation occurs when mAb molecules self-associ-

Monoclonal antibody (mAb) therapeutics remain the leading
class of biopharmaceuticals, in terms of both approvals and
sales, with immunoglobulin G (IgG) being the predominant
mAb." Due to the high specificity and affinity for their biologi-
cal target, mAb-based therapeutics have proved to be success-
ful in treating a range of diseases, including many cancers and
infectious, respiratory and autoimmune diseases.”> MAbs are
typically produced in a large-scale process involving upstream
mammalian cell culture and downstream purification, formu-
lation and fill and finish steps.® Over the past 30 years, signifi-
cant progress has been made towards the development of high
yield and large-scale bioprocesses of therapeutic mAb pro-
ducts; however, one of the main challenges during the pro-
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ate, leading to the formation of dimers, oligomers and ulti-
mately larger particles. Typically, aggregation involves some
degree of conformational or chemical change at the monomer
level, which can be reversible or irreversible.>” During biopro-
cessing, the physical and chemical stability of mAb molecules
is strongly affected by the conditions the mAbs are exposed to.
For example, mechanical and interfacial stresses caused by
mixing, pumping and aeration of the cell culture can result in
protein unfolding, and changes in pH and ionic strength
during downstream purification steps may give rise to chemi-
cal instability.® Since aggregates in the final drug product may
induce undesirable immunogenic responses in patients, the
formation of aggregates needs to be prevented throughout bio-
processing, transport and storage.’

Research into aggregate formation is extensive;
however, since aggregate formation is highly dependent on the
protein in question and the environmental conditions it is
exposed to, a full understanding of aggregation under the
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complex combination of stress conditions present during bio-
processing is lacking.” One key step in the downstream process
thought to generate significant amounts of mAb aggregates is
the low pH elution step during protein A chromatography.'®'*
Protein A chromatography is the so-called “capture” step,
where mAbs are highly selectively bound to protein A resin at
neutral pH as a result of the formation of hydrogen bonds, salt
bridges and hydrophobic interactions, while impurities flow
through the column.'® After a simple wash step, the mAbs are
eluted from the column using a low pH elution buffer, com-
monly a citrate, glycine or acetate buffer at pH 2.5-4.0.'%"?
This change from neutral pH to low pH is needed to release
the tightly bound mAbs from the protein A resin, through
electrostatic repulsion between histidine residues of protein A
and the mAbs."* This type of affinity chromatography produces
large quantities of highly pure protein and is used in virtually
all large-scale mAb purification processes. However, the down-
sides of this step are the high costs of the protein A resin and
the reportedly high propensity for aggregates to form due to
low pH effects on protein stability.'®'* In addition, the eluate
is often subjected to a viral inactivation step, which comprises
a low pH hold for up to several hours following protein A
chromatography.'® When IgG is exposed to a low pH environ-
ment, the charge distribution on the protein changes signifi-
cantly, affecting its conformational and colloidal stability."®
For example, ionizable side chains of the histidine, glutamic
acid and aspartic acid residues can protonate, leaving the
protein with a positive surface charge which affects inter-mole-
cular interactions through electrostatic repulsion.'” The col-
loidal stability, however, is also largely determined by the ionic
strength of the solution, as both positive and negative ions can
shield the mAb surface charge.'® Furthermore, changes in
intra-molecular electrostatic interactions resulting from the
acidic environment may destabilize the native protein struc-
ture and lead to partial unfolding.'®*®

Several studies have investigated the stability of IgG in
strongly acidic buffers, with a focus on assessing the role of
salts on aggregation kinetics'>'?® and/or evaluating the
thermal stability of IgG at low pH.'*?°** In the context of bio-
processing, Mazzer et al. demonstrated that protein A chrom-
atography results in significantly reduced IgG stability com-
pared to exposure of IgG to the elution buffer on its own.'®"?
Their data suggested that the chromatography step accelerates
aggregation considerably in the pH and concentration ranges
tested (pH 2.78-3.11; 0.9-4.5 mg ml™"), but that the mecha-
nism of aggregation remains largely the same. This is likely
due to the structural changes happening upon adsorption and
desorption to the protein A column, which may expose areas
of the protein involved in pH-dependent unfolding and sub-
sequent aggregation.'® Similarly, Gagnon et al. compared the
stability of three IgG1 molecules with and without the protein
A elution step and concluded that elution from the column
resulted in a conformational variant of reduced size for all
three proteins. Although elution did not directly cause aggre-
gates to form, the protein was found to be more susceptible to
aggregation as a result of secondary stress.'> Furthermore,
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Wilchli et al. and Jin et al. studied mAb aggregation during
the low pH viral inactivation process, focusing on various para-
meters including protein concentration, hold time and temp-
erature, and the presence of additives.'®'” Both studies found
that under acidic conditions and at low ionic strength, the
mAbs under study partially unfolded. Under these conditions,
little change in molecular size or monomer content was
observed, owing to the strong electrostatic repulsion between
monomers. However, after neutralisation of the solution, the
mAbs became prone to aggregation, resulting in an increase in
molecular size and a decrease in monomer content.

