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Abstract
The analysis of heparan sulfate glycosaminoglycans (HSGAGs) variations in human serum at the
disaccharide level has a great potential for disease diagnosis and prognosis. However, the lack of
available analytical methodology for the compositional analysis of HSGAGs in human serum
remains to be addressed to delineate the possible role of HSGAGs on the onset and/or progression
of a disease. In this study, we have developed a method for the in-depth compositional analysis of
the 12 heparin/HS-derived disaccharides from human serum using a combination of technologies
– fractionation, exhaustive digestion, solid phase extraction and LC-MS/MS. The method exhibits
high recovery (72%–110%) and good reproducibility (standard deviation of less than 5%) with a
low limit of detection and quantification. Errors from the method validation were within 1.1%.
Non-detectable non- or low-sulfated disaccharides in human serum were also detected using the
optimized protocol. Further applying this method, the comprehensive analysis of HSGAGs
compositions in human sera from female donors showed considerable variations in disaccharide
patterns and compositions.

INTRODUCTION
Heparin/heparan sulfate glycosaminoglycans are negatively charged linear polysaccharides
that are found on the cell surface and extracellular matrix (ECM). They are the most
structurally complex glycosaminoglycans (GAGs) with diverse sulfation patterns and are
one of the most informative biopolymers in nature. They are composed of repeating
disaccharide units of hexuronic acid linked to glucosamine. The glucosamine may be 6-O-
sulfated, N-sulfated, N-acetylated and sporadically 3-O-sulfated, while the hexuronic acid
may be 2-O-sulfated. When HSGAGs undergo exhaustive enzymatic digestion, they can
generate typically 12 heparin/heparan sulfate (HS)-derived disaccharides including some of
the rare 3-O-sulfated disaccharide with modification by differential sulfation patterns1–4.

It is known that HSGAGs have diverse biological functions and are widely involved in
many physiological and pathological processes such as blood coagulation and inflammatory
response5–6 via interactions with a variety of proteins including growth factors, cytokines
and chemokines7–8. The interactions are dependent upon the disaccharide composition and
patterns of HSGAGs, which play a significant role in regulating various biological
processes. The heterogeneity of HSGAGs is determined by the expression patterns of genes
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and the presence of various HSGAGs-editing enzymes under different pathological
conditions9–13. Inflammatory processes and diseases such as mucopolysaccharidoses,
osteoarthritis and myeloma cancer have been reported to correlate to the different
disaccharide structures of HSGAGs14–17. Therefore, evaluating the variations (i.e. presence
and quantity) of HSGAGs has a great potential for diagnosis and prognosis of diseases.

Human serum or plasma serves as a typical clinical specimen since both are more accessible
and convenient for long-term monitoring. It has been demonstrated that the low molecular
weight fraction of human serum or plasma provides a rich source for potential biomarkers of
diseases generated through enzymatic cleavage18–19. GAGs, such as chondroitin sulfate and
HS have been found in human serum or plasma20–21, which carry important biological
information. The variations of GAGs in human serum or plasma are also vital for
investigating and monitoring disease conditions. For example, the total amount of GAGs in
serum was found to be closely related to diabetic pathology22. However, the minute
concentration of GAGs in human serum together with the complexity of the serum matrix
limits the information on the HSGAGs component in human serum.

The analysis of HSGAGs in human serum is demanding, with the requirements of effective
separation, purification and detection. Many efforts have been made to meet these
requirements involving various techniques such as Cohn-Oncley fractionation, multiple
proteolytic enzyme digestions, ethanol, trichloroacetic acid (TCA) or heating precipitation,
dialysis, lipid extraction, chromatographic purification and gel electrophoretic
separation23–27. However, to date, none of the above methods have provided for efficient
extraction of HSGAGs from human serum. The available methods for the compositional
analysis of GAGs in human serum are generally conducted by enzyme or chemical
degradation of GAGs into their constituent disaccharide units, followed by quantitative
analysis through separation methods using chromatography and electrophoresis. These
methods also involve tedious steps to develop appropriate techniques which typically
constitute derivatization, isotopic labeling and sulfatase digestion to obtain the baseline
separation and identification of isomeric disaccharides28–32.

