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Post-translational modifications (PTMs), such as glycation, can be introduced during the 
manufacturing and storage of therapeutic proteins, including monoclonal antibodies 
(mAbs). Glycation modification may alter the safety and efficacy of therapeutic drugs, 
thus necessitating their accurate quantification. Relative quantitation is typically 
performed by comparing the peak area of the glycated peptide with that of its unmodified 
counterparts. The accuracy of this method depends on the unmodified and modified 
peptides having similar ionization efficiencies, as well as on the selection of the native 
peptide used for quantitation. We propose using non-glycated, heavy-isotope-labeled 
proteins to quantify glycation. The heavy isotope-labeled proteins can provide both the 
relative and absolute level of glycation by comparing the peak area of the unmodified 
tryptic peptides to that of the heavy isotope-labeled variants. To develop this approach, 
glycation was intentionally induced in an immunoglobulin (IgG) to have detectable 
glycation. A heavy isotope-labeled variant of the IgG (containing 13C and 15N lysine and 
arginine residues) was added to serve as an internal standard. Further, this mixture was 
subjected to trypsin digestion, and a bottom-up approach using Hydrophilic Interaction 
Liquid Chromatography (HILIC)-MS was performed. The light/heavy ratio of tryptic 
peptides with and without a glycation site in the forced glycation sample was monitored. 
Any decrease in the light/heavy ratio of peptides containing a glycation site relative to 
the expected ratio was attributed to the production of glycated variants. Glycation 
quantitation in IgGs such as Adalimumab (IgG1) and Natalizumab (IgG4) was performed. 
We expect this approach will apply to other PTMs. 

Introduction  

Glycation is an important post-translational modification 
(PTM) that has been linked to diabetes, Alzheimer’s, 
cataract, and rheumatoid arthritis.1,2 It involves a reaction 
between a reducing sugar (glucose, galactose, fructose) and 
the α-amine terminal of a protein or ε-amine group on a 
lysine side chain.3‑6 An unstable Schiff’s base intermedi
ate is produced in this reaction that further rearranges into 
a more stable ketoamine product (Amadori product). Over 
time, glycated proteins in the presence of reactive interme
diaries can degrade into advanced glycation end products 
(AGEs) that have been associated with various pathologi
cal conditions, including Alzheimer’s disease.7‑9 Glycation 
is considered one of the critical quality attributes (CQAs) 
for biotherapeutics, as it can impact the efficacy, stability, 
and half-life of biotherapeutic drug products.10‑13 There is 
a growing need to develop sensitive methods for detecting 

glycation, as regulatory filings demand detailed characteri
zations of the structural and chemical heterogeneity of re
combinant antibodies.14 

Several approaches to detect and quantify glycation have 
been reported in the literature. These methods include 
quantifying common AGEs such as carboxymethyl-lysine 
(CML), carboxyethyl-lysine (CEL), pyralline (Pyr), pentosi
dine (Pento-s), and arg-pyrimidine (Arg-p) using enzyme-
linked immunosorbent assay (ELISA),15‑17 high-perfor
mance liquid chromatography–fluorescence detection 
(HPLC–FLD), liquid chromatography–tandem mass spec
trometry (LC-MS/MS), and gas chromatography–mass 
spectrometry (GC-MS).13,18,19 Further, LC-MS detection of 
more stable Amadori products is performed to determine 
information about the glycation site on a protein.20 How
ever, characterizing glycation can be challenging because 
it may be distributed across the entire protein, often re
sulting in low levels of glycation at individual sites.21 Fur
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thermore, glycation is known to hinder trypsin’s activity at 
the C-terminus of a lysine residue.20,22 A glycated peptide 
that is bound to a sugar molecule does not contain a pos
itive charge at the primary amine to fit into the negatively 
charged trypsin pocket, causing a loss of enzymatic activ
ity. Thus, a missed tryptic cleavage at a lysine residue, with 
a +162 Da shift in MS, is considered an indicator of a gly
cated peptide. Relative quantitation for glycation PTM is 
typically performed by dividing the peak area of the gly
cated missed-cleavage peptide by the sum of the peak areas 
of the glycated peptide and the tryptic unmodified peptide 
constituting the glycated missed-cleavage peptide.21,23,24 

An alternative method for quantifying glycation at a par
ticular site is to compare the peak area of a tryptic peptide 
containing the glycation site with that of a peptide within 
the same protein that is insensitive to glycation.25 Quanti
tation has also been attempted by first performing in vitro 
glycation of a protein with [13C6]-glucose and then deter
mining the ratio between the peak areas corresponding to 
the peptides labeled with [12C6]-glucose and those labeled 
with [13C6]-glucose.25 The peptides glycated with [12C6]-
glucose in this study were indicative of their concentration 
in the biological sample. Other quantitation strategies in
clude introducing stable isotopes into glycated peptides 
via sodium borodeuteride reduction26 and spiking samples 
with isotope-labeled peptides.27 

Quantitation approaches that rely on peak area of gly
cated peptides23 assume that the ionization efficiency of 
longer glycated missed-cleavage peptides, where the posi
tive charge at the primary amine is neutralized due to gly
cation, is comparable to that of tryptic peptides. The se
lection of the tryptic peptide that constitutes the glycated 
missed-cleavage peptide is also critical, as it can affect the 
method’s accuracy. Additionally, these approaches require 
detectable levels of glycated peptides for precise quantita
tion and often require an enrichment step, such as boronate 
affinity chromatography,10,28 before LC-MS analysis. 

