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Quantification of protein glycation using
vibrational spectroscopy†
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Glycation is a protein modification prevalent in the progression of diseases such as Diabetes and

Alzheimer’s, as well as a byproduct of therapeutic protein expression, notably for monoclonal antibodies

(mAbs). Quantification of glycated protein is thus advantageous in both assessing the advancement of

disease diagnosis and for quality control of protein therapeutics. Vibrational spectroscopy has been high-

lighted as a technique that can easily be modified for rapid analysis of the glycation state of proteins, and

requires minimal sample preparation. Glycated samples of lysozyme and albumin were synthesised by

incubation with 0.5 M glucose for 30 days. Here we show that both FTIR-ATR and Raman spectroscopy

are able to distinguish between glycated and non-glycated proteins. Principal component analysis (PCA)

was used to show separation between control and glycated samples. Loadings plots found specific peaks

that accounted for the variation – notably a peak at 1027 cm−1 for FTIR-ATR. In Raman spectroscopy,

PCA emphasised peaks at 1040 cm−1 and 1121 cm−1. Therefore, both FTIR-ATR and Raman spectroscopy

found changes in peak intensities and wavenumbers within the sugar C–O/C–C/C–N region

(1200–800 cm−1). For quantification of the level of glycation of lysozyme, partial least squares regression

(PLSR), with statistical validation, was employed to analyse Raman spectra from solution samples contain-

ing 0–100% glycated lysozyme, generating a robust model with R2 of 0.99. We therefore show the scope

and potential of Raman spectroscopy as a high throughput quantification method for glycated proteins in

solution that could be applied in disease diagnostics, as well as therapeutic protein quality control.

Introduction

Glycation describes a process by which glucose, or a similar
sugar molecule, covalently binds to a protein in a non-enzy-
matic reaction. This reaction, first described by Maillard in
1912, is known to result in irreversible products causing bio-
physical and structural changes in proteins.1–6 Reducing
sugars, such as glucose, fructose and galactose, drive the glyca-
tion reaction between their free aldehyde and a protein amine,
typically in a Lys side chain (Fig. 1).7

Reducing sugars are able to act as reducing agents when
they tautomerise to form an open chain molecule with a term-
inal aldehyde group. This free aldehyde group is then able to

react with susceptible amine groups of amino acids resulting
in the formation of a Schiff base. The Schiff base then under-
goes spontaneous rearrangements to form the Amadori
product. The Amadori product is capable of degrading
through many complex pathways.8

In vivo the most problematic resultant structures are known
as advanced glycation end products (AGEs) which are formed
due to reaction of the glycated proteins and glucose in the
blood. High levels of AGEs have been linked with many degen-
erative diseases and can cause vascular problems.9 In diabetic
patients, abnormally high blood glucose concentrations cause
glycation of plasma proteins, such as hemoglobin, giving
HbA1c as the most common form. HbA1c is now used to diag-
nose diabetes, as the amount of glycation reflects the long
term concentration of glucose in the blood. Many diabetes
studies on treatment and diagnosis now also look at other
plasma proteins, such as albumin and IgG, which can also be
glycated.8,10 Patients with Alzheimer’s disease have high
accumulation of AGEs on top of the increased levels of AGEs
that occur with natural aging. Research for Alzheimer’s diag-
nostics now focuses on glycated products in the brain tissues
and cerebrospinal fluid (CSF). Therefore glycation products are
have a wide scope as biomarkers for diagnostic purposes.11
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The pharmaceutical industry has been increasingly turning
to biologically based drugs in the treatment of autoimmune
and difficult to treat diseases. Monoclonal antibodies (mAbs)
are one of the most common types of biotherapeutic.
Glycation has been proven to be problematic during thera-
peutic expression. mAbs are often expressed using Chinese
hamster ovary (CHO) systems in which glucose or other sugars
are used as the primary feed source to drive production of the
proteins. For example, the mAb Rhumab manufactured by
Genentech and Roche, has been found to have between 40–60%
glycation when expressed in specific CHO cell lines.12 This high
glycation level is thought to be due to a modified Lys in the mAb
light chain. Previous literature into the effects that glycation has
on both the structure and function of proteins, specifically mAbs,
have mixed outcomes. It has been reported that glycation in
mAbs is often at ∼5% or less and seems to have minimal effects
on binding efficacy and producing immunogenic responses from
T cells in vitro.13 However, others report that minor structural
deviations in sugar patterns can lead to diminished antibody
functionality and batch heterogeneity, especially if the glycation
is prevalent in the antigen binding domain of the mAb.5,14,15

Irrespective of the effects on structure and function, the
International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH),
European Medicines Agency (EMA) and The Food and Drug
Administration (FDA) still require glycation levels to be reported
as standard quality control for therapeutic proteins.16–18