In this study, a MS-based analytical method for the comprehensive compositional analysis
of the 12 heparin/HS-derived disaccharides from human serum, using fractionation,
exhaustive enzymatic digestion, solid phase extraction (SPE) and LC-MS/MS has been
developed and validated.

EXPERIMENTAL SECTION
Materials

Heparin/heparan sulfate-derived disaccharide standards ΔUA-GlcNAc (IV-A), ΔUA2S-
GlcNAc (III-A), ΔUA-GlcNAc6S (II-A), ΔUA2S-GlcNAc6S (I-A), ΔUA2S-GlcNS (III-S),
ΔUA-GlcNS6S (II-S), ΔUA2S-GlcNS6S (I-S), ΔUA2S-GlcN6S (I-H), ΔUA-GlcN6S (II-H),
ΔUA2S-GlcN (III-H), ΔUA-GlcN (IV-H), and ΔUA2S-GlcNCOEt6S (I-P) were purchased
from V-Labs (Covington, LA). ΔUA-GlcNS (IV-S) was obtained from Iduron (Manchester,
UK). Heparinase I (heparinase, EC 4.2.2.7), heparinase II (heparitinase II, EC 4.2.2.8), and
heparinase III (heparitinase, EC 4.2.2.8) from Flavobacterium heparinum were obtained
from Seikagaku Corporation (East Falmouth, MA). Human serum from platelet poor human
plasma and human serum from human male AB plasma were procured from Sigma-Aldrich
(St Louis, MO). Human sera from female single donors (Hispanic age of 29, African
American age of 44 and Caucasian age of 38) were obtained from Innovative Research
(Novi, MI).
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Human Serum Fractionation and Digestion
A sample of 20 μL human serum was diluted to 4 mL in 25 mM NH4HCO3 (pH 8.2) in 20%
(v/v) acetonitrile (ACN)/H2O and fractionated by a 50 kDa molecular weight cut-off
(MWCO) Amicon Ultra-4 centrifugal filter (Millipore, Billerica, MA).33 The sample was
centrifuged at 4,000 ×g for 15min to separate the serum components into high- and low-
molecular weight (HMW and LMW) serum fractions. The LMW serum fraction was dried
in vacuo, resuspended in 50 μL of digestion buffer (20 mM NH4OAc, pH 7.5 and 1 mM
Ca(OAc)2) containing 2 mU each of heparinase I, II and III, and incubated at 37 °C for
about 20 hrs with gentle agitation.

Solid Phase Extraction (SPE)
The enzyme digestion was spiked with 3 μL 80 mM internal standard I-P solution and
purified using a C18+carbon-SPE TopTip (Glygen, Columbia, MD). The TopTip was
conditioned twice with 400 μL of 0.1% trifluoroacetic acid (TFA) in 80% (v/v) ACN/H2O,
followed by 400 μL Milli-Q water, 3×. The digested sample was diluted to 400 μL with
Milli-Q water, applied to TopTip and washed 5× with 400 μL of Milli-Q water. The
disaccharides were eluted 3× with 400 μL of 20% (v/v) ACN/H2O and 5× with 400 μL of
0.05% TFA in 40% (v/v) ACN/H2O. All the elution steps were performed by spinning
TopTip in centrifuge at 3500 rpm for 1 min. Both fractions were collected, dried in vacuo,
redissolved in 60 μL of Milli-Q water before LC-MS/MS analysis.

Liquid Chromatography-Mass Spectrometry Analysis
Mass spectra were acquired using a LTQ 2-D linear ion trap mass spectrometer equipped
with an electrospray ionization (ESI) source and directly coupled to an HPLC system
(Thermo Electron, San Jose, CA). The SPE purified disaccharide samples were separated
using a Hypercarb column (2.1 mm ID × 150 mm, 5 μm) (Thermo Fisher Scientific,
Waltham, MA) ran for 40 min with a gradient of 5 mM NH4HCO3/H2O (solvent A) and in
80% ACN/H2O (solvent B) at a flow rate of 200 μL/min. The gradient was programmed as
3.8 min 100% A, linearly changed to 62.5% A in 0.2 min, maintained at 62.5% A for 22
min, modified to 100% A in 0.2 min, and kept at 100% A for 13.8 min. The first 3.8 min
was diverted to waste and the remaining 36.2 min was sprayed directly into the mass
spectrometer. The analysis was performed in the negative ion mode using a capillary
temperature of 250 °C. The instrument was tuned using disaccharide standards for optimal
condition before sample analysis. For MS2 experiments, the precursor ions were selected
using an isolation width of 3 Da and activated using 18–21% normalized collision energy
for 100 ms. Data acquisition and analysis were performed using Xcalibur 2.0 software.