In this study, we used ATR-FTIR spectroscopic imaging in
combination with microfluidics to evaluate the structural
stability of an IgG4 protein in a low pH elution buffer under
flow at two different temperatures. ATR-FTIR spectroscopic
imaging has several advantages over other commonly used
analytical tools for quantification and characterisation of
protein aggregates, such as size exclusion chromatography
(SEC), dynamic light scattering (DLS) and circular dichroism
(CD). This technique yields information on the secondary
structure of any aggregates formed, whereas SEC and DLS only
provide information on the quantity and size of aggregates. In
addition, ATR-FTIR spectroscopic imaging can be applied to
high concentration, viscous or turbid samples, presenting an
advantage when studying aggregate formation, where protein
may precipitate out of solution.”**® In addition, analysis of
samples taken directly from the bioprocess is possible without
the need for dilution steps or sample preparation.
Furthermore, the combination of ATR-FTIR spectroscopic
imaging with a microfluidic flow set-up allows for study of IgG
under flow, more closely resembling bioprocessing conditions
and presenting an opportunity for the method to be coupled
to a bioprocessing unit operation. Finally, in a microfluidic
set-up, the protein can be subjected to stress conditions (e.g.
elevated temperature) and spectroscopic data can be collected
as aggregation proceeds, capturing the structural changes
associated with the protein aggregation process over time.

Here, the IgG4 protein in the low pH buffer was flowed
through a microfluidic channel which was heated to 30 °C or
45 °C. Analysis of the resulting chemical images and spectra
allowed us to measure both the increase in precipitated
protein near the IRE surface (i.e. the increase in Amide II
absorbance) and changes in secondary structure associated
with aggregation (i.e. shifts in the wavenumber of the Amide I
peak position) as a result of exposure to low pH and elevated
temperature.

2. Experimental section

2.1. Sample preparation

IgG samples at low pH were prepared in two ways: (1) by col-
lecting the eluted sample directly from the protein A column
during purification and (2) through dialysis into 0.1 M sodium
citrate (pH 3.5) after the purification process was completed.

This journal is © The Royal Society of Chemistry 2025
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Immunoglobulin G monoclonal antibodies were purified
from Chinese Hamster Ovary (CHO) cell culture supernatant
provided by Prof. Cleo Kontoravdi’s lab as described
previously.'>?”*® In brief, frozen supernatant samples were
thawed overnight at 4 °C, and the samples were centrifuged
for 10 minutes at 3000g and filtered using a 0.45 pm disk
filter. Low molecular weight contaminants and salts were
removed by three cycles through a HiPrep desalting column
(GE Healthcare) with the protein eluting into 50 mM phos-
phate containing 150 mM NacCl, pH 7.4. The collected material
was loaded onto a 4.7 ml HiScreen MabSelect PrismA column
(Cytiva). After a wash step with phosphate buffer, pH 7.4, IgG
was eluted from the column using 0.1 M sodium citrate, pH
3.5. For the IgG samples that were studied directly after
elution, the purification process stopped here. The concen-
tration of each 300 pl fraction was measured using a
NanoDrop Lite spectrophotometer (Thermo Scientific), and an
estimate of the pH was made using pH test strips. After this,
selected fractions were used for measurements in an ATR-FTIR
spectroscopic imaging flow set-up.