Analysis and quantification of glycation currently relies on
laborious and expertise intensive methods such as mass spec-
trometry (MS) alone or combined with peptide mapping that
includes targeted enzymatic digestion of protein and MS to

determine the mass of fragments.19 Alternatively, boronate
columns (BAC) with affinity for glycated proteins can be used in
native conditions. These are limited, however, as they have
similar affinities no matter how many times the protein is
glycated.20–22 In this paper, we present vibrational spectroscopy
as an analytical method for the quantification of glycation in a
model protein, lysozyme. Lysozyme has 6 Lys residues and the
N-terminus, resulting in 7 potential glycation sites. To our knowl-
edge, this is the first reported quantification of protein glycation
in solution using Raman spectroscopy.23–26 Raman spectroscopy
is inherently easier to incorporate into bio-manufacturing than
other widely used analytical methods such as MS, peptide
mapping, or the use of columns. Furthermore, Raman spec-
troscopy has minimal contribution of water bands and spectro-
scopic information can be obtained without the requirement for
a sample to be taken from a fermentation. It can therefore be
used in situ.27–29 This paper therefore provides proof-of-concept
for using Raman spectroscopy as a method for rapid quantifi-
cation of glycation and for future development of in-line quality
control of protein therapeutic manufacture. It has wider appli-
cations in disease diagnosis using glycated proteins implicated
in diabetes and Alzheimer’s.

Experimental section

Full experimental details are provided in the ESI.†

Materials and chemicals

Recombinant human lysozyme, ≥100 000 units per mg protein
(Lysobac) was obtained from Sigma Aldrich (Missouri, US) as a

Fig. 1 Reaction scheme showing the general process of glycation in proteins.
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lyophilised powder. D-(+)-Glucose ≥99.5% anhydrous was pur-
chased from Thermo Fischer. Recombinant human albumin,
was purchased from Sigma Aldrich as a lyophilised powder.
Amicon Ultra 0.5 mL centrifugal filter units, 10 kDa cut off
were used for buffer exchange. For the quantification, lyso-
zyme and albumin were buffer exchanged to remove free
glucose using Centripure P100 columns (Emp Biotech GmbH)
before incubation. Sartorius Stedim Biotech ministart 0.2 μm
syringe filters were used to filter the incubation buffers.

Sample preparation

Glycation of lysozyme. All incubations were carried out
under sterile conditions. Lysozyme was prepared as a 5 mg
mL−1 solution in (28 mL) 25 mM MOPS, 115 mM NaCl,
adjusted to pH 7.4. This was subsequently divided into 2 equal
volumes of 14 mL to create two groups of control and glucose
incubations. To the glucose incubation group, glucose was
added to create an overall sugar concentration of 0.5 M. Both
groups were filter sterilised using syringe filters and aliquoted
into 7 falcon tubes each. All samples were statically incubated
at 37 °C. Samples from each group were removed at days 1, 2,
5, 7, 14, 21, and 30. After removal from incubation, the
samples underwent buffer exchange to Millipore grade H2O
using Amicon centrifugal filters. The samples were then flash
frozen, freeze dried overnight and stored at −20 °C until
analysis.

Glycation of albumin. Albumin was prepared as a 5 mg
mL−1 solution in (30 mL) 25 mM MOPS, 115 mM NaCl,
adjusted to pH 7.4. This was subsequently divided into two
equal volumes of 15 mL to create two groups of controls and
glucose incubations. To the glucose incubation group, glucose
was added to create an overall sugar concentration of 0.5
M. Both groups were filter sterilised using syringe filters. All
samples were statically incubated at 37 °C for 30 days. After
removal from incubation the glucose samples underwent
buffer exchange to remove free glucose using Centripure P100
columns with 25 mM MOPS, 115 mM NaCl pH 7.4. The solu-
tions were then concentrated to 12 mg mL−1 using Amicon
Ultra 0.5 mL centrifugal filter units with a 10 kDa cut off.

Glycation of lysozyme for quantification. Lysozyme was pre-
pared as 5 mg mL−1 solution in (200 mL) 25 mM MOPS,
115 mM NaCl, adjusted to pH 7.4. This was subsequently
divided into 2 equal volumes of 100 mL to create two groups of
controls and glucose incubations. To the glucose incubation
group glucose was added to create an overall sugar concerta-
tion of 0.5 M. Both groups were filter sterilised using syringe
filters. All samples were statically incubated at 37 °C for 30
days. After removal from incubation the glucose samples
underwent buffer exchange.

