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ABSTRACT 

 

The glycosaminoglycan (GAG) family of polysaccharides includes the unsulfated 

hyaluronan and sulfated heparin, heparan sulfate, keratan sulfate, and chondroitin/dermatan 

sulfate. GAGs are involved in various biological processes such as cell signaling, mediating 

interactions between cell surface receptors, blood coagulation, tumorigenesis and cancer 

progression. However, the detailed mechanism of action, the biosynthesis and diversification of 

GAGs is still largely unknown. A better understanding of GAG composition and the amounts of 

GAGs within body fluids and tissues can help us gain a more profound understanding of 

fundamental biological processes and pathology in some diseases. There is a high demand for 

advanced analytical technologies in the field of GAG related life-science research. The work 

performed in this thesis is focused on developing and optimizing advanced mass spectrometry 

analytical methods for GAGs, especially in heparin drug quality control analysis, sepsis disease 

pathology analysis, and urinary GAGs analysis. Additionally, the use of a novel negative-ion 

mode isoelectric focusing capillary electrophoresis (iCEF-MS) analytical method is reported for 

the first time for GAG analysis. In this study, negative-ion mode iCEF-MS has proven capable of 

successfully separating oligosaccharides with good resolution and high sensitivity. 



 

1 

CHAPTER 1 

1. Introduction and Background 

Carbohydrates, proteins, nucleic acids, and lipids are the four main groups of 

macromolecules that make up organisms. Among these four, carbohydrates are the most widely 

distributed and most abundant macromolecules in nature. Carbohydrates not only provide 

structural roles and store energy for living organisms but they also play important signaling and 

regulatory roles in biological systems.1 Carbohydrate chemistry is a subdiscipline of chemistry. 

Proteomics and genomics have been popular research topics over the past several decades. 

Advanced methods and instrumentations have been well developed for protein and nucleic acid 

studies resulting in an in-depth understanding of these biomolecules. However, the importance of 

carbohydrates was overlooked in the early stages of modern natural science research. With the 

rapid development of molecular biology and bioinformatics, scientists have realized that 

carbohydrates play crucial roles in the cell structure and function.1 and that studies of the 

biochemical properties of macromolecules should no longer ignore carbohydrates . Furthermore, 

a better understanding the interrelationships among carbohydrates, proteins and nucleic acids 

will provide a better understanding of complex biological systems. Therefore, the research on the 

structure and function of carbohydrates is attracting more scientific attention. The studies 

currently underway include developing novel analytical methods to characterize carbohydrate 

conformations, as well as applying advanced carbohydrates analytical methods into research that 

explore human biological processes.  
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1.1  Glycosaminoglycan  

Carbohydrates are composed of polyhydroxy aldehydes or ketones and their derivatives. 

Carbohydrates are also called saccharides, and the general empirical formula is (CH2O)n. The 

simplest carbohydrate form and the building block of carbohydrates is monosaccharide, which 

cannot be hydrolyzed to simpler carbohydrates. The most common monosaccharides in animals 

are comprised of 6-membered rings (pyranoses) and depending on the orientation of the 

hydroxyl groups, the stereoisomers are separated into different groups, such as the Hayworth 

projections of glucose, idose, and galactose (Figure 1a). In the Fischer projection, a mirror image 

of each monosaccharide, such as glucose, can be drawn and classified as D-glucose and L-

glucose (Figure 1b). Finally, the cyclisation of the open chain D-glucose monosaccharide 

generates two anomeric forms, a-D-glucose and b-D-glucose (Figure 1c).  

 
Figure 1: Structures of monosaccharides. a. Pyranose forms of some hexose carbohydrates. b. The structure 

of D-glucose and L-glucose. c. The structure of a-D-glucose and b-D-glucose. 

 

Gulose Iodose Galactose

a.

b.

D-Glucose L-Glucose

c.