For the samples studied after dialysis, the purification
process was completed. In this case, the eluted protein was col-
lected in a collection tube containing 1 M Tris-HCIl, pH 9.0 in
a 1:5 v/v ratio of buffer to eluted protein and each fraction
was directly put on ice after collection. As a final purification
and buffer exchange step, the pooled fractions were applied to
a HiLoad® 16/600 Superdex® 200 pg column (Cytiva) pre-equi-
librated with 50 mM phosphate containing 150 mM NacCl, pH
7.4. The resulting IgG fractions were combined and concen-
trated to 5 mg ml™'. The sample was then divided into ali-
quots, snap-frozen using liquid N, and stored at —70 °C until
further use. For each flow experiment analysing IgG at low pH,
a fresh aliquot of 5 mg ml™" IgG in phosphate buffer, pH 7.4
was thawed on ice and dialysed into 0.1 M sodium citrate at
pH 3.5. Dialysis was performed overnight at 4 °C using cell-
ulose BioDesign™ dialysis tubing (Thermo Fisher Scientific)
with a molecular weight cut-off of 14 kDa. The sample was
then concentrated to 10 mg ml™" using a 50 kDa molecular
weight cut-off filter (Thermo Fisher Scientific). For the control
flow experiments where IgG in phosphate buffer was analysed,
aliquots were thawed and directly concentrated to 10 mg ml™.

2.2. ATR-FTIR spectroscopic imaging

Spectroscopic imaging measurements were performed using a
Tensor 27 spectrometer (Bruker Corp.) coupled to an IMAC
large sample compartment. The Golden Gate accessory
(Specac Ltd, UK), with a diamond internal reflection element
(IRE) and a 45° angle of incidence, was selected as the most
suitable accessory for flow experiments, as the diamond crystal
is compatible with low pH samples. The Golden Gate heat con-
troller (Specac Ltd, UK) was used to heat the diamond rapidly
to the desired temperatures. Using an MCT focal plane array
(FPA) detector with 64 x 64 pixels, 4096 spectra could be col-
lected simultaneously. Measurements were taken in continu-
ous scan mode over the range 900-3900 cm™", co-adding 32
scans at a spectral resolution of 4 cm™". Since the imaging
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view of the Golden Gate accessory is ~0.6 mm (vertical) x
0.55 mm (horizontal),>®* a PDMS flow channel of dimensions
16 mm x 0.5 mm x 0.5 mm was fabricated such that the whole
channel could fit within the imaging view. The anvil of the
Golden Gate accessory was used to secure the flow channel
with a PMMA top plate (inlet and outlet) onto the diamond
crystal. It should be noted that the channel width decreases
when it is pressed onto the crystal, due to the elasticity of the
PDMS material. The inlet of the channel was connected to a
1 ml syringe through PTFE tubing of 0.5 mm inner diameter;
the outlet of the channel was connected to a waste vial using
the same tubing material. A constant flow of 2.5 pl min™*
through the channel was controlled using a syringe pump
(Harvard Apparatus). A schematic overview of the set-up can be
found in Fig. S1.

2.3. Experimental procedure

For both sets of IgG samples at low pH, flow experiments were
carried out at two temperatures, 30 °C and 45 °C. Each flow
experiment started with a measurement of the buffer flowing
through the channel at room temperature (i.e. sodium citrate
buffer at pH 3.5 or phosphate buffer at pH 7.4). Then, the IgG
sample was flowed through at 2.5 pl min~" and measurements
were taken at room temperature and after heating for 0 to
30 minutes at 3 minute intervals. The ¢ = 0 measurement was
taken as soon as the desired temperature was reached.

2.4. Data analysis

The integrated absorbance of the Amide I band
(1700-1600 cm™") was plotted for each measurement to gene-
rate chemical images, and average spectra were subsequently
extracted from the middle of the channel. Buffer subtraction
was performed on each spectrum using OPUS (Bruker Corp.)
and the resulting Amide I and Amide II bands were used for
structural analysis and protein quantification, respectively.
Second derivative spectra of the Amide I band were generated
in OPUS using 13-point Savitzky-Golay smoothing, unless
stated otherwise. Further analysis, including baseline subtrac-
tion, was done using OriginPro (OriginLab, Northampton,
MA).