Herein, we propose using a nonglycated, heavy-isotope-
labeled variant of the target protein to determine both the 
relative and absolute levels of glycation. A known amount 
of 13C and 15N lysine and arginine labeled protein could be 
added to the target protein before trypsin digestion (Fig
ure 1). Quantitation can then be performed by monitoring 
the peak area of an unmodified tryptic peptide containing a 
glycation site relative to the peak area of its heavy isotope-
labeled variant. This method offers several advantages. The 
characterization relies solely on the peak areas of tryptic 
peptides, rather than on those of potentially less abundant, 
glycated, or missed-cleavage peptides that exhibit poor 
ionization efficiency. The heavy-isotope-labeled variant of 
the target protein has physical and chemical properties 
comparable to those of the protein of interest, enabling ac
curate quantitation. The ionization efficiency of heavy-iso
tope-labeled peptides in mass spectrometry is similar to 
that of the corresponding light peptides in the protein of 
interest. Additionally, they exhibit similar retention times 
on an LC column, such as on hydrophilic interaction liquid 
chromatography (HILIC) column.29 Further, any variations 
in the sample processing steps, such as during enzymatic 

digestion, can be accounted for since the heavy-isotope-la
beled internal standard is added before trypsin digestion, 
resulting in more reliable results. 

To develop this method, IgGs such as adalimumab (Ab
bVie) (IgG1) and natalizumab (Biogen) (IgG4) were first 
forcibly glycated to achieve detectable glycation. Subse
quently, their heavy-isotope-labeled variants containing 
13C and 15N lysine and arginine residues were added, fol
lowed by trypsin digestion. A control IgG sample without 
glucose was processed similarly. HILIC chromatography, 
which has been previously employed to study hydrophilic 
modifications,22,30‑33 was used in this study owing to the 
glycation product’s hydrophilic nature. It was hypothesized 
that the light/heavy ratio of a peptide containing a glyca
tion site may decrease in the glycated sample compared to 
the nonglycated control due to the formation of its gly
cated variant (Peptide 1 in Figure 1B). Conversely, it was 
anticipated that the light/heavy ratio of a peptide lacking 
a glycation site (Peptide 2 in Figure 1B) would not change 
significantly when comparing the glycated sample to the 
nonglycated control. While demonstrated here for glyca
tion, this framework is potentially applicable to other PTMs 
that alter peptide detectability or ionization efficiency. 

Materials and Methods    

In Vitro Glycation    

IgGs such as adalimumab (AbbVie) (human IgG1) and na
talizumab (Biogen) (IgG4 expressed in CHO cells) were ob
tained from GlycoScientific (Athens, GA, USA). In vitro gly
cation of these IgGs was performed by incubating the 
protein with a 1000 : 1 D-glucose : protein molar ratio in 
the presence of acetic acid (pH = 2.4), overnight at 65 °C. 
IgGs with no D-glucose were also subjected to the above-
mentioned conditions to serve as a nonglycation control. 
D-glucose was removed from the reaction mixture by per
forming buffer exchange using Amicon Ultra-0.5 Centrifu
gal Filters (Merck Millipore Ltd., Burlington, MA, USA). 

Addition of Heavy-Isotope-Labeled Internal     
Standard  

Heavy-isotope-labeled adalimumab (AbbVie) (IgG1) and 
natalizumab (Biogen) (IgG4) were obtained from GlycoSci
entific (Athens, GA, USA). These heavy-isotope-labeled 
variants were added to the glycated protein samples as well 
as to the nonglycation control samples in a 1:1 molar ra
tio. For instance, heavy-isotope-labeled IgG1 was added to 
the IgG1 glycated sample as well as to the IgG1 nonglycated 
control in a 1:1 molar ratio. 

Trypsin Digestion   

After adding the heavy-isotope-labeled internal standard, 
the protein mixtures were buffer-exchanged into 50 mM 
ammonium bicarbonate (pH 7.8) to a final concentration of 
1 mg/mL. They were then reduced using 200 mM dithio
threitol (DTT) and alkylated using 1 M iodoacetamide, both 
purchased from Sigma-Aldrich (St. Louis, MO, USA), to 
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Figure 1. Workflow for glycation quantitation using a       13C/15N lysine- and arginine-labeled protein internal       
standard. (A) Illustration of glycation quantitation by using a heavy-isotope-labeled variant of the target protein. The 
heavy-isotope-labeled variant contained 13C and 15N lysine and arginine residues and was added before trypsin digestion 
to serve as an internal standard. The light/heavy ratio of unmodified tryptic peptides with a glycation site can be 
monitored to determine the extent of glycation at that site. (B) To develop the proposed method, IgGs were glycated in 
vitro to achieve detectable glycation. The light/heavy ratio of peptides with (Peptide 1) and without a glycation site 
(Peptide 2) was monitored to quantify glycation. A decrease in light/heavy ratio of Peptide 1 was observed owing to the 
formation of its glycated variant. 

have a final concentration of 5 mM DTT and 8 mM iodoac
etamide. Further, sequencing-grade trypsin purchased from 
Promega (Madison, WI, USA) was added at a 20:1 (w/w, 
protein/trypsin) ratio and incubated overnight at 37°C. The 
digested protein samples were then dried in a SpeedVac 
(Thermo Fisher Scientific, Waltham, MA, USA), resus

pended in 80% ACN (1 mg/mL) and 20% H2O, and analyzed 
by LC–MS. 

LC-MS Settings and Instrumentation     

Data were acquired on an Agilent 1100 series (Santa Clara, 
CA, USA) coupled to a Waters SYNAPT-G2 QTOF (Milford, 
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MA, USA) system with an electrospray ionization (ESI) 
source operated in positive-ion mode. The ESI source was 
operated with a capillary voltage of 3.0 kV, a sampling 
cone voltage of 20 V, an extraction cone voltage of 3.0 V, 
and a source temperature of 120 °C. Peptides were sepa
rated using a 2.1-mm × 150-mm HALO Penta-HILIC col
umn packed with 2.7-μm diameter superficially porous par
ticles that have a 90-Å pore diameter (Advanced Materials 
Technology, Wilmington, DE, USA) at 60°C column temper
ature. The mobile phases used for separation were 50 mM 
ammonium formate in water with 0.1% formic acid (Sol
vent A) and 0.1% formic acid in acetonitrile (Solvent B). A 
linear gradient of 80% to 40% Solvent B over 40 minutes 
(1%B per minute) at 0.2 mL/min flow rate was used for sep
aration. Data-dependent acquisition (DDA) survey-type ex
periments were run to characterize glycation. Mass spectral 
data analysis was carried out using Waters MassLynx (Mil
ford, MA, USA), ProteinLynx Global Server (PLGS; Waters 
Corporation), and Skyline software (MacCoss Lab, Univer
sity of Washington, Seattle, WA, USA). Extracted ion chro
matograms (XICs) were generated using a mass width of ± 
100 ppm. 