D-Glucosea-D-Glucose b-D-Glucose

anomeric carbon
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Larger carbohydrates, such as oligosaccharides and polysaccharides, can contain a few or 

multiple monosaccharides that are covalently linked together through glyosidic linkages between 

anomeric carbons (Figure 1a) and any one of the hydroxyl groups of a second monosaccharide.1,2 

From a statistical point of view, the possible combinations of monosaccharides forming 

polysaccharides are enormous. In addition, the similarity of each monosaccharide makes the 

structural analysis of polysaccharides extremely challenging. In terms of detection, 

polysaccharides do not have chromophores and are difficult to distinguish by spectrometers 

without any derivatization. In this work, advanced instrumentations such as mass spectrometry 

(MS) and capillary electrophoresis (CE) hyphenated with MS is applied to qualitatively and 

quantitatively analyze the structure of certain polysaccharides.  

High molecular weight carbohydrates are also known as polysaccharides, and the most 

common polysaccharides in nature are starch and cellulose. In animals, glycosaminoglycans 

(GAGs) are among most essential polysaccharides. The structures of polysaccharides can be 

highly branched or linear. GAGs are linear polysaccharides.1 In older literature, GAGs are often 

referred to mucopolysaccharides. This is because GAGs were first found in the human mucus.3 A 

genetic disorder disease, mucopolysaccharidosis (MPS), in which the body lacks the enzyme to 

break down GAGs and results in accumulation of GAGs, is one reason for the intensive interest 

in GAGs.4 After decades of study, researchers have found GAGs are not only the major 

component of mucus, but also play critical roles in other biological processes. Especially when 

GAGs combine with proteins or fatty acids. For example, the proteins and fatty acids that 

constitute cell membranes exist in the form of proteoglycans (one or more GAG attached to a 

protein) and glycolipids. Furthermore, studies have shown GAGs play a major role in cell 

signaling, cell migration, and bacterial or viral infections.5–7  
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GAGs are composed of repeating disaccharides units. Depending on the different types of 

disaccharides, GAGs can be categorized into the following six different groups: heparan sulfate 

(HS) and heparin, chondroitin sulfate (CS) and dermatan sulfate (DS), keratan sulfate (KS), and 

hyaluronic acid (HA). These disaccharides are generally formed by one hexuronic acid and one 

hexosamine attached by a glycosidic linkage. As shown in Figure 2a, hexuronic acids include β-

D-glucuronic acid (GlcA), α-L-iduronic acid (IdoA) and their various sulfated forms. 

Hexosamines include β-D-N-acetylgalactosamine (GalNAc), α-D-N-acetylglucosamine (GlcNAc), 

and their various sulfated forms (Figure 2b). The common glycosidic linkages in GAGs include 

β1-3, β1-4, and α1-4 linkages (Figure 2c). 

 
Figure 2: Structures of glycosaminoglycans. a. Glycosaminoglycan hexuronic acids structures. B. 

Glycosaminoglycan hexosamines structure. c. Glycosidic linkage types. 

 

a. Hexuronic Acids 

b. Hexosamines

c. Glycosidic Linkage 

β-D-glucuronic acid (GlcUA)                   α-L-iduronic acid (IdoUA)                  β-D-galactose (Gal)

β-D-N-acetylgalactosamine (GalNAc)                             α-D-N-acetylglucosamine (GlcNAc)

GlcUAβ1-3GalNAcβ1-4 GlcNAcα1-4GlcUAβ1-4
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Chondroitin sulfate is a common proteoglycan in the extracellular matrix (ECM) that can 

be found in many different types of cell surfaces in humans and animals. Studies have reported 

that CS functions as structural components in connective tissues, such as cartilage, bone, skin, 

ligaments and tendons, to resist compression. Therefore, CS is a popular therapeutic molecule 

used to treat osteoarthritis.8,9 Nerve systems are also one type of connective tissue, CS has been 

proved to play important roles in neuronal growth.10 CS is composed by the repeating GlcA-