3. Results and discussion

3.1. IgGin a low pH elution buffer prepared through dialysis

The results of the 30 °C flow experiments, using IgG that had
been dialysed back into a low pH elution buffer after purifi-
cation and storage, are shown in Fig. 1. Spectroscopic images,
generated by integrating over the Amide I band
(1700-1600 cm™"), show high absorbance for the protein solu-
tion flowing through the channel and low absorbance for the
PDMS channel material. The black boxes in Fig. 1A indicate
the areas within the channel from which an average spectrum
was extracted for each time point. A slight change in absor-
bance can be observed in the spectroscopic images between
the room temperature measurement and the measurements

Analyst, 2025, 150, 4201-4210 | 4203
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.5) versus phosphate buffer (pH 7.4) at T = 30 °C. (A) Chemical images of

the flow channel generated by Amide | band integration (1700-1600 cm™), with the black box indicating the area of the spectral extraction. (B)
Integrated Amide Il absorbance (1580-1490 cm™?) after buffer subtraction (n = 3). Error bars indicate the standard deviation. (C) Second derivative
spectra of IgG in 0.1 M sodium citrate buffer (pH 3.5) at room temperature (RT) and after t = 0—30 minutes of heating at T = 30 °C.

taken between ¢ = 0 and ¢ = 30 minutes of heating; however,
quantification of the amount of protein was achieved through
integration over the Amide II band (1580-1490 cm™).
Quantification of the protein near the IRE surface was based
on the Amide II band rather than the Amide I band, as the
latter overlaps with the water bending mode (~1640 cm™).
Fig. 1B shows the integrated Amide II absorbance over time for
IgG in the sodium citrate buffer during the 7 = 30 °C flow
experiments, with the results obtained from IgG in phosphate
buffer as a control. These data show no significant difference
in Amide II absorbance between the two buffer conditions at T
= 30 °C. However, when comparing the normalised second
derivative spectra of IgG in the sodium citrate buffer (Fig. 1C),
a clear difference can be observed between the room tempera-
ture measurement and the measurements taken after ¢t = 0 to ¢
= 30 minutes of heating. In addition to a peak shift from
1636 cm™' to 1633 cm™ ', peak broadening can be observed
towards the lower wavenumber region, suggesting the
presence of a small population of structurally changed IgG
molecules.’®*" In the control experiment with 10 mg ml™" IgG
in phosphate buffer (pH 7.4), minimal changes in the Amide I
band were observed (Fig. S2), in line with expectations of IgG
stability at neutral pH exposed to 30 °C for a short period of
time.

Following the 30 °C flow experiment, the same set-up was
used to investigate the mAb stability at 45 °C. This temperature

4204 | Analyst, 2025, 150, 4201-4210

represents an extreme condition, rather than a typical tempera-
ture encountered during bioprocessing. Nonetheless, exposure
to an extreme condition over a short period of time (e.g
heating to 45 °C for 30 minutes) may be useful as a proxy for
prolonged exposure (e.g. room temperature for several hours).
Indeed, the mAbs eluting from the protein A column may be
held in the low pH buffer for anywhere between 30 minutes up
to several hours as part of the viral inactivation process and
the process is typically carried out at temperatures >15 °C."*"”
Fig. 2 presents the results of the 45 °C flow experiments,
where Fig. 2A and B show the spectroscopic images and
average spectra of one of the three repeat experiments with IgG
in sodium citrate (pH 3.5). Just from the chemical images, a
clear difference can be observed in the absorbance of the
Amide I band over the different time points. This increase in
absorbance is reflected in the average spectra that were
extracted from the channel at each time point (Fig. 2B). The
Amide I and Amide II bands both show a steep increase in
absorbance, demonstrating the increase of protein near the
surface of the IRE. Finally, Fig. 2C shows the integrated Amide
II absorbance for IgG in sodium citrate buffer and phosphate
buffer during the T = 45 °C flow experiments (n = 3). Unlike
during the 7' = 30 °C experiments, we observe a steady increase
in Amide II absorbance over time for IgG in the low pH bulffer,
suggesting buildup of protein near the surface of the IRE,
likely due to the irreversible formation and precipitation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Flow experiments of 10 mg ml™ IgG in sodium citrate buffer (pH 3.5) versus phosphate buffer (pH 7.4) at T = 45 °C. (A) Chemical images of
the flow channel generated through Amide | band integration (1700-1600 cm™), with the black box indicating the area of spectral extraction and
the dashed lines indicating the channel wall. (B) Buffer-subtracted spectra of IgG in 0.1 M sodium citrate buffer extracted from the flow channel. (C)
Integrated Amide Il absorbance (1580-1490 cm™) after buffer subtraction (n = 3). Error bars indicate the standard deviation.

aggregates. For the control sample, only a small increase in
Amide II absorbance is observed between room temperature
and ¢ = 0 of heating, and no further increase is detected for the
following time points.