Time course mass spectrometry. Lysozyme glycation time
course experiments were carried out on a Waters Synapt G2
(Waters, Manchester, UK) IM-MS instrument (Fig. S1 and
Table S1†). Experiments were carried out in positive ionisation
and resolution mode at collision energies of 4 V and 20 V. The
instrument parameters are summarised in the ESI (Time
course mass spectrometry†). Lysozyme samples were solubil-

ised in acidified ammonium acetate solution (200 mM AmAc,
0.01% formic acid) and diluted to a concentration of ∼5 µM
protein whereby acidification was employed to improve signal.
All subsequent data analysis software and procedures are out-
lined within the ESI.†

Lysozyme quantification and albumin glycation mass spec-
trometry. 12 mg mL−1 glycated and non-glycated lysozyme in
MOPS with 1 M ammonium acetate solution pH 7.2 were ana-
lysed at a final protein concentration of ∼4 µM. 12 mg mL−1

albumin in MOPS was buffer exchanged into 1 M ammonium
acetate solution pH 7.2. Optimal MS resolution was achieved
for the glycated form of albumin by diluting the buffer
exchanged sample at a 1 : 40 ratio into a water/formic acid
solution (99.9 : 0.1, v : v%) at which the final protein concen-
tration was ∼5 µM prior to analysis. For consistency, the non-
glycated form of albumin was also treated in the same
manner. All experiments were performed using nano-electro-
spray ionisation (nESI) in positive ionisation mode.
Experiments were performed on a Q Exactive UHMR hybrid
quadrupole-orbitrap mass spectrometer (Thermo Fisher scien-
tific). A full list of the Q Exactive settings utilised are outlined
in Table S3.† Mass spectra were recorded at a resolving power
of 200 000 (lysozyme) and 3125 (albumin). Full quantification
and cations are shown in the ESI† and within Fig. S3–S4 and
Tables S4–S6.†

FTIR-ATR. FTIR-ATR spectra were recorded on a Bruker
Alpha FTIR spectrometer fitted with a platinum ATR module.
Spectra were recorded from 4000 to 400 cm−1, 24 coadded
scans with a resolution of 4 cm−1. All spectra were measured
using lyophilised lysozyme that had been previously buffer
exchanged to Millipore grade H2O. The spectra were analysed
in Matlab R2018a (The MathWorks, Natick, MA, USA) using an
in-house tool box. All FTIR data were an average of 5 replicates.
Raw and pre-processed spectra are shown in Fig. S2.†

Raman spectroscopy. Raman measurements were under-
taken on a Renishaw inVia Raman microscope (Renishaw Plc.,
Gloucestershire, UK) using a 785 nm laser with a laser power
on the sample of ∼30 mW. The experimental parameters used
for all data collection were 10 s exposure and 12 accumulations
resulting in an overall acquisition time of 120 s per measure-
ment. Samples were prepared as 12 mg mL−1 at 360 µL in the
concentration gradient summarised in Table S7† totaling 19
different samples. The set-up consisted of a 96 well quartz
plate (Hellma™) using randomised samples with three repeats
per well. Raw and pre-processed spectra are shown in Fig. S5.†

Data pre-processing and chemometrics. All data pre-proces-
sing and subsequent analysis was performed using Matlab
R2018a with in house toolboxes (these are available via https://
github.com/Biospec/). For FTIR-ATR the data were baselined
and normalised to allow comparison. The Raman spectra were
baselined, normalised and smoothed (full pre-processing
methods are described in ESI†). The data set was then divided
into two sets in order to generate a PLSR linear predictive
model. The data set included 19 concentrations of glycated
lysozyme mixed with control lysozyme creating a ∼6% gradient
from 0 to 100% glycated samples. This produced 19 datasets
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of which three were removed due to being outliers (Fig. S6†).
The training set and test set therefore included 8 datasets each
with three spectral repeats per concentration. The optimum
number of latent variables (PLS factors) was chosen as lowest
latent variable number with the lowest root-mean-squared
error on the cross-validation set (RMSEcv). In this case it was
3; i.e., the least number of PLS factors needed to decrease the
RMSEcv. Leave-one-out cross validation was used to test each
model. The chosen model with LV = 3 was used to run the test
set and generate an R2 and Q2 for the model.

Results and discussion

Lysozyme has 6 Lys residues and an N-terminus that can be
glycated by glucose via a condensation reaction (Fig. 1). The
project used two experimental groups. The first group was
5 mg mL−1 lysozyme with the addition of 0.5 M glucose in
incubation buffer. The control group was 5 mg mL−1 lysozyme
in incubation buffer without glucose. Each of the conditions
had 7 vials that were incubated at 37 °C. One vial from each
condition was collected at day 1, 2, 5, 7, 14, 21 and day 30 to
study the structure of lysozyme as glycation increases. The gly-
cation method was adapted from previous literature.6 The time
length of 30 days was chosen to maximise the amount of glyca-
tion in an incubation time frame that avoided the use of pre-
servatives such as sodium azide to prevent bacterial growth.