GalNAc disaccharide units, linked through β1-3 and β1-4 glycosidic linkages (Figure 3). The 

sulfo groups can be present at 2-O- position on GlcA or 4-O- and 6-O- positions on GalNAc, 

which results in eight different kinds of CS disaccharides. The length of CS can vary, and the 

percentage compositions of each CS disaccharide are also diverse and depend on the location or 

the bioactivity function of CS.  In order to better understand the function of CS in living 

organism, it is important to have precise techniques to separate CS from tissues, and have 

advanced instrumentation to analyze CS. However, the complexity of the CS structures makes 

these analyses very challenging. In this work, a novel CIEF-MS method has been identified to 

analyze CS disaccharides and tetrasaccharides, and the biology function of CS has been explored 

in human urine and mice brain tissues.  

Dermatan sulfate (DS), one subclass of GAGs, is structurally similar to CS. The only 

difference is that DS has two types of hexuronic acid: GlcA and IdoA. IdoA can be either non-

sulfated or 2-O-sulfated. The biological function of DS is comparable to CS. It is located on 

ECM and it forms DS proteoglycans to interact with other molecules, such as growth factors, 

clotting factors, membrane receptors, and nerve receptors.11 The main DS proteoglycan can be 

found in skin and other connective tissues.  
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Figure 3: Symbolic structures of hyaluronan, chondroitin/dermatan sulfate, and heparan sulfate/heparin. 

(Figure adapted from the book Essentials of Glycobiology )12 

 

The other most common GAG subclass is heparan sulfate (HS). Similar to CS, HS exists 

mostly on the ECM as proteoglycans. HS is also composed by eight different disaccharide units, 

which includes non-sulfated or 2-O- sulfated GlcA/IdoA β1-4 or α1-4 linked with non-sulfated 

or 6-O-/N-sulfated GlcNAc (Figure 3). HS exhibits various biological activities. For example, 

HS has an effect on blood coagulation;13 structural mutation of HS is involved in the 

tumorigenesis and cancer progression;14 and HS functions as a cell surface receptor that binds to 

broad range of pathogens.15 HS also plays important roles in the regulation of developmental 

angiogenesis.16 However, it is still difficult to fully understand the biological functions of HS. 

Studies that have been done in this work discussed the septic cognitive impairment that could be 

caused by HS fragments.  

Heparin is highly sulfated form of HS. Unfractionated heparin (UFH) or low molecular 

weight heparin (LMWH) are both widely used as anticoagulant drugs in preventing the 

formation of blood clots. Heparin is modern medicine that was discovered a century ago and the 

world health organization (WHO) has listed heparin as one of the most safe and effective drugs 

α4α4

β4β4

Hyaluronan (HA): Repeating unite of GlcNAcβ4GlcAβ3

Chondroitin sulfate (CS): Repeating unite of GalNAc(no sulfo or 4/6-O-sulfo)β4GlcA(no sulfo or 2-O-sulfo)β3

Dermatan sulfate (DS): Repeating unite of GalNAcβ4GlcA/IdoA(no sulfo or 2-O-sulfo) β3/α3

Heparan sulfate (HS)/Heparin: Repeating unite of GlcNS/GlcNAc(no sulfo or 6-O-sulfo)α4
GlcA/IdoA (no sulfo or 2-O-sulfo)α4/β4

β4 β3 β4 β3 β4 β3 β4 β3

β4 β3 β4 β3 β4 β3 β4 β3
4S 6S 4S

6S 2S

α3 β4 β3 β4 α3 α3
2S2S

α4 α4 β4 α4 β4 α4
NS NS3S NS2S

6S 6S6S
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in 2015.17 The global heparin market was worth US$ 10.1 billion in 2017 and it’s still growing.18 

The chemically synthetic heparin is still challenging and not cost-efficient currently, and most of 

the commercial heparins are comes from porcine intestines. However, the safety of heparin is 

always a concern since it’s directly purified from animal tissues. Patients died or suffered from 

contaminated heparin in 2008.19 In addition to porcine intestine, bovine lung and ovine intestine 

also can produce heparin. Heparin coming from these three sources is similar but has a certain 

degree of structural and activity differences.20 The regulation for heparin is crucial to ensure the 

quality and the original source of heparin. In this study, various advanced analytical methods 

have been applied to differentiate the types of heparin that come from different sources.  