RESULTS AND DISCUSSION
Method Development

An extraction and purification method was developed for the MS-based compositional
analysis of heparin/HS-derived disaccharides extracted from human serum. Only a small
amount of human serum (20 μL) was needed compared to other methods that require larger
amounts of sample (up to 10 mL)34–35. Thus, the method presented here requires much less
sample from blood donors and allows for replicate analysis to be made. One of the
challenges in the analysis of serum is that it is a complex biological mixture and many high
abundant proteins interfere in the analysis of low abundant components such as
glycosaminoglycans (GAGs). The majority of proteins identified in human plasma are
comprised of albumin, immunoglobulins and transferrins, which account for about 90% of
the total protein content.19 All of these proteins have molecular weights larger than 50 kDa.
Thus, to address the issue of complexity, the serum sample was first fractionated using a 50
kDa MWCO filter in 25 mM NH4HCO3 (pH 8.2) in 20% (v/v) ACN/H2O, a buffer system
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that disrupts protein-protein interactions.33 Heparin/HS GAGs contained in the LMW serum
fraction were then digested exhaustively by a combination of heparinase I, II and III
followed by solid phase extraction. Solid phase extraction as the purification method of the
digested GAGs affords an inexpensive, fast, reproducible means of clean-up and there is no
concern about dead volume36 in addition to its good selectivity for ionic compounds,
specifically in the case of graphitized carbon resin. Lastly, the eluted fractions were
analyzed by LC-MS/MS for disaccharide identification and quantification.

Solid Phase Extraction of Disaccharides
Graphitized carbon has been shown to be effective in the purification of oligosaccharides
extracted from biological matrices.37–41 The SPE clean-up procedure was first optimized
and evaluated by comparing three different SPE formats: carbon TopTip, mixed C18 with
carbon TopTip (mixed-mode), and separate C18 TopTip and carbon TopTip. The mixed-
mode and separate C18 and carbon TopTip formats were observed to have similar efficiency
in the clean-up, while the carbon TopTip format showed more contaminant peaks (data not
shown). Due to the fact that the mixed-mode SPE format provided a faster and inexpensive
means for sample clean-up, the mixed-mode format was used for the succeeding
experiments. To achieve maximum recovery, the SPE clean-up procedure was further
optimized by examining several elution solvents of different ACN percentages as well as
varying the collection volume. The heparin/HS-derived disaccharide IV-H was found to
elute in the 20% ACN/H2O fraction and the remaining 11 disaccharides were eluted in the
40% ACN/0.05% TFA fraction. The highest percentage recovery was obtained by collecting
400 μL of 20% ACN/H2O fraction, 3× and 400 μL of 40% ACN/0.05% TFA, 5×.

Compositional Analysis of 12 Disaccharides
An analytical method for the compositional analysis and quantification of commercially
pure bovine heparin and heparan sulfate by ESI-MS and MS/MS has been developed by this
laboratory1. With this procedure, the digested samples were analyzed directly by ESI-MS
without the need for LC separation. The concentrations of non-isomeric disaccharides (I-S,
IV-A, I-A, IV-H) and the sum of the concentrations of each set of isomers (III-S/II-S/I-H,
IV-S/II-H/III-H, III-A/II-A) can be obtained from the MS1 spectra (full MS scan). The
quantification was accomplished by integrating the peak area of the extracted ion
chromatograph (XIC) (i.e. m/z 191.5, 378.1, 268.7, 336.3 for the four non-isomeric
disaccharides and m/z 247.7, 416.1 and 458.1 for the three sets of isomeric disaccharides,
respectively) followed by the calculation of the relative amounts of each isomer by the
diagnostic ions in the MS2 spectra. This analytical method was adapted and modified for the
compositional analysis of heparin/HS-derived disaccharides from human serum.