We observed small changes in the normalised second
derivative spectra of the Amide I band upon heating to 30 °C,
specifically the broadening of the main peak towards the lower
wavenumber region. Exposure to the higher temperature has a
much larger effect on the structural stability of IgG (Fig. 3).
The main peak in the second derivative spectrum has moved
from 1635 cm™" (predominantly intra-molecular beta sheets)
to 1624 cm™ " (inter-molecular beta sheets) (Fig. 4A).>%3%?
This large shift in the peak position is likely due to the unfold-
ing of the native IgG structure, followed by the formation of
aggregates."? By plotting the normalised absorbance of the two
relevant wavenumbers - 1635 cm™' representing native IgG
and 1624 cm™' representing aggregated IgG - the structural
change over time can be quantified (Fig. 3B). For IgG in phos-
phate buffer at pH 7.4, the second derivative spectra showed a
small shift in the main peak from 1636 cm™" to 1634 cm™, in
addition to broadening of the peak to a lower wavenumber
region (Fig. S2).

Based on these results, it can be concluded that IgG in
sodium citrate buffer (pH 3.5) is much more prone to aggrega-
tion than IgG in phosphate buffer (pH 7.4), in line with pre-
vious studies.'®'® The deleterious effects of the low pH

This journal is © The Royal Society of Chemistry 2025

environment on IgG are magnified during heating for
30 minutes, and this gives an indication of what might
happen upon a several hour low pH hold following protein A
chromatography. The results presented here suggest that the
melting temperature of IgG in the low pH environment has sig-
nificantly dropped compared to IgG in the neutral pH environ-
ment. IgG in phosphate buffer at pH 7.4 shows minimal signs
of aggregation when heated to 45 °C during the flow experi-
ments, while IgG in elution buffer at pH 3.5 undergoes signifi-
cant structural changes and precipitates at the channel
surface. This is in agreement with a previous study by Ejima
et al., which investigated the melting temperature of a huma-
nised IgG4 mAb under acidic conditions using differential
scanning calorimetry (DSC). In this case, the native IgG4
sample in phosphate buffer (pH 6.0) exhibited a major
endothermic peak at 78 °C and a minor peak at 67 °C;
however, these peaks shifted to 58 °C and 35 °C, respectively,
for the same protein in a low pH elution buffer (pH 3.5).>
Furthermore, Jin et al. measured the melting temperature of
an IgG4-N1 mAb over a range of pH values (pH 3.3-pH 9.0)
using differential scanning fluorimetry (DSF) and found that
the protein’s melting temperature dropped from 67 °C at pH
7.0 to 39 °C at pH 3.6."® Additional data using a ZnSe IRE
obtained from our lab show that 10 mg ml™" IgG in phosphate
buffer (pH 7.4) only starts aggregating from temperatures
>60 °C (Fig. S3), comparable to results obtained using a DLS

Analyst, 2025, 150, 4201-4210 | 4205
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Fig. 3 Change in the secondary structure of 10 mg ml™ IgG in sodium citrate buffer (pH 3.5) during 45 °C flow experiments. (A) Normalised second
derivative spectra of the Amide | band during the T = 45 °C flow experiment, clearly showing a shift in peak position from 1635 cm™ (intra-molecular
beta sheets) to 1624 cm™ (inter-molecular beta sheets). (B) Normalised absorbance of second derivative spectra at 1635 cm™ and 1624 cm™ over
time (n = 3). Note that the values plotted in this figure were obtained by flipping the second derivative spectra of (A) around the x-axis and offsetting

the spectra by a value of 2. Error bars indicate the standard deviation.

temperature ramp study and reported melting temperatures of
IgG mAbs in the literature.>*

3.2. 1gG directly eluted from the column

The results described in section 3.1 provided sufficient confi-
dence in the applicability and reproducibility of ATR-FTIR
spectroscopic imaging to study IgG subsequently after eluting
from the protein A column. The IgG samples studied in
section 3.1 were prepared through overnight dialysis of pre-
viously purified IgG into a low pH elution buffer, followed by
centrifugation to reach a concentration of 10 mg ml™". This
does not fully represent the conditions of the low pH elution
during protein A chromatography and the subsequent low pH
hold of a typical bioprocess. Therefore, we also studied IgG
samples directly eluted from the protein A column, as this
more closely resembles the conditions under which the
protein would be found during bioprocessing.