Mass spectrometry determination of glycation

To determine the extent of glycation, MS was employed to
determine the mass changes in the protein as a function of
incubation time. The MS analysis was carried out using the
parameters stated in the methods section whilst the results are
shown in Fig. S1.† Table 1 summarises the results of the
glucose incubation and monitors its covalent binding to lyso-
zyme with incubation time. In order to check that glucose was
covalently bound, the mass spectrometry analysis was carried
out at two different collisional energies of 4 V and 20 V with
the assumption that at 20 V only covalently bound glucose
should be seen and any that is non-covalently associating to
the protein would be removed. At both voltages, the popu-
lations (%) of glycated species were similar, as shown from the
SE in Table 1, showing that no glucose was bound non-co-

valently. The table summarises the integrated mass peaks aver-
aged over 20 V and 4 V, using the 8+ and 7+ charge states for
both voltages. The full quantitative analysis is described in the
ESI (Time course mass spectrometry†). The protein is 100%
non-glycated at day 0. Lysozyme becomes increasingly glycated
the longer it is incubated with glucose and thus the glycated
population increases with time. After 30 days the most popu-
lated state of lysozyme is that with 1 or 2 bound glucose mole-
cules. In this analysis, as far as we can tell, we never saw more
than 4 Lys glycated or any significant change in protein glyca-
tion status after 21 days, suggesting that 3 of the Lys side
chains are not susceptible to being glycated. The difference in
susceptibility to being glycated is a result that has been widely
published and investigated using peptide mapping. It is
thought to arise from the surrounding environment and
solvent accessibility with Lys residues less open to the solvent
or having amine groups hydrogen bonded to other protein
groups being less likely to be glycated.22,30,31

FTIR-ATR analysis of glycated lysozyme

FTIR-ATR was carried out on all the controls and glycated lyso-
zyme from days 1 to 30 of the incubation using lyophilised
samples outlined in the methods. The full FTIR spectra of all
of the samples are shown in Fig. 2a, where the amide region of
the spectrum stretches from 1700 cm−1 to 1200 cm−1 and con-
tains amide regions I, II and III. The overlap between sugar
peaks and amide peaks becomes increasingly complicated as
increasing sugar peaks can stretch from 1500 cm−1 to
1000 cm−1.32

Amide I is represented by the peak at 1649 cm−1 and amide
II at 1537 cm−1. Amide III is 1452 cm−1 and 1390 cm−1 with
some possible overlap with the sugar peaks. The predominant
changes are in at the sugar region around 1000 cm−1–

1200 cm−1 and are highlighted in Fig. 2a where a unique peak
in the spectra of the glycated samples can be seen at
1030 cm−1 (highlighted in purple) which is not present in the
control samples. A full spectral assignment is given in
Table S2.†

In order to determine the specific peak changes, PCA was
carried out on the glycated samples. PCA scores plots are used
to highlight patterns within a dataset, in this case spectral vari-
ation between the peaks from the samples. It can be seen from

Table 1 Summary of glycation % calculated from the integration of the 7+ and 8+ charge states (most intense), at 4 V and 20 V collisional energies
of lysozyme using peaks that increase by 162 Da (addition of glucose – H2O). The % of glycation was monitored over time course from day 0 to day
30. Errors were calculated as the standard error (SE) of 4 peak integrations from each sample (4 V and 20 V including both the 7+ and 8+ charge
states. Analysis carried out using. Waters Synapt G2 (Waters, Manchester UK). Calculations and masses are shown in Table S1†

Population % of lysozyme with bound glucose as a function of time

Number of glucose bound Day 0 (Lys standard) Day 1 Day 2 Day 5 Day 7 Day 14 Day 21 Day 30

0 Glucose 100 ± 0 61 ± 4 58 ± 3 46 ± 2 40 ± 3 19 ± 1 13 ± 1 12 ± 1
1 Glucose 0 27 ± 2 27 ± 1 41 ± 0 41 ± 1 40 ± 1 35 ± 2 36 ± 1
2 Glucose 0 13 ± 2 11 ± 1 18 ± 1 18 ± 2 30 ± 1 33 ± 1 35 ± 1
3 Glucose 0 0 4 ± 1 5 ± 1 5 ± 1 11 ± 1 14 ± 2 14 ± 1
4 Glucose 0 0 0 0 0 0 5 ± 1 4 ± 0
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Fig. 2b that the samples separated out on PC1 that accounts
for 89% of the total explained variance (TEV) with a general
trend from G1 to G30. The corresponding loadings plot
(Fig. 2c) can be used to highlight the most important peaks in
terms of identifying the variability between samples. A peak at
1027 cm−1 has been identified as the main peak causing the
separation across PC1. We therefore deduce that the unique
peak in the FTIR-ATR spectra in Fig. 2a at 1030/1027 cm−1,
due to C–O or C–N bonds, is caused by glycation of lysozyme.