One of the primary issues for the quantitative analysis of heparin/HS-derived disaccharides
from biological matrices such as serum or for any quantification of targeted compounds in a
complex mixture is the effect of the matrix, which typically affects the signals from the
molecules of interest. Particularly for ESI-MS analysis, sample preparation/clean-up is an
important factor prior to instrument analysis. For this study, additional online-desalting
procedure of the SPE purified disaccharides using graphitized carbon HPLC column was
also found to be necessary before ESI-MS/MS analysis. As shown in Figure 1, the sample
injected directly into the mass spectrometer displayed a significant TFA suppression of the
disaccharide signals in the negative ion mode, while samples analyzed by LC-MS showed a
greater improvement in the disaccharide signals and a cleaner mass spectrum.

We have developed and improved upon an earlier study for analyzing the 12 common
heparin/HS-derived disaccharides1. In the current research effort, we have incorporated LC-
MS/MS in an attempt to further optimize this difficult analysis. Additionally, to minimize
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the effects of human serum matrix, the concentrations of non-isomeric compounds were
determined using the diagnostic ions from the MS2 data instead from the MS1 spectra,
which effectively improved the quantitative analysis of low abundant disaccharides and
provided higher signal-to-noise (S/N). Comparison of the MS1 and MS2 data is shown in
Figure 2. The extracted ion chromatograph (XIC) of disaccharide I-S in the MS1 spectrum
shows low S/N ratio (Figure 2A), while the MS2 spectrum of I-S (m/z 191.4), diagnostic ion
[0,2A2]2- at m/z 217.9 can be quantified more accurately by providing a more defined XIC
peak (Figure 2B).42 To further illustrate this point, the MS data for another disaccharide are
provided in Figure 2C and 2D. As shown, the XIC of disaccharide I-A is not well
distinguished from the matrix peak at m/z 269.9 which partially overlaps with the I-A peak
at m/z 268.5 (Figure 2C). On the other hand, for the XIC of the diagnostic ion of I-A (m/z
259.4) in the MS2 data, there is no overlapping peak from the matrix (Figure 2D).
Furthermore, some low-abundance disaccharides that were not detected from previous MS1

analysis, such as I-A and IV-H, can now be detected from their MS2 spectra using the
characteristic diagnostic ions.

The quantification method for the isomeric disaccharides has been reported2. As an example
of that protocol, the quantification of the II-A/III-A isomers (m/z 458.1) is demonstrated
here. The quantitative analysis of isomers II-A and III-A are based on the product ions - m/z
357.0 and 236.9, wherein m/z 357.0 corresponds to [0,2A2]− fragment ion from II-A while
m/z 236.9 corresponds to [B1]− fragment of III-A (Figure 3). Both m/z 357.0 and 236.9 ions
are detected, which suggests that II-A and III-A are present in the digested sample of human
serum from the platelet poor human plasma. In sum, the quantitative analysis of all 12
heparin/HS-derived disaccharides from human serum can be accomplished using the
protocol described above with high sensitivity and confidence. The 3-O-sulfated isomer of I-
S, ΔUA2S→GlcNS3S, a rare disaccharide was also not observed since the MS2 spectrum of
m/z 191.5 does not match to the published spectrum of 3-O-sulfated standard.3

Method Validation
The linearity of the analytical method was determined by spiking the human serum with six
different concentrations (from 1 μM to 80 μM) of disaccharide standards and a constant
concentration (4 μM) of I-P, as the internal standard (IS), creating a dynamic range of
disaccharide-to-IS ratio from 0.25 to 20 (~102). Plotting the peak area ratio of standards and
IS, the method demonstrated very good linearity with linear correlation coefficients (R2)
ranging from 0.994–0.999. The response factor (R factor) of each of the 12 disaccharides
was determined by one-point R factor determination method.1

Moreover, following the equation provided from an earlier publication43, the limit of
detection (LOD) and quantification (LOQ) were calculated from the calibration curve as
3.3σ/S and 10σ/S respectively, where σ is the standard deviation of the intercept and S is the
slope of the regression line of the calibration curve. Using these equations, the LOD was
calculated to be from 3.1 pmol to 17.8 pmol and the LOQ was determined to be from 9.3
pmol to 53.9 pmol (Table 1). The recovery was then determined by spiking a known amount
(10 μM each) of the 12 disaccharide standards to the human serum matrix analyzed in
triplicate. The concentrations of the disaccharides were compared to that without SPE
purification. An internal standard I-P of a constant concentration (4 μM) was also used for
the calculations of the percent recoveries for all 12 heparin/HS-derived disaccharide
standards. The percent recoveries were determined to range from 72% to 110% with good
reproducibility (standard deviation of less than 5%) as shown in Table 1. Also, there was no
noticeable desulfation observed during the MS analysis.