Results and Discussion    

Quantitation using Published Method     

Glycation quantitation was first performed by calculating 
the ratio of the peak area of a glycated missed cleavage pep
tide to the total peak area of both the glycated peptide and 
the tryptic peptide it comprises, as described in the litera
ture (Equation 1).23 

Protein with substantial glycation was required to perform 
quantitation. Therefore, the study began with in vitro gly
cation of an IgG such as adalimumab (AbbVie) (human 
IgG1). The glycated sample was then enzymatically di
gested with trypsin, followed by LC-MS analysis on a Penta-
HILIC column (Advanced Materials Technology, Wilming
ton, DE, USA) and a QTOF mass analyzer. Since glycation 
can inhibit the activity of trypsin,20,22 a missed tryptic 
cleavage, in conjunction with a 162 Da mass increase, was 
used as an indicator of glycation. The glycated missed 
cleavage peptides were confirmed using a HILIC retention 
coefficient developed for glycation PTM.33 

For instance, one of the glycated peptides observed in adal
imumab (AbbVie) (human IgG1) was APKLLIYAASTLQS
GVPSR. Quantitation could be performed at this site by us
ing Equation 1, i.e., dividing the peak area of the glycated 
peptide APKLLIYAASTLQSGVPSR by the sum of the peak 
areas of the glycated peptide and its unmodified tryptic 
counterpart. The two tryptic peptides that constitute this 

glycated missed cleavage peptide are APK and 
LLIYAASTLQSGVPSR. The unmodified tryptic peptide to be 
used for calculation, as per the published method,23 could 
either be the longer of the two tryptic peptides that make 
up the glycated missed cleavage variant or the tryptic pep
tide that included the glycation site. LLIYAASTLQSGVPSR 
is the longer of the two peptides in this case, while APK 
is the tryptic peptide containing the glycation site. Thus, 
quantitation was performed using both methods, allowing 
inconsistencies to be examined (Figure 2). It was observed 
that the percent relative glycation was calculated to be 
6.9% when the longer LLIYAASTLQSGVPSR tryptic peptide 
was used. On the other hand, the relative percent glycation 
was calculated to be 34.4% when using the APK tryptic 
peptide, which contained the glycation site. These results 
indicated that the accuracy of this method relied on the 
choice of the tryptic peptide used in the calculations. An
other challenge associated with this approach was that the 
ionization efficiency of the glycated peptides was assumed 
to be comparable with that of the tryptic peptides. A larger 
glycated peptide with a missed cleavage, a glucose moiety 
attached, and a neutralized positive charge at the glycation 
site may exhibit lower ionization efficiency than a tryptic 
peptide. There may also be instances in which a glycated 
peptide coelutes with another tryptic peptide, making peak 
area integration challenging. 

Glycation Quantitation using Heavy-Isotope-   
Labeled Protein   

It was hypothesized that a nonglycated, heavy-isotope-la
beled variant of the target protein containing 13C- and 15N-
labeled lysine and arginine residues could be used to quan
tify glycation. The heavy-labeled lysine was +8 Da 
compared to unlabeled lysine, and the heavy-labeled argi
nine was +10 Da compared to unlabeled arginine (Figure 
1A). Heavy-isotope-labeled proteins with glycation modi
fication are not commercially available; therefore, nongly
cated heavy-isotope-labeled proteins could be utilized. It 
was anticipated that the abundance of unmodified peptides 
lacking a glycation site, i.e., those without a lysine residue 
and that are not N-terminus peptides, would be similar to 
that of their heavy-isotope-labeled variant. Alternatively, 
the light-to-heavy ratio of peptides containing a glycation 
site or adjacent to one may decrease after glycation. This 
decrease in the ratio could be extrapolated to determine the 
absolute and relative glycation at a specific protein site. 

Glycation quantitation was performed on adalimumab 
(AbbVie) (human IgG1) to test this hypothesis. First, IgG1 
was glycated to achieve observable glycation, then buffer-
exchanged to remove excess glucose. Next, heavy-isotope-
labeled IgG1 was added at a 1:1 molar ratio with unlabeled 
IgG1. This mixture was subjected to trypsin digestion. In 
parallel, a control IgG1 sample underwent in vitro glycation 
without glucose. An equal amount of heavy-isotope-la
beled IgG1 (at a 1:1 ratio with control IgG1) was added prior 
to trypsin digestion. The control IgG1 sample was used to 
assess potential alterations in tryptic peptides in the ab
sence of glucose. 
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Figure 2. Extracted ion chromatograms (XICs) of glycated peptide (APKLLIYAASTLQSGVPSR) and its unmodified            
counterparts (LLIYAASTLQSGVPSR and APK) in adalimumab (human IgG1).        Relative glycation (%) was performed 
using a published method. The percent glycation using this method was found to depend on the choice of unmodified 
peptide, yielding dramatically different results in both cases (6.9% versus 34.4%). 

To establish a reference for unmodified peptide behavior, 
light/heavy (L/H) ratios were calculated for peptides that 
met stringent selection criteria (absence of lysine residues 
or adjacency to lysine, non–N-terminal peptides, m/z >500, 
lack of co-eluting species, signal intensity >1000 counts, 
and lacking “NG” or “NN” motif that are prone to deami
dation). The baseline L/H ratio was defined as the mean 
of these peptides across three replicates. Variability in the 
baseline was assessed by calculating the standard deviation 
and coefficient of variation (CV). Sensitivity of downstream 
glycation quantitation to baseline selection was evaluated 
by examining deviations in calculated glycation levels when 
the baseline ratio was perturbed by ±5–10%. No significant 
changes in relative glycation trends were observed within 
this range, supporting the robustness of the normalization 
approach. 