Fig. 3 shows three FTIR-ATR spectra to determine the differ-
ence between free glucose and bound glucose peaks. Lysozyme
mixed with free glucose in solution and then freeze dried has
a main peak at 1022 cm−1. The S30 sample of lysozyme incu-
bated with no glucose for 30 days has a peak at 1046 cm−1

therefore further validating that in G30 the peak at 1030 cm−1

is only found in glycated samples and could be attributed to
covalently bound glucose only.

Analysis of glycation using Raman spectroscopy

Raman spectroscopy is a complementary vibrational analysis
technique to FTIR spectroscopy with the benefit of having
little spectral contribution from water. A larger scale glycation
set-up was used in order to create two sets of samples: lyso-
zyme was incubated for 30 days, with and without glucose.
Raman spectroscopy requires a minimum concentration of
>10 mg mL−1 and the 96 well plate set-up needs 360 µL per
well. We therefore simplified the incubation set-up in order to
create larger volumes so we could create a concentration gradi-
ent. Glycated samples were buffer exchanged to remove free
glucose (full details are described in sample preparation). The

Fig. 2 (a) FTIR-ATR spectrum showing the controls (samples incubated with no glucose labelled S and glycated lysozyme G from incubation day 1
through until day 30. Spectra are cut to only show between 1800 cm−1 to 700 cm−1, b) PCA scores plot carried out across full spectra
(400–4000 cm−1) and (c) the corresponding PCA loadings plot. Samples were filtered, buffer exchanged to H2O and stored at −20 °C until the ana-
lysis was undertaken. The FTIR was carried on solid samples at 25 °C using the parameters stated in the methods. All FTIR data is an average of 5
replicates per sample. The data were scaled to allow a more accurate comparison between the samples as described in ESI (Data pre-processing and
chemometrics†). TEV = total explained variance.
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samples were anlaysed using MS, which is summarised in
Table 2 below. In comparison to the first glycation (Table 1)
this method shows that although the most abundant species is
lysozyme with 2 glucose bound, there are fewer lysozymes with
3 glucose bound, suggesting that the altered reaction con-
ditions may affect the glycation rate.

The samples were concentrated to 12 mg mL−1 and a con-
centration gradient was created by spiking glycated lysozyme
into the control samples to create a series of 0% to 100% gly-
cated lysozyme samples. The full concentration gradient is
shown in Table S7.† Using a 96 well plate set-up, described in
the Experimental section, the samples were run in a random-
ised order so as to avoid bias from laser power variation
between the wells, or for any time-dependent changes. The
samples were measured in triplicate and the average of each
sample is shown in Fig. 4a. The 39%, 78% and 94% glycated
samples were outliers and were removed (PCA including these
data points are shown in Fig. S6†).

The full Raman spectra are shown in Fig. 4a. The
vibrational frequency regions can be split up similarly to that
of FTIR-ATR where 1600–1800 cm−1 is the Amide I,

1400–1500 cm−1 is the Amide II and 1200–1400 cm−1 is the
Amide III region. At lower wavenumbers, such as between
750–1100 cm−1, the amino acid and sugar molecules
vibrational frequencies result from C–O bonds vibrations and
others. A full spectral assignment can be found in Table S8.†
In general, it is difficult to pull out spectral differences
between the % glycation of samples in Fig. 4a. Therefore, in
order to highlight smaller spectral differences and to look at
correlations within the data, we have used PCA with the three
spectral repeats for each sample plotted separately. PC 1 vs. PC
2 showed no clear separation between glycated and non-gly-
cated samples; by contrast, PC 1 plotted against PC 3 (Fig. 4b)
separated the spectra on amount of lysozyme glycation. The
three repeats from each sample show good reproducibility as
they can be seen to cluster together for each set. Fig. 4c shows
the corresponding loadings plot. PC 1 loadings are difficult to
interpret but separation does depend on a peak at 1452 cm−1

which is the CH/CH2/CH3 vibrational frequency. The peaks in
PC 3 were found to correspond to glucose peaks. PC 3 loadings
highlight important spectral bands within the sugar regions at
1038 cm−1, 1060 cm−1 and 1121 cm−1, reflecting the level of
glycation of lysozyme.