Hyaluronic acid (HA) and keratan sulfate (KS) are two less common GAGs. They 

perform similar functions in the ECM as other GAGs. HA is the only GAGs that is exclusively 

non-sulfated, and it is composed by the repeating unit of [(1 3)-β-D-GlcNAc-(1 4)-β-D- 

GlcA-]. HA can be found in the synovial fluid and the vitreous fluid of the eye.21 HA bonds 

easily with water to form hydrogel structure. Therefore, HA has been a popular biomaterial over 

the past decade. It has been used for making scaffolds in tissue engineering, wound healing, and 

skin repair.21,22 Keratan sulfate, composed by Gal and GlcNAc, is the least negatively charged 

GAGs due to the lack of an uronic acidic residue. KS is a main structural carbohydrate polymer, 

that can be found in cornea, cartilage, bone tissues, and Synovial fluid to absorb mechanical 

shock. 23,24 

In summary, all different types of GAGs play crucial roles on ECM. They are involved in 

various essential biological processes in human body. Their main functions, such as cell 

signaling, have been extensively studied, but many other functions are still unclear and remain to 

be revealed. The main goal of this dissertation is to further understand the compositional 
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structure of GAGs and their bioactivity roles. New analytical methods have been developed to 

achieve this goal.  

1.2  Mass Spectrometry  

Mass spectrometry was invented at the beginning of the 20th century. The early 

applications of mass spectrometry are in the determination of atomic and molecular weights,25 

determination of relative abundance of isotopes,26 and study of electron impact ionization in ion 

physics.27 During World War II, due to the rapid development of the nuclear energy industry and 

the petrochemical industry, there was an increasing demand for a versatile instrument to analyze 

various chemical compounds. Hence, the mass spectrometry technology grew rapidly.  

With the development of science and technology, modern mass spectrometers have been 

able to analyze complex organic compounds with high resolution and good reproducibility. 

Therefore, mass spectrometry had become the preeminent technique for determining the 

structure of chemical compounds. In the recent years, because of the advent of more and more 

innovative mass spectrometers, the technology has gradually gained broader applications in 

pharmaceutical analysis, food safety and quality control,28 agriculture practice,29 environmental 

analysis, geochemistry study, forensic analysis, and clinical analysis.30,31  
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Figure 4: Workflow of mass spectrometer system.  

 

Generally, a mass spectrometer is composed of several fundamental parts32 (Figure 4): 

first a sample injector, followed by ionizer to form positively or negatively charged ions and also 

accelerate the ions, an ion analyzer to select target ions from mixtures, and finally the detector 

and data analyzer to collect data and present final results.  

1.2.1 Mass Spectrometry Sample Introduction Methods 

A sample injector is usually hyphenated with various instrument components that have 

the ability to separate target molecules. Direct injection is feasible for pure and simple samples. 

However, it may require more efforts during sample preparation, especially for biochemical 

mixtures. The most common hyphenation options in biochemistry field are liquid 

chromatography–mass spectrometry (LC-MS) and capillary electrophoresis–mass spectrometry 

(CE-MS).  

Liquid chromatography separates sample mixtures based on the target molecules’ 

properties. The typical chromatography techniques based on the analytes’ physical properties are 

size-exclusion chromatography (SEC), ion exchange chromatography (IEC), and hydrophobic or 

hydrophilic interaction chromatography. SEC can separate sample mixtures from low molecular 

weight species to high molecular weight species. It applies when the sample mixture contains 

Sample Injector Ionizer Ion Analyzer Detector

m/z

Data Analyzer
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chemical substances with distinct differences in molecular weight. SEC can also be used for 

reducing the influence of small impurities in MS analyzer, such as salt or extra labelling dyes.33  

IEC, evidently, is suitable for target molecules that have charged function groups. IEC 

have two subcategories: anion exchange chromatography and cation exchange chromatography. 