Tryptic peptides containing methionine were included 
because the light/heavy ratio of unmodified peptides in 
the glycation sample did not show a significant change 
compared with the nonglycation control. For example, the 
light/heavy ratios of FTISR, ASQGIR, EPQVYTLPPSR, 
LSCAASGFTFDDYAMHWVR, VTITCR, and EE
QYN[A2G0F]STYR peptides in the IgG1 glycation sample 
were selected. The mean light/heavy ratio of these six pep
tides (Figure 3A) in the glycation sample was calculated 
to be 0.70 + 0.06, indicating consistent behavior among 
nonglycated peptides and justifying its use as a normaliza
tion baseline. Thus, if a peptide did not undergo glycation, 
its light/heavy ratio in the glycation sample is expected to 
be approximately 0.70. Any peptide with a decreased ratio 
would indicate a reduction in the unmodified peptide that 
could be attributed to glycation. 

Peptides that contained a glycation site or were adjacent 
to one were analyzed. The light/heavy ratios of these pep
tides in the glycation sample ranged from 0.01 for 
EVQLVESGGGLVQPGR (N-terminus peptide) to 0.60 for 
NSLYLQMNSLR, indicating that glycation at these sites 
progressed to variable extents. Glycation quantification at 
the APKLLIYAASTLQSGVPSR site using our proposed 
heavy-isotope-labeled internal standard method is shown 
in Figure 3B. The light/heavy ratio for the LLIYAASTLQS
GVPSR peptide in the glycation sample was calculated to 
be 0.1425, representing an 80% decrease from the previ
ously calculated ratio of 0.70 (corresponding to the least 
modified peptides). This ~80% decrease in unmodified pep
tide abundance was interpreted as primarily reflecting gly
cation at this site under the experimental conditions. The 
APK tryptic peptide was not included in the calculation be
cause its m/z is below 500 Da. Table 1A compares glycation 
quantification between the published method and our pro
posed method for an IgG1 sample across three replicates. It 
should be noted that the current study used a forced gly
cation model system for method validation and comparison 
between multiple approaches; these are not physiological 
values. 

It is worth noting that the tryptic peptide K.VY
ACEVTHQGLSSPVTK.S in IgG1 has a lysine residue both 
before it and at its C-terminus. Even so, the consumption of 
the VYACEVTHQGLSSPVTK peptide was attributed to gly
cation at the VYACEVTHQGLSSPVTKSFNR site since glyca
tion at the lysine residue preceding the peptide was not de
tected. The percentage of relative glycation in IgG1 ranged 
from 14% at the DNAKNSLYLQMNSLR site to 98% at the 
EVQLVESGGGLVQPGR site, suggesting that this reaction 
was selective, with different sites undergoing glycation to 
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Figure 3. Glycation quantitation on adalimumab using our proposed method.        (A) displays light/heavy ratios of 
peptides with and without a glycation site in adalimumab nonglycation control and glycation samples (from three 
replicates). The average light/heavy ratio for peptides that did not undergo significant modification was 0.70. (B) displays 
the XICs of unmodified light and heavy LLIYAASTLQSGVPSR tryptic peptides in the glycation sample run. % relative 
glycation at the APKLLIYAASTLQSGVPSR site was calculated to be 80% using the heavy-isotope-labeled internal 
standard approach. The APK tryptic peptide was not included in the calculation because its m/z is below 400 Da. 

varying extents. In addition, the relative glycation percent
age obtained with our proposed heavy-isotope-labeled in
ternal standard approach was higher than that calculated 
using the published method. This difference could be due to 
the under-representation of glycated peptides in the pub
lished method, as they may have lower ionization efficiency 
than tryptic peptides. Moreover, higher glycation values in 
our proposed approach may be due to other side reactions 

during glycation that could have consumed tryptic pep
tides. 

Glycation quantification of the natalizumab (Biogen) 
(IgG4) sample was performed next. The IgG4 sample was 
subjected to in vitro glycation as described previously along 
with a parallel control. Heavy-isotope-labeled IgG4 was 
added to both the nonglycation control and the glycation 
sample in a 1:1 molar ratio with the unlabeled protein. This 
mixture was subjected to trypsin digestion. Percentage of 
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Table 1. Relative glycation (%) and corresponding % CV values for (A) adalimumab (human IgG1) and (B) natalizumab 
(IgG4) samples calculated using our proposed heavy isotope-labeled internal standard approach as well as the published 
method. Higher % relative glycation values were observed using the internal standard approach. This could be due to the 
poor ionization efficiency of the glycated peptides used in the published method. Alternatively, side reactions could 
consume unmodified tryptic peptide in the internal standard approach 

(A) 

Adalimumab (human IgG1) 
Peptides 

Using Heavy-Isotope-Labeled 
Internal Standard Approach 

Using Published Method 

% Relative Glycation CV (%) % Relative Glycation 
CV 
(%) 

VYACEVTHQGLSSPVTKSFNR 80% 2.5 37% 4.3 

APKLLIYAASTLQSGVPSR 80% 4.1 
APK- 34% 
LLIYAASTLQSGVPSR-7% 

9.2 
12.5 

APYTFGQGTKVEIK 71% 2.9 35% 8.9 

EVQLVESGGGLVQPGR 98% 2.4 41% 11.1 

DIQMTQSPSSLSASVGDR 97% 2.2 39% 3.8 

DNAKNSLYLQMNSLR 14% 7.1 Not detected - 

(B) 

Natalizumab (IgG4) 
Peptides 

Using Heavy-Isotope-Labeled 
Internal Standard Approach 

Using Published Method 

% Relative Glycation CV (%) % Relative Glycation 
CV 
(%) 