In order to help distinguish glycated protein from protein
with free glucose we again performed a glucose spike in experi-
ment with lysozyme (Fig. 5). Furthermore, we glycated
albumin, a protein that is known to be glycated in the blood of
diabetic patients.33 Human albumin has an expected mass of
∼66.5 kDa, congruent with our MS findings (shown in
Table S6†). Albumin has 59 Lys, 23 Arg and the N-terminal
amine that can potentially be glycated. Lys side chains are the
most susceptible to be glycated.34 Peptide mapping is often
used to quantify and identify the glycation sites with the
number of glycation sites dependent upon the method of gly-
cation used. Albumin is usually reported to have higher levels
of glycation than lysozyme. Bovine serum albumin incubated
with glucose in a similar manner showed that up to 48 glucose

Fig. 3 FTIR-ATR spectra of control lysozyme (S30) after 30 days of incubation with no glucose; glycated lysozyme after 30 day (G30); and lysozyme
mixed with free glucose. Samples are lyophilized and analysed under the same conditions to compare bound and free glucose peaks.

Table 2 Summary of glycation % of lysozyme after 30 days incubation
at 5 mg mL−1 with 0.5 M glucose. Analysis carried out using Q Exactive
UHMR hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher
scientific). Integrations were carried under the 7+ charge state (only one
intense enough to analyse). Full calculations and masses are shown in
Fig. S3 and Table S4†

Population of
lysozyme with
bound glucose

Control (%)
30 day incubation
(no glucose)

Glycated (%)
30 day glucose
incubation

0 100 24
1 0 47
2 0 23
3 0 6
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molecules had bound to the protein.35 Increasing the tempera-
ture can push this number up to ∼57.36 Quantification of
human serum albumin (HSA) from diabetic patients has
found up to 15 Lys residues with glycation.37 Therefore
albumin serves as model protein that is able to achieve higher
levels of glycation than that of lysozyme. Glycation levels of
albumin are dependent on the conditions used to induce
glucose binding. From our MS analysis we can estimate that
9–24 glucose molecules bound to albumin with the most
prevalent number of glycations being 17 under our experi-
mental conditions (Fig. S4 & Tables S5–S6†).

Glycated and non-glycated albumin were produced using
identical methods to that of lysozyme detailed in the
Experimental section. The inclusion of a further protein that
can become glycated and is of medical importance was used to
determine whether the vibrational bands identified originated
from bound glucose and could be translated to other proteins.

The spectra in Fig. 5 are plotted without buffer subtraction
due to the addition of spiked in glucose changing the baseline
slope and intensity. The spectra have been normalised and
baselined using EMSC to allow comparison. Fig. 5a shows the
three repeated spectra of lysozyme control, lysozyme glycated
and lysozyme with glucose spike. We have also included a
spectrum of glucose in the same buffer (25 mM MOPS and

115 mM NaCl at pH 7.4) in Fig. S8† for comparison. The
labelled peaks are ones which showed a spectral shift between
the glycated samples and the spiked in glucose at peak posi-
tions already attributed to different forms of glucose. In the
sample with spiked in glucose the intensity of the peak at
1121 cm−1 arising from the C–OH vibration increases. This
peak is very weak and broad in both the control and glycated
lysozyme. In the CH2/CH3 region there is a peak shift from
1448 cm−1 in the spiked glucose sample to 1452 cm−1 in the
glycated and control sample, suggesting that vibrations arising
from C–H stretching are different in glucose than in the
protein. The Amide I region also shows a slight shift in the
band at 1650 cm−1 in the control and glycated protein to
1642 cm−1 in the spiked sample suggesting a change in the
α-helical content of lysozyme, but this could be obscured by
the CvO of the aldehyde group in the open form of glucose.
Similar spectral differences can be picked out in Fig. 5d for
albumin, where 1121 cm−1 is the main peak shown in the
glucose spike and subtle spectral shifts again are seen for CH2/
CH3 and the amide I region. We again used PCA to pull out
smaller differences in the spectra for both lysozyme and
albumin. Fig. 5b and e show the three spectral repeats of each
sample. In both PCA plots, PC1 accounts for by far the largest
total explained variance. In general the PCA plots are very

Fig. 4 Raman spectra and PCA of glycation concentration with 9%, 78% and 94% glycated sample outliers removed. (a) Pre-processed Raman
spectra with three repeats per sample, (b) PCA scores plot of samples excluding outliers showing PC 1 has a total explained variance (TEV) of 63%
and PC 3 has a TEV of 10%, and (c) the corresponding loadings plot to highlight peaks that contributed to the separation of samples in the PCA.
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similar, showing a mirror image of one another along the
y-axis suggesting the spectral differences in the samples follow
a similar pattern of separation. For lysozyme, the most signifi-
cant peaks that led to the separation of the data points in lyso-
zyme across PC 1 are 1046 cm−1, 1121 cm−1 and 1376 cm−1

shown from the intensity of the corresponding loadings plot
in Fig. 5c where 1121 cm−1 and 1376 cm−1 are more intense in
the spiked sample. The peak at 1046 cm−1, which is increased
in the glycated and control, is assigned to C–O vibration of
lysozyme in the Raman spectrum summarised in Table S8.† It
can also be seen in FTIR-ATR (Fig. 3). Therefore, PC 1 separ-
ates spectra based on the free glucose in solution from the
glucose spiked in sample. PC 2, on the y-axis, accounts for
only 4% of the variance for lysozyme, but still accurately separ-
ates the samples. The PC 2 loadings in Fig. 5c highlight peaks
at 1040 cm−1 and 1121 cm−1 as contributing to the most var-
iance. Both these bands are increased in the glycated sample,
but not in control samples. Thus 1040 cm−1 and 1121 cm−1

appear to distinguish between glycated and control samples
with or without buffer subtraction.