Three individual purifications were completed to obtain
three IgG samples, each with a different concentration after
fraction collection (ie. 13.6 mg ml™, 19.5 mg ml™' and
22.2 mg ml™"). The range of concentrations was a result of the
starting concentration of IgG in the supernatant, as each of
the supernatant samples was produced from a different fed-
batch cell culture. Fig. S4 presents the IgG concentration and
pH of each of the collected fractions of purifications 1-3. In
order to obtain sufficient material for the flow experiments,
three 300 pl fractions were selected and combined after the
elution was completed. This selection was based on the pH
and concentration (i.e. highest combined concentration poss-
ible where the solution pH of each fraction reached pH 3.5).

Flow experiments were conducted at 30 °C and 45 °C for
each of the IgG samples, starting with the lower temperature
(i.e. half of the protein sample was used for the 30 °C flow
experiment, while the other half was kept on ice until the start

4206 | Analyst, 2025, 150, 4201-4210

of the 45 °C flow experiment, roughly 3 hours later). The same
trends were found for these samples as those observed for the
IgG samples prepared through dialysis (Fig. 4). That is, (i) the
Amide II absorbance increases slightly between the RT
measurement and the first time point of heating at 30 °C; (ii)
the Amide II absorbance remains stable between time points ¢
= 0 and ¢t = 30 minutes of heating to 30 °C (Fig. 4A); and (iii)
small changes in the second derivative of the Amide I band
can be observed, indicating changes in secondary structure of
at least part of the IgG population near the IRE upon heating
(Fig. 4B). The three different IgG concentrations behaved simi-
larly, as can be seen in Fig. 4 and Fig. S5. As expected, the
Amide II absorbance of the 13.6 mg ml™' sample resulting
from purification 1 is measurably smaller than those of the
19.5 mg ml~" and 22.2 mg ml~" samples resulting from purifi-
cations 2 and 3, respectively (Fig. 4A).

Following the 30 °C flow experiment, the remainder of the
IgG sample, which was stored on ice while the first flow experi-
ment proceeded, was used for the 45 °C flow experiment. As
before, the results are in line with those obtained from the
protein samples prepared through dialysis. Fig. 5A presents
the steep increase in Amide II absorbance upon heating to
45 °C for all three concentrations; Fig. 5B shows the shift in
Amide I peak position for the highest concentration mAb
sample. Interestingly, the 19.5 mg ml~" sample (purification 2)
seems to aggregate at a higher rate than the 22.2 mg ml™,
based on the slope of the Amide II absorbance increase over
time. The 13.6 mg ml™' sample (purification 1) and the
22.2 mg ml~" sample (purification 3), although differing sub-
stantially in concentration, resulted in comparable slopes (i.e.
integrated Amide II absorbance over time). This suggests that
a higher IgG concentration does not necessarily result in a
higher rate of aggregation, indicating that there must be (an)
other factor(s) at play. One possible explanation for this differ-

This journal is © The Royal Society of Chemistry 2025
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ence can be found based on the SEC traces of the pooled left-
over sample of purifications 2 and 3 (Fig. S6). These SEC
samples consisted of all the collected fractions that were not
used for the flow experiments, pooled and combined with Tris
buffer (pH 9.0). The SEC step was performed the day after
protein A purification and the associated flow experiments.
Fig. S6 clearly shows an aggregation peak for the SEC trace of
purification 2; however, no such peak is present in the SEC
trace of purification 3. This could be an indication that the
sample of purification 2 used for the flow experiments
(19.5 mg ml~" sample) may have contained a small amount of
aggregates, leading to a higher Amide II absorbance increase
over time compared to the sample of purification 3 (22.2 mg
ml™" sample). Although it is unclear why purification 2 con-

This journal is © The Royal Society of Chemistry 2025

tained a small amount of aggregates after protein A chromato-
graphy, this variability in IgG samples was reflected in the
results of the heated flow experiments, demonstrating the
method’s applicability to protein stability testing.