EPQVYTLPPSQEEMTKNQVSLTCLVK 85% 2.8 14% 12.1 

VYACEVTHQGLSSPVTKSFNR 43% 5.9 11% 10.0 

EAKVQWK 72% 4.9 8.6% 8.7 

TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPR 82% 3.9 10% 6.0 

DIQMTQSPSSLSASVGDR 87% 3.8 19% 5.6 

LTVDKSR 94% 4.6 14% 10.7 

relative quantitation was performed using both the pub
lished method23 as well as the heavy-isotope-labeled in
ternal standard approach. On average, the light/heavy ratio 
of peptides that did not contain or were adjacent to a gly
cation site from three replicates was calculated to be 0.87 
(Figure 4A). The light/heavy ratio of peptides containing/
next to a glycation site ranged from 0.13 for 
DIQMTQSPSSLSASVGDR (N-terminus peptide) to 0.39 for 
VYACEVTHQGLSSPVTK. As mentioned in the case of IgG1, 
the VYACEVTHQGLSSPVTK peptide has a lysine residue at 
the C-terminus and is adjacent to a lysine residue that pre
cedes it. The consumption of this peptide was attributed to 
glycation at the VYACEVTHQGLSSPVTKSFNR site, as gly
cation at the lysine residue preceding this peptide was not 
detected. Similarly, consumption of the VQWK peptide was 
attributed to glycation at the EAKVQWK site since glyca
tion at the lysine residue present at the C-terminus of this 
peptide was not detected. The light/heavy ratio for the VY
ACEVTHQGLSSPVTK peptide in the IgG4 glycated sample 
was 0.4979, suggesting a 43% glycation at this site (Figure 
4B). Table 1B shows the % relative glycation determined us
ing both the published method and the proposed heavy-
isotope-labeled internal standard method. 

To calculate the % relative glycation in a protein, a 
known amount of a heavy-isotope-labeled variant of the 
protein can be added, followed by trypsin digestion for a 

bottom-up approach. The light/heavy ratios of tryptic pep
tides that lack a glycation site and meet the previously 
mentioned criteria should be calculated and averaged. The 
light/heavy ratios of peptides containing or adjacent to a 
glycation site can then be calculated. Any decrease in these 
ratios relative to the averaged value for unmodified pep
tides can be attributed to relative glycation (%). 

Absolute quantitation of the glycation PTM was per
formed by multiplying the light/heavy peptide ratio for 
peptides prone to glycation by the absolute amount of the 
heavy isotope-labeled internal standard (normalized to 1 
μmol). This value, when subtracted from 1 μmol, yielded 
the absolute quantitation. Therefore, the absolute quan
titation at the APKLLIYAASTLQSGVPSR site in IgG1 was 
determined by multiplying the light/heavy ratio of 0.1425 
(Figure 3B) by 1 μmol, resulting in 0.1425 μmol. This value 
represented the amount of tryptic peptide remaining in the 
sample. The % absolute glycation at this site can then be 
calculated by subtracting 0.1425 from 1 μmol, resulting in 
0.86 μmol. This calculation assumes equivalent digestion 
efficiency and recovery between light and heavy species 
and should therefore be interpreted as an approximate es
timate of absolute glycation. Table 2 displays the absolute 
quantitation for (A) adalimumab (AbbVie) and (B) natal
izumab (Biogen) from three replicates. 
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Figure 4. Glycation quantitation on natalizumab (IgG4 expressed in CHO cells) using our proposed method.             (A) 
displays light/heavy ratios of peptides with and without a glycation site in natalizumab nonglycation control and 
glycation samples (from three replicates). The average light/heavy ratio for peptides that did not undergo significant 
modification was 0.87. (B) displays the XICs of unmodified light and heavy VYACEVTHQGLSSPVTK tryptic peptides in 
the glycation sample run. Relative glycation (%) at the VYACEVTHQGLSSPVTKSFNR site was calculated to be 43% using 
the heavy-isotope-labeled internal standard approach. 

Serial dilutions were performed to assess the linearity 
of our proposed heavy-isotope-labeled quantitation ap
proach. Mixtures of nonglycated control and glycated adal
imumab (AbbVie) (IgG1) were prepared at control:glycated 
ratios of 1:1, 1:0.75, 1:0.50, 1:0.25, 1:0.10, and 1:0.05, 
thereby decreasing the concentration of glycated species. 
These mixtures were then subjected to LC-MS analysis, and 
the detector’s response was recorded to verify conformity 
with the prepared dilutions. % Relative glycation for the 
undiluted glycated sample was normalized to 100%. Thus, 
% relative glycation at a particular site in the 1:1 mixture 
would theoretically be 50%. Glycation percentage would 
ideally be 37.5% in a 1:0.75 mixture, 25% in a 1:0.50 mix
ture, 12.5% in a 1:0.25 mixture, 5% in a 1:0.10 mixture, and 
2.5% in a 1:0.05 mixture. Relative glycation (%) at different 
sites was calculated using both the published method and 
the heavy-isotope-labeled quantitation approach. The ex
perimental relative glycation (%) in the undiluted glycated 

sample was normalized to 100%, and experimental results 
for the dilutions were adjusted accordingly. A plot of ex
perimental vs. theoretical relative glycation (%) was cre
ated (Figure 5) for each method. The red trace on the plot 
depicts the ideal scenario: a linear trend with y = x. Fig
ure 5A shows deviations from the ideal trend when the gly
cated peptides were quantified using the published method. 
Traces such as that of EVQLVESGGGLVQPGR deviated sig
nificantly from the ideal trend. Figure 5B depicts how the 
glycation quantitation correlated with the ideal trend when 
the heavy-isotope-labeled internal standard approach was 
used. The heavy-isotope-labeled approach showed im
proved agreement with the theoretical y = x relationship 
across all glycated peptides. 
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Table 2. Absolute glycation on (A) adalimumab (human IgG1) and (B) natalizumab (IgG4) samples. 6.76 μmol of heavy-
isotope-labeled internal standard was used, which was normalized to 1 μmol. Absolute glycation was calculated by 
multiplying the light/heavy ratio of peptides by the normalized absolute amount of heavy-isotope-labeled internal 
standard used, followed by subtracting it from 1 μmol 