In albumin, PC1 is dominated by an increase in peaks at
1624 cm−1 and 1365 cm−1 in the glycated samples (Fig. 5f).
The peak at 1624 cm−1 is usually assigned to changes of
protein structure and can indicate increased β-sheet for-
mation. Alternatively it may report on Tyr/Trp/Phe, where an
increase in intensity would suggest unfolding. Ultimately these
results suggest that incubation of lysozyme at high concen-
tration may be destabilising the protein; this seems to be
reversible as Fig. 5d shows no secondary structure change after
free glucose removal from glycated albumin.38 The peak at
1365 cm−1 is assigned to the CH2 groups of free glucose. PC 1
also shows that there is loss of a peak at 937 cm−1 in the
glucose spiked samples assigned to N–C–C which is usually
vibrations from the protein backbone. However, a peak at
940 cm−1 is also dominant in PC 2 in the glycated samples
and therefore it could be N–C–C vibrations from the formation
of Amadori products. PC 2 also highlights peaks at 1040 cm−1

and 1083 cm−1 in the sugar region. The peak at 1040 cm−1,
similarly to lysozyme, shows an increase in intensity, whereas
the peak at 1086 cm−1 is only present in the glycated samples

Fig. 5 Raman spectra of lysozyme and albumin all shown as an average of three replicates. (a) and (d) show lysozyme and albumin at 12 mg mL−1 in
25 mM MOPS and 115 mM NaCl at pH 7.4 glycated, control and with 10 mg mL−1 glucose added. (b) and (e) PCA scores plots of the albumin and
lysozyme samples showing the three separate replicates per condition. (c) and (e) show the corresponding PCA loadings plot for lysozyme and
albumin. Both loadings plots highlight peaks at 1040 cm−1 as being significant to the separation in PC 2.
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in PC 2. These peaks are not assigned to free glucose in the
same buffer (Fig. S8†). Overall the peak at 1027/1030 cm−1 in
FTIR-ATR for glycated lysozyme and the peaks at 1040/
1038 cm−1 and 1121 cm−1 in Raman for both lysozyme and
albumin seem to be increasing in intensity in glycated only
samples. Albumin shows a further peak at 1086 cm−1 that is
only present in glycated samples. These peaks all originate
from the C–O vibrations and are within the sugar region of a
Raman spectrum.

Quantification of glycation

In order to determine the ability of Raman to quantify the
extent of glycation in lysozyme, we used PLSR to generate a
linear predictive model. To produce samples for liquid Raman
analysis, a larger incubation volume was needed in which lyso-
zyme was glycated using the same conditions as before, but in
two large vials of 100 mL each for control (without glucose)
and glycated (with 0.5 M glucose). The samples were again
filter buffer exchanged into 25 mM MOPS, 115 mM NaCl at pH
7.4 and were concentrated to 12 mg mL−1. From these
samples, a concentration gradient was created (Table S7†),
where we had concentrations of glycated mixed with control
samples to create a total volume of 360 µL and a concentration
gradient of 0% to 100% glycated in increments of ∼6%. As the
lysozyme could have anywhere between 0–3 lysine residues gly-
cated, the known % glycation was an approximation. This gen-
erated a total of 19 samples, three of which were removed due
to being outliers, leaving a total of 16 samples, 8 of which were
used for a training set and 8 for the test set.

The results for PLSR model are shown in Fig. 6 and the stat-
istics summarised in Table 3 based on the 3 PLS factors using
leave-one-out cross validation. The model chosen uses the
minimum number of PLS factors needed in the leave-one-out
cross validation to obtain a low root mean square error of
cross validation (RMSEcv), which in this case was 3. Here the
R2 value provides a measure of how well a linear model fits the
training data and the Q2 is the same linear correlation coeffi-

cient for the two types of model. Q2cv is the performance on
prediction based on leave-one-out cross validation where as
Q2p is the performance prediction of the model on the test
data set; these are the 8 samples left out of the model and not
used during cross validation. A robust model seeks to have Q2

values close to the R2, with a perfect linear relationship being
1. Overall, the training set fits the model with an R2 value of
0.99 and a root mean square error of covariance (RMSEc) of
2.80%. The model, with 3 PLS factors, had a Q2cv of 0.96 and
Q2p of 0.97. The root mean squared error for cross validation
for predictive ability of the model (RMSEp) is 5.53%, showing
that we had a very robust model for the prediction of glycation
% from spectroscopic data.