Another observation is the change in the second derivative
spectrum of IgG measured at room temperature prior to the T
=30 °C and T = 45 °C flow experiments. There is a change in
the lower wavenumber region between the first RT measure-
ment and the second RT measurement about 3 hours later,
suggesting a change in the secondary structure of the protein.
This phenomenon was consistent between the three purifi-
cations, although more profound in the higher concentration
samples (Fig. S7). In a simple control experiment, we prepared
10 mg ml™" and 20 mg ml™" IgG in sodium citrate (pH 3.5)

Analyst, 2025, 150, 4201-4210 | 4207
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through dialysis and measured the absorption spectrum every
hour for a period of 8 hours while keeping the sample on ice.
For the ¢t = 0 measurement, the Amide I band shows a main
peak at 1637 cm ™", representing predominantly the native IgG
structure, and for the time points thereafter, no significant
spectral changes are observed (Fig. S8). These results suggest
that IgG in the low pH elution buffer can be stored on ice for
at least up to 8 hours without undergoing secondary structural
changes, which is in agreement with previously reported
studies.”>*' Since these control samples were prepared
through dialysis, they may not behave the same as the samples
prepared in purifications 1-3, which were collected directly
from the column. However, the change in secondary structure
between the two room temperature measurements is likely not
solely due to the storage on ice. One other possible factor that
may have played a role is the cleaning and reuse of the PDMS
channel between the two flow experiments.

Nonetheless, the structural changes observed in the second
derivative spectra seem to have a limited effect on the degree
of aggregation. This can be concluded from the comparison of
the Amide II integrated absorbance graphs of the dialysis-pre-
pared samples versus the samples obtained directly after
elution (Fig. 6B). From the changed secondary structure of IgG
at room temperature, one would expect a relatively high aggre-
gation rate for the protein heated to 45 °C. However, the dialy-
sis-prepared samples of 10 mg ml~" IgG, which show a mostly
native secondary structure profile at room temperature, exhibit
a significantly higher aggregation rate. The most probable
explanation for the relatively low stability of these samples is
the preparation method: (i) overnight dialysis includes pro-
longed exposure to acidic conditions, as well as exposure to
the dialysis membrane and (ii) concentration through multiple
rounds of centrifugation. Interestingly, when comparing the
normalised structural changes over time between the two

4208 | Analyst, 2025, 150, 4201-4210

sample preparation methods, we observe highly similar pro-
files (Fig. 3B and 6A).

4. Conclusion

ATR-FTIR spectroscopic imaging in combination with micro-
fluidics has proved to be a useful method for the study of
protein solutions®®*> and was employed in this study to assess
the structural stability of IgG in a low pH elution buffer. The
results presented here confirm that 1gG in the low pH elution
buffer (pH 3.5) is much less stable than IgG in phosphate
buffer (pH 7.4), and this effect is exacerbated by exposure to
elevated temperatures.

IgG samples in elution buffers were prepared through (i)
dialysis and (ii) elution directly from the protein A column.
The overall trends found for both samples were similar, with
only small structural changes detected during 30 °C heating
and rapid aggregate formation during 45 °C heating.
Interestingly, the samples obtained directly after elution
seemed more stable, based on the slower increase in Amide II
absorbance over time for all three concentrations tested, com-
pared to the 10 mg ml™' IgG sample prepared through
dialysis.

Previous work by our group has demonstrated the potential
of using ATR-FTIR spectroscopic imaging as an in situ
measurement technique during protein A chromatography,
with a focus on protein A resin fouling and the effect of clean-
ing-in-place on the column.'®?%*” In this work, we focused on
the stability of the IgG eluate obtained after protein A chrom-
atography. The fabrication of a microfluidic channel for the
Golden Gate accessory allowed for measurement of IgG formu-
lations at low pH under flow, while heating at the same time.
This set-up can easily be adapted to cater to the study of
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various conditions that may be of interest to formulation
scientists, as well as providing an in-line measurement tech-
nique in conjunction with other bioprocessing operations, not
limited to protein A chromatography. Future work may be
focused on the development of more sophisticated channel
designs, including multiple channels, making in-line measure-
ments possible.
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