(A) 

Adalimumab (Human IgG1) Absolute Glycation (μmol) μ

VYACEVTHQGLSSPVTKSFNR 0.80 

APKLLIYAASTLQSGVPSR 0.80 

APYTFGQGTKVEIK 0.71 

EVQLVESGGGLVQPGR 0.98 

DIQMTQSPSSLSASVGDR 0.97 

DNAKNSLYLQMNSLR 0.14 

(B) 

Natalizumab (IgG4) Absolute Glycation (μmol) μ

EPQVYTLPPSQEEMTKNQVSLTCLVK 0.85 

VYACEVTHQGLSSPVTKSFNR 0.43 

EAKVQWK 0.72 

TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPR 0.82 

DIQMTQSPSSLSASVGDR 0.87 

LTVDKSR 0.94 

Conclusions  

This study presents a practical and reproducible strategy 
for the relative and absolute quantification of protein glyca
tion using heavy-isotope-labeled full-length protein stan
dards in a bottom-up LC-MS workflow. By incorporating 
the isotope-labeled version of the protein prior to diges
tion, the approach accounts for variability in sample han
dling and enzymatic processing while enabling quantita
tion based on the depletion of unmodified tryptic peptides 
rather than on the detection of low abundance glycated 
species. 

Application of this method to monoclonal antibodies, 
including adalimumab (AbbVie) (IgG1) and natalizumab 
(Biogen) (IgG4), demonstrated consistent trends across 
multiple glycation sites and improved agreement with ex
pected dilution behavior compared to a commonly used 
peak-area–based approach. These results highlight the ad
vantages of using heavy-isotope-labeled protein standards 
to improve the robustness and precision of PTM quantita
tion. 

The analytical performance of the proposed method was 
evaluated in terms of precision, linearity, and robustness. 
Across three replicates, the light/heavy ratios for peptides 
not susceptible to glycation remained consistent and exhib
ited low variability, indicating good reproducibility in sam
ple processing and LC-MS analysis. The dilution series ex
periment further demonstrated strong agreement between 
experimental and theoretical glycation levels, supporting 
the method’s linearity over a broad range of glycation ex
tents. Compared with a commonly used peak-area–based 
approach, the heavy-isotope-labeled internal standard 

method showed improved consistency with expected trends 
and reduced variability, suggesting enhanced quantitative 
reliability. While absolute accuracy could not be indepen
dently verified due to the lack of an orthogonal reference 
method, these results support the approach’s robustness 
and practical utility for glycation quantitation. 

Importantly, glycation in this study was induced under 
controlled stress conditions to facilitate method develop
ment and evaluation. As such, the reported glycation levels 
reflect this experimental design and are intended to 
demonstrate method performance rather than represent 
typical levels observed in biotherapeutic products. Future 
work may extend this approach to more physiologically rel
evant or process-derived samples and further evaluate its 
analytical performance characteristics. 

A key assumption underlying this approach is that re
ductions in the abundance of unmodified tryptic peptides 
are driven predominantly by glycation. While this is rea
sonable under controlled experimental conditions, other 
competing processes — such as side reactions during forced 
glycation, peptide degradation, or incomplete digestion — 
may also reduce peptide abundance. As a result, the method 
may overestimate glycation when these processes are sig
nificant. Future work incorporating orthogonal measure
ments, such as intact mass analysis or targeted detection of 
modified species, could further validate and refine this ap
proach. 

Overall, this study introduces a quantitative framework 
that shifts PTM analysis from direct measurement of mod
ified species to indirect inference via depletion of unmod
ified peptides. By using full-length heavy-isotope-labeled 
protein standards, the method integrates correction for 
sample preparation variability and improves quantitative 
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Figure 5. Experimental vs. theoretical relative glycation (%) for dilution mixtures calculated using (A) the              
published method and (B) the proposed internal standard method.         A stronger correlation with the theoretical trend 
was observed with the heavy-isotope-labeled internal standard approach, indicating greater accuracy. Smaller error bars 
in the internal standard approach indicated improvement in precision. 

robustness. This strategy is broadly applicable and may be 
particularly valuable for PTMs that are analytically chal
lenging due to low abundance or poor ionization efficiency. 

Acknowledgments  

This work was supported in part by NIH grant numbers 
2R42GM113666 and 2R44GM131533 awarded to Ron Or
lando. The authors thank Dr. Barry Boyes (Advanced Ma

Absolute and Relative Quantification of Glycation on Biotherapeutic IgGs Using Heavy Isotope–Labeled Pr…

Journal of Biomolecular Techniques 53



terials Technology, Wilmington, DE) for providing Penta-
HILIC columns. 

Submitted: June 25, 2026 EDT. Accepted: June 25, 2026 EDT.

Published: September 01, 2026 EDT. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-4.0). View this license's legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom

mons.org/licenses/by/4.0/legalcode for more information. 

Absolute and Relative Quantification of Glycation on Biotherapeutic IgGs Using Heavy Isotope–Labeled Pr…

Journal of Biomolecular Techniques 54

http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0/legalcode
http://creativecommons.org/licenses/by/4.0/legalcode


References  

1. Ligier S, Fortin PR, Newkirk MM. A new antibody 
in rheumatoid arthritis targeting glycated IgG: IgM 
anti-IgG-AGE. Br J Rheumatol. 
1998;37(12):1307-1314. doi:10.1093/rheumatology/
37.12.1307 

2. Brownlee M. Advanced protein glycosylation in 
diabetes and aging. Annu Rev Med. 1995;46:223-234. 
doi:10.1146/annurev.med.46.1.223 

3. Maillard LC. Action of amino acids on sugars. 
Formation of melanoidins in a methodical way. 
Compt Rend. 1912;154:66-68. 