GAGs are usually negatively charged; anion exchange chromatography is widely used in the 

GAG analysis. The principle of this method is that GAGs can interact with the positively charged 

coatings inside of the anion exchange column and can be retained in the column. The non-

charged or weak-charged species can be washed out by selected solvents. Then the pure negative 

charged GAGs could be eluted out through ion exchange through eluting solvents, which 

contains stronger negatively charged compounds. IEC are also extensively applied in purification 

of proteins, peptides and nucleic acids.34 The separation concept of hydrophobic/hydrophilic 

interaction chromatography is similar to IEC. They all retain the target analytes with similar 

affinity in the column at first, and then elute out target analytes after washing away all the 

unwanted chemical compounds through changing the eluting solvent. LC-MS is the most 

versatile hyphenation used in researches; however, solvents must be chosen carefully to be 

efficient enough for separation but not damaging MS at the same time.33,34 

Capillary electrophoresis is a high-efficient and high-resolution separation technique. 

Analytes in the capillary moves at different speeds based on their charges when an external 

electric filed is applied to the capillary. Many different types of CE methods, such as capillary 

zone electrophoresis (CZE), capillary isoelectric focusing (CIEF), imaged capillary isoelectric 

focusing (iCE), CE-laser-induced fluorescence (LIF)-MS, and micellar electro kinetic 

chromatography (MEKC).35 CE is commonly coupled with the ion trap, quadrupole, and MALDI 

mass analyzer. The interface between CE and MS is the key influential factor in the quality of 
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analysis. ESI is the most frequently used ionizer for CE-MS hyphenation. A good ESI interface 

should be able to sustain a stable spray-current, and ionize analytes with high efficiency. 

However, this is challenging because ESI requires low ion concentration to achieve a good 

ionization of analytes, whereas CE usually contains overabundance of ions/salts to meet the 

separation resolution. In addition, the viscosity of solvents used in CE could influence the 

separation. Sometimes, a relatively viscous and less volatile solvent can improve the separation 

in CE, but it is not ideal for ESI ionization. Therefore, technical difficulties must be overcome to 

optimize the CE-MS.36,37 Furthermore, most of the CE-MS are in positive-ion mode; negative-

ion mode for CE-MS is even more challenging to balance the interface. A novel CIEF-MS 

method was developed in this work. Sheath liquid, neutral coating capillary, cation coated 

electrospray emitters, negative electrospray ionization voltage, etc. are all optimized to minimize 

interference with the nanospray ESI.  

1.2.2 Ionization and Fragmentation Methods  

The separation principle of the MS analyzer is based on the analyte’s mass-to-charge 

ratio (m/z) value. Therefore, noncharged neutral molecules cannot be analyzed by MS. Various 

ionization methods were developed to ionize diverse neutral molecules to achieve a wider 

application of MS. Protonation and deprotonation are the most commonly used ionization 

methods. Protein, peptides, and many other biomolecules usually contain basic functional groups 

such as amino group. The lone electron pair on a nitrogen atom make amino groups good 

nucleophiles that can easily bind to a proton and form a positively charged stable ammonium ion 

(Equation 1.1 – 1.5). The deprotonation process removes a proton from a neutral molecule. For 

example, phenol, carboxylic acid, and other acidic compounds tend to lose one proton to form a 

more stable anion. Most of the GAGs contain multiple carboxylic acids and sulfate half esters. 
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Hence, in the majority of cases, GAG analyzing methods are under negative-ion MS analysis 

mode. All the MS methods used in this work are under negative ionization mode. Other 

ionization methods include cationization, electron ejection, and electron capture (Equation 1.1 – 

1.5). 38 

Protonation: M + H+ → MH+ (1.1) 

Deprotonation: M – H+ → [M-H]- (1.2) 

Cationization: M + Na+ → MNa+ (or K+, NH4+) (1.3) 

Electron ejection: M – e- → M+ (1.4) 

Electron capture: M + e- → M- (1.5) 

 

Ion source refers to the devices that ionize molecules to either positive or negative-ions. 