Conclusion

Vibrational spectroscopy has successfully been used to dis-
tinguish between glycated and non-glycated proteins. For the
first time, we have demonstrated the sensitivity of Raman spec-
troscopy to quantify glycation of proteins in solution.
Furthermore, we used a 96 well plate set-up suggesting the
potential for high throughput, automated analysis of protein
samples. Raman spectroscopy analysis of glycated proteins in
less than two minutes allows rapid screening thus providing
proof-of-concept for the development of Raman spectroscopy
for in-line protein characterisation.

Lysozyme was incubated with glucose over a 30 day period
and samples were removed at regular intervals for a time
course analysis. Mass spectrometry was used to determine the
number of bound glucose molecules to the protein. Lysozyme
was glycated to some extent within 24 hours. By day 30, the
most abundant species was lysozyme with one glucose mole-
cule bound though up to 4 was possible. Lyophilised samples
from each time course interval were anlaysed using FTIR-ATR.
PCA identified a peak at 1027 cm−1 which correlated with gly-
cation levels. This peak was not present in the control lyso-
zyme or the lysozyme sample spiked with glucose and there-
fore we assign 1027 cm−1 to bound glucose.

Raman spectroscopy analysis required a larger incubation
set-up using larger sample volumes required for solution ana-
lysis. These were generated using lysozyme incubated with
glucose and a non-glycated control incubated under the same
environmental conditions with no glucose. Both were incu-
bated for 30 days. MS analysis revealed that after 30 days the

Fig. 6 PLSR linear predictive model of % glycation of lysozyme from 0
to 100% in ∼6% increments totaling 16 concentrations. The model was
built on 8 data sets each with three spectral repeats. The model was
tested on the remaining 8 data sets. The model test set had a Q2p of
0.97 and an RMSEp of 5.53%.

Table 3 Summary of the statistical analysis of the PLSR predictive
model

PLSR statistics Value

Training set R2 0.99
RMSEc 2.80

Cross-validation set Q2cv 0.96
RMSEcv 5.31

Test set Q2p 0.97
RMSEp 5.53
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main species present was again lysozyme with one glucose
bound (47%) up to a maximum of three (6%). It can be noted
here that the populations of glycated species in large set-ups
differ to those in the small scale set-up for FTIR (36% one
glucose bound, 14% for three glucose bound) and therefore
incubation factors such as volume may affect the glycation
rate. These samples were buffer exchanged and concentrated
to 12 mg mL−1 and then used to create 16 samples from 0 to
100% glycated at ∼6% intervals. Using a 96 well plate set-up,
the samples were analysed with Raman spectroscopy via auto-
mation on a Raman microscope. PCA revealed a more complex
variance, with more contributing peaks, across PC 1 and PC 2
compared to FTIR-ATR samples, due to the addition of
vibrations of buffer and water from using samples in solution.
Both the Raman spectra in Fig. 5a and loadings plots in
Fig. 5c highlighted increased intensity of peaks at 1038 cm−1,
1060 cm−1 and 1121 cm−1 compared to that of the peaks in
the control. Furthermore, the peaks highlighted at 1038 cm−1

and 1060 cm−1 were not found in free glucose alone (Fig. S8†).
To confirm the relevance of these peaks to other glycated pro-
teins, albumin was glycated using the same conditions. In
Fig. 5 we compared both glycated albumin and lysozyme with
controls and glucose spiked in to the control protein. The
spectra and PCA loadings again highlighted peak intensities at
1040 cm−1 and 1121 cm−1 as important to distinguish between
glycated and non-glycated control protein. Albumin, which
was found to be most abundant with 17 glucose bound, had a
peak at 1086 cm−1 which was only present in the glycated
samples and therefore could indicate bound glucose only. The
sensitivity of Raman spectroscopy to quantify and predict gly-
cation was investigated using multivariate linear regression
model. The concentration gradient was used to build a PLSR
model which produced an accurate predictive model with an
RMSEp of 5.53%. Raman spectroscopy, when used with che-
mometrics, therefore has the capability to rapidly quantify
protein glycation.

Overall, these studies show the scope of Raman spec-
troscopy in the identification and quantification of glycation
in proteins central to disease diagnostics and quality control
of protein therapeutics. The development of Raman spec-
troscopy in these fields would allow for rapid sample analysis
in solution and therefore provide the foundation for evolving
on-line and in-line analytical and diagnostic tools.
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