4. Yim MB, Yim HS, Lee C, Kang SO, Chock PB. 
Protein glycation: creation of catalytic sites for free 
radical generation. Ann N Y Acad Sci. 
2001;928(1):48-53. doi:10.1111/
j.1749-6632.2001.tb05634.x 

5. Kikuchi S, Shinpo K, Takeuchi M, et al. 
Glycation—a sweet tempter for neuronal death. Brain 
Res Brain Res Rev. 2003;41(2-3):306-323. doi:10.1016/
S0165-0173(02)00273-4 

6. Horvat S, Jakas A. Peptide and amino acid 
glycation: new insights into the Maillard reaction. J 
Pept Sci. 2004;10(3):119-137. doi:10.1002/psc.519 

7. Popova EA, Mironova RS, Odjakova MK. Non-
enzymatic glycosylation and deglycating enzymes. 
Biotechnol Biotechnol Equip. 2010;24(3):1928-1935. 
doi:10.2478/V10133-010-0066-7 

8. Palimeri S, Palioura E, Diamanti-Kandarakis E. 
Current perspectives on the health risks associated 
with the consumption of advanced glycation end 
products: recommendations for dietary management. 
Diabetes Metab Syndr Obes. 2015;8:415-426. 
doi:10.2147/DMSO.S63089 

9. Videira PAQ, Castro-Caldas M. Linking glycation 
and glycosylation with inflammation and 
mitochondrial dysfunction in Parkinson’s disease. 
Front Neurosci. 2018;12:381. doi:10.3389/
fnins.2018.00381 

10. Quan C, Alcala E, Petkovska I, et al. A study in 
glycation of a therapeutic recombinant humanized 
monoclonal antibody: where it is, how it got there, 
and how it affects charge-based behavior. Anal 
Biochem. 2008;373(2):179-191. doi:10.1016/
j.ab.2007.09.027 

11. Banks DD, Hambly DM, Scavezze JL, Siska CC, 
Stackhouse NL, Gadgil HS. The effect of sucrose 
hydrolysis on the stability of protein therapeutics 
during accelerated formulation studies. J Pharm Sci. 
2009;98(12):4501-4510. doi:10.1002/jps.21749 

12. Miller AK, Hambly DM, Kerwin BA, Treuheit MJ, 
Gadgil HS. Characterization of site-specific glycation 
during process development of a human therapeutic 
monoclonal antibody. J Pharm Sci. 
2011;100(7):2543-2550. doi:10.1002/jps.22504 

13. Rabbani N, Ashour A, Thornalley PJ. Mass 
spectrometric determination of early and advanced 
glycation in biology. Glycoconj J. 2016;33(4):553-568. 
doi:10.1007/s10719-016-9709-8 

14. Harris RJ, Shire SJ, Winter C. Commercial 
manufacturing scale formulation and analytical 
characterization of therapeutic recombinant 
antibodies. Drug Dev Res. 2004;61(3):137-154. 
doi:10.1002/ddr.10344 

15. Goldberg T, Cai W, Peppa M, et al. Advanced 
glycoxidation end products in commonly consumed 
foods. J Am Diet Assoc. 2004;104(8):1287-1291. 
doi:10.1016/j.jada.2004.05.214 

16. Zhang G, Huang G, Xiao L, Mitchell AE. 
Determination of advanced glycation endproducts by 
LC-MS/MS in raw and roasted almonds (Prunus 
dulcis). J Agric Food Chem. 2011;59(22):12037-12046. 
doi:10.1021/jf202515k 

17. Ahmad S, Al-Shaghdali K, Rehman S, et al. 
Nonenzymatic glycosylation of isolated human 
immunoglobulin-G by D-ribose. Cell Biochem Funct. 
2022;40(5):526-534. doi:10.1002/cbf.3722 

18. Soboleva A, Vikhnina M, Grishina T, Frolov A. 
Probing protein glycation by chromatography and 
mass spectrometry: analysis of glycation adducts. Int 
J Mol Sci. 2017;18(12):2557. doi:10.3390/
ijms18122557 

19. Yaacoub R, Saliba R, Nsouli B, Khalaf G, Birlouez-
Aragon I. Formation of lipid oxidation and 
isomerization products during processing of nuts and 
sesame seeds. J Agric Food Chem. 
2008;56(16):7082-7090. doi:10.1021/jf800808d 

20. Wei B, Berning K, Quan C, Zhang YT. Glycation of 
antibodies: modification, methods and potential 
effects on biological functions. mAbs. 
2017;9(4):586-594. doi:10.1080/
19420862.2017.1300214 

Absolute and Relative Quantification of Glycation on Biotherapeutic IgGs Using Heavy Isotope–Labeled Pr…

Journal of Biomolecular Techniques 55

https://doi.org/10.1093/rheumatology/37.12.1307
https://doi.org/10.1093/rheumatology/37.12.1307
https://doi.org/10.1146/annurev.med.46.1.223
https://doi.org/10.1111/j.1749-6632.2001.tb05634.x
https://doi.org/10.1111/j.1749-6632.2001.tb05634.x
https://doi.org/10.1016/S0165-0173(02)00273-4
https://doi.org/10.1016/S0165-0173(02)00273-4
https://doi.org/10.1002/psc.519
https://doi.org/10.2478/V10133-010-0066-7
https://doi.org/10.2147/DMSO.S63089
https://doi.org/10.3389/fnins.2018.00381
https://doi.org/10.3389/fnins.2018.00381
https://doi.org/10.1016/j.ab.2007.09.027
https://doi.org/10.1016/j.ab.2007.09.027
https://doi.org/10.1002/jps.21749
https://doi.org/10.1002/jps.22504
https://doi.org/10.1007/s10719-016-9709-8
https://doi.org/10.1002/ddr.10344
https://doi.org/10.1016/j.jada.2004.05.214
https://doi.org/10.1021/jf202515k
https://doi.org/10.1002/cbf.3722
https://doi.org/10.3390/ijms18122557
https://doi.org/10.3390/ijms18122557
https://doi.org/10.1021/jf800808d
https://doi.org/10.1080/19420862.2017.1300214
https://doi.org/10.1080/19420862.2017.1300214