The compositional analysis method was further verified by analyzing a mock mixture that
consists of 10 μM each of the 12 heparin/HS-derived disaccharide standards in the human
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serum matrix following the protocol described above. Since the mock mixture is composed
of the same amount of disaccharides, each disaccharide is calculated to have a theoretical
composition of 8.3%. By comparing these values to those of the experimentally determined
percent compositions, the percent errors were calculated to be within 1.1% (Table 2). These
data demonstrates that our method for compositional analysis in human serum has adequate
sensitivity and recovery compared to other method for quantitative analysis of disaccharides
in complex biological matrix.44–46 Before every sample analysis, a mock mixture is
analyzed to serve as a validation step and to monitor the accuracy of the method even when
the analysis is performed on different days.

Analysis of Two Commercial Human Sera
The method was then applied to analyze the composition of disaccharides extracted from
two commercially available human sera - human serum from platelet poor human plasma
(platelet poor) and from male AB human plasma (male AB). Three aliquots from each of the
human sera were fractionated, digested, purified using SPE and analyzed by LC-MS/MS. To
ensure the accuracy of the compositional analysis, the disaccharide standards used for R-
factor determination were purified and analyzed on the same day employing the same tuning
profile. In order to ensure accuracy of extraction from human sera, and also to guarantee that
no bias occurs during extraction, we also performed a control experiment in which heparan
sulfate was doped into human serum. The data for this experiment is provided in
Supplementary Material Table S-1. These data clearly show that our extraction method and
efficiency is both accurate and precise.2 Table 3 lists the calculated compositions of each of
the 12 disaccharides averaged from three preparations (n=3) and their standard deviations.
These two sera have several abundant disaccharides in common (i.e. IV-A, III-A, II-A, IV-S,
III-S, and II-S). The major differences between these two sera were observed in the
compositions of I-S and I-A disaccharides, which were much higher in the platelet poor
sample. While the remaining disaccharides IV-A, IV-S, II-A, III-A, II-S, III-S and I-S were
observed to be in good agreement with previous reports1,2,35,44,47. However, some low-
abundance disaccharides, which have not been observed in the earlier reports such as I-A
were also detected and quantified using this method.

Analysis of Donor Sera
The human serum samples were from three female single donors - Hispanic (29 years old),
African American (44 years old) and Caucasian (38 years old). These three human sera were
plotted according to the compositions of the 12 heparin/HS-derived disaccharides as shown
in Figure 4. The results showed that the most abundant disaccharides were IV-A, II-A, IV-S,
III-S and II-S. As illustrated in Figure 4, the three sera show dramatic differences in the
compositions of disaccharides, such as III-A and I-H. These differences may be due to
various factors which cannot be determined at this point. However, these data clearly
indicate that our method is sensitive to variations in disaccharide profiles from human sera
and has a great potential in probing for the changes of HS compositions with various factors
such as ethnicities and backgrounds.