21. Zhang J, Zhang T, Jiang L, et al. Rapid 
identification of low level glycation sites in 
recombinant antibodies by isotopic labeling with 
13C6-reducing sugars. Anal Chem. 
2012;84(5):2313-2320. doi:10.1021/ac202995x 

22. Lapolla A, Fedele D, Reitano R, et al. Enzymatic 
digestion and mass spectrometry in the study of 
advanced glycation end products/peptides. J Am Soc 
Mass Spectrom. 2004;15(4):496-509. doi:10.1016/
j.jasms.2003.11.014 

23. Li W, Kerwin JL, Schiel J, et al. Structural 
elucidation of post-translational modifications in 
monoclonal antibodies. In: State-of-the-Art and 
Emerging Technologies for Therapeutic Monoclonal 
Antibody Characterization. ACS Symp Ser. Vol 2: 
Biopharmaceutical characterization: The NISTmAb 
case study; 2015:119-183. doi:10.1021/
bk-2015-1201.ch003 

24. Zhang M, Xu W, Deng Y. A new strategy for early 
diagnosis of type 2 diabetes by standard-free, label-
free LC-MS/MS quantification of glycated peptides. 
Diabetes. 2013;62(11):3936-3942. doi:10.2337/
db13-0347 

25. Priego-Capote F, Ramirez-Boo M, Hoogland C, et 
al. Human hemolysate glycated proteome. Anal 
Chem. 2011;83(14):5673-5680. doi:10.1021/
ac200864b 

26. Liu H, Ponniah G, Neill A, Patel R, Andrien B. 
Identification and comparative quantitation of 
glycation by stable isotope labeling and LC-MS. J 
Chromatogr B Analyt Technol Biomed Life Sci. 
2014;958:90-95. doi:10.1016/j.jchromb.2014.03.021 

27. Aleks S, Shawn C, Randie L, Kuanysh K. 
Quantitation of glycated albumin by isotope dilution 
mass spectrometry. Clin Chim Acta. 
2021;521:215-222. doi:10.1016/j.cca.2021.07.020 

28. Mo J, Jin R, Yan Q, Sokolowska I, Lewis MJ, Hu P. 
Quantitative analysis of glycation and its impact on 
antigen binding. mAbs. 2018;10(3):406-415. 
doi:10.1080/19420862.2018.1438796 

29. Alpert AJ. Hydrophilic-interaction 
chromatography for the separation of peptides, 
nucleic acids and other polar compounds. J 
Chromatogr. 1990;499:177-196. doi:10.1016/
S0021-9673(00)96972-3 

30. Duivelshof BL, Fekete S, Guillarme D, D’Atri V. A 
generic workflow for the characterization of 
therapeutic monoclonal antibodies—application to 
daratumumab. Anal Bioanal Chem. 
2019;411(19):4615-4627. doi:10.1007/
s00216-018-1561-1 

31. Badgett MJ, Boyes B, Orlando R. Peptide retention 
prediction using hydrophilic interaction liquid 
chromatography coupled to mass spectrometry. J 
Chromatogr A. 2018;1537:58-65. doi:10.1016/
j.chroma.2017.12.055 

32. Zhou Y, Priya S, Ong JY. Characterizing 
glycosylation of adeno-associated virus serotype 9 
capsid proteins generated from HEK293 cells through 
glycopeptide mapping and released glycan analysis. 
Microorganisms. 2024;12(5):946. doi:10.3390/
microorganisms12050946 

33. Priya S, Kowalski EL, Popov M, Orlando R. 
Prediction and characterization of glycated peptides 
and proteins using hydrophilic interaction liquid 
chromatography coupled with mass spectrometry 
(HILIC-MS). J Biomol Tech. 2026;37(1):27-37. 
doi:10.7171/001c.157968 

Absolute and Relative Quantification of Glycation on Biotherapeutic IgGs Using Heavy Isotope–Labeled Pr…

Journal of Biomolecular Techniques 56

https://doi.org/10.1021/ac202995x
https://doi.org/10.1016/j.jasms.2003.11.014
https://doi.org/10.1016/j.jasms.2003.11.014
https://doi.org/10.1021/bk-2015-1201.ch003
https://doi.org/10.1021/bk-2015-1201.ch003
https://doi.org/10.2337/db13-0347
https://doi.org/10.2337/db13-0347
https://doi.org/10.1021/ac200864b
https://doi.org/10.1021/ac200864b
https://doi.org/10.1016/j.jchromb.2014.03.021
https://doi.org/10.1016/j.cca.2021.07.020
https://doi.org/10.1080/19420862.2018.1438796
https://doi.org/10.1016/S0021-9673(00)96972-3
https://doi.org/10.1016/S0021-9673(00)96972-3
https://doi.org/10.1007/s00216-018-1561-1
https://doi.org/10.1007/s00216-018-1561-1
https://doi.org/10.1016/j.chroma.2017.12.055
https://doi.org/10.1016/j.chroma.2017.12.055
https://doi.org/10.3390/microorganisms12050946
https://doi.org/10.3390/microorganisms12050946
https://doi.org/10.7171/001c.157968

	Absolute and Relative Quantification of Glycation on Biotherapeutic IgGs Using Heavy Isotope–Labeled Proteins
	Introduction
	Materials and Methods
	In Vitro Glycation
	Addition of Heavy-Isotope-Labeled Internal Standard
	Trypsin Digestion
	LC-MS Settings and Instrumentation

	Results and Discussion
	Quantitation using Published Method
	Glycation Quantitation using Heavy-Isotope-Labeled Protein

	Conclusions
	Acknowledgments

	References