CONCLUSIONS
An analytical method for the compositional analysis of the 12 heparin/HS-derived
disaccharides extracted from human serum was developed, validated, and applied in
analyzing two pooled human sera and three single donor sera. The method developed
consists of a combination of techniques including fractionation, exhaustive digestion,
purification and LC-MS/MS, showing low LOD and LOQ down to picomole level with a
good accuracy and precision. Furthermore, the effects from biological matrix can be reduced
significantly. The comprehensive compositional analysis of human sera from various single
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donors suggests that this protocol can be applied to probe for the differences in the
compositions of heparin/HS-derived disaccharides in human serum from patients, which has
significant potential in biomarker discovery, disease diagnosis and prognosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of MS flow injection and LC-MS analysis of a sample of six disaccharide
standards (I-S, II-S, IV-A, II-H, II-A and internal standard I-P) in human serum matrix after
SPE cleanup: (A) MS full scan spectrum shows a significant TFA dimer ion suppression;
(B) LC-MS spectrum shows much better signals of disaccharides.
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Figure 2.
Comparison of the extracted ion chromatographs (XIC) from the MS1 and MS2 spectra: (A)
XIC of I-S3- ([M-3H]3- at m/z 191.4) in MS1 spectrum (shown as an inset); (B) XIC of the
diagnostic ion ([0,2A2]2- at m/z 217.9) of I-S in MS2 spectrum (shown as an inset); (C) XIC
of I-A2- ([M-2H]2- at m/z 268.5) in MS1 spectrum. The inserted MS1 spectrum shows I-A
ion and a matrix peak (m/z 269.9) that partially overlapped with I-A; (D) XIC of the
diagnostic ion ([M-H2O-2H]2- at m/z 259.4) of I-A in MS2 spectrum (shown as an inset).
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Figure 3.
MS2 spectrum of isomeric disaccharides II-A/III-A (m/z 458.1 as the precursor ion) from the
digested sample of human serum from platelet poor human plasma. The product ion m/z
357.0 is mostly contributed by [0,2A2]− fragment of II-A and m/z 236.9 corresponds to
[B1]− fragment of III-A.
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Figure 4.
Bar graph of the compositions of the 12 heparin/HS-derived disaccharides from three single
donor sera, 38 years old Caucasian female (Caucasian 38F), 44 years old African American
female (African American 44F) and 29 years old Hispanic female (Hispanic 29F). The 12
disaccharides are shown in different colors as legend list below and the length of each color
represents the percentage composition of the represented disaccharide. The number of
sulfate groups in each 12 disaccharide is listed under the color legend accordingly.
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Table 2

Method validation using serum spiked with a mock mixture of twelve disaccharide standardsa.

m/z Theo. (%) Expt'l (%) Diff. (%)

IV-A 378.11− 8.3 8.3 0.0

III-A 458.11− 8.3 9.2 0.9

II-A 458.11− 8.3 8.6 0.3

I-A 268.72− 8.3 7.5 −0.8

IV-S 416.11− 8.3 8.1 −0.2

III-S 247.72− 8.3 8.2 −0.1

II-S 247.72− 8.3 8.3 0.0

I-S 191.53− 8.3 8.3 0.0

I-H 247.72− 8.3 8.8 0.5

II-H 416.11− 8.3 8.4 0.1

III-H 416.11− 8.3 9.2 0.9

IV-H 336.31− 8.3 7.2 −1.1

a
The purification and compositional analysis method was validated using serum matrix spiked with a mock mixture of 10 μM each of 12 heparin/

HS-derived disaccharide standards.
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Table 3

The comprehensive compositional analysis of the 12 heparin/HS-derived disaccharides extracted from human
sera from platelet poor human plasma (n=3) and human serum from male AB plasma (n=3).

m/z Platelet Poora(%) Mean ± SDc Male ABb(%) Mean ± SDc

IV-A 378.11− 37.2 ± 0.2 52.9 ± 1.7

III-A 458.11− 1.5 ± 0.5 1.3 ± 0.1

II-A 458.11− 14.3 ± 1.0 11.2 ± 1.4

I-A 268.72− 3.2 ± 0.5 0.3 ± 0.1

IV-S 416.11− 14.6 ± 2.0 12.2 ± 1.5

III-S 247.72− 8.6 ± 0.4 10.5 ± 2.1

II-S 247.72− 12.1 ± 2.1 8.0 ± 0.4

I-S 191.53− 5.9 ± 0.6 0.5 ± 0.2

I-H 247.72− 0.8 ± 0.1 2.0 ± 0.4

II-H 416.11− 0.6 ± 0.2 0.0 ± 0.0

III-H 416.11− 0.7 ± 0.2 0.5 ± 0.2

IV-H 336.31− 0.4 ± 0.1 0.7 ± 0.1

a
Platelet poor, human serum from platelet poor human plasma

b
Male AB, human serum from male AB plasma

c
SD, standard deviation of the mean
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