The frequently used ion sources are listed in Table 1. Each ion source has its own advantages and 

disadvantages. The choice of ion source depends on the specificity of target analyte. In general, 

analyte’s solvent solubility, polarity, and acidity need to be considered.  Only thermally volatile 

and stable analytes are suitable for electron ionization (EI), field ionization (FI), chemical 

ionization (CI), and thermospray ionization (TSI) due to the high temperature condition during 

the ionization process. Every method has its own mass range of ionization, only matrix-assisted 

laser desorption ionization (MALDI) and electrospray ionization (ESI) have the ability to ionize 

high molecular weight analytes. FI typically works well for small organic molecules because 

normally it offers simple one molecular ionic species per compound with little or no chemical 

background.38,39 
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Table 1: A general comparison of ion source information in organic mass spectrometry. (Table is adapted 

from cited sources)37-42 

 
 

If molecular ion results are critical for the study, EI and fast atom bombardment (FAB) 

should be avoided because the molecular ion may be weak or absent for many compounds. High 

throughput methods can be achieved by using MALDI (fast laser beam ionization) or FAB 

(direct insertion probe ionization) ion source.39 In addition, ion source compatibility with 

separation interface is also a speculation for choosing ion source. Most of the ion sources are 

capable of hyphenating with LC, however, the compatibility between LC flow rate and ion 

source ionization speed needs to be considered. Ionization efficiency is also a concern. For 

example, ESI has the ability to control the degree of fragmentation by controlling the interface 

lens potentials.37 Thus, ESI is one of the most versatile ion sources. In this study, ESI methods 

were customized for each specific analyte, such as heparin and urinary GAGs. Recent research 

finds that ESI works well when hyphenate with CE. A novel ESI ion source applied under 

negative-ion mode for GAGs oligosaccharides analysis has been discussed in this work.  

After ionization in the ion source, some ions are still remaining as unstable molecular 

ions, not ion fragments. A specific target analyte can generate ion fragments with unique pattern, 

which can provide valuable structural information, and this can help greatly in solving organic 

structural problems. Therefore, extra fragmentation step in collision zone is implanted in some 

Ion Source Abbreviation Upper Mass Limit (Daltons) Seperation Type Ionizing Agent
Electron ionization EI 1,000 GC Energetic electrons

Chemical ionization CI 1,000 GC Reagent gaseous ions

Field ionization FI 1,000 GC High-potential electrode

Fast atom bombardment FAB 10,000 HPLC Energetic atomic beam

Electrospray ionization ESI 200,000 HPLC,CE High electrical field

Atmospheric pressure chemical ionization APCI 10,000 HPLC High electrical field

Matrix-assisted laser desorption ionization MALDI 500,000 HPLC Laser beam

Thermospray ionization TSI 2,000 HPLC High temperature



 

14 

mass spectrometers. The fragmentation degree is usually not easy to control inside the ion source. 

However, desired fragmentation is feasible after the plasma comes out from ion source. There 

are many different types of fragmentation techniques. Collision-induced dissociation (CID) and 

surface-induced dissociation (SID) achieve fragmentation through colliding ionized plasma with 

neutral molecule and solid surface.40 Interacting with electron in different ways can also induce 

fragmentation, such as electron-capture dissociation (ECD), negative electron-transfer 

dissociation (NETD), electron-transfer dissociation (ETD), and electron-detachment dissociation 

(EDD).41 Laser and IR radiation are also able to generate fragments; for example, laser induced 

dissociation (LID) and blackbody infrared radiative dissociation (BIRD).42 

1.2.3 Mass Analyzer  

The mass analyzer is the core component of mass spectrometer, responsible for 

separating ionized analytes based on their m/z values under electric and magnetic field. There are 

many different types of mass analyzers in the market. As an example of magnetic sector analyzer, 

the general theory of mass analyzer is that, after ionized in the ion source, analytes form a 

positively or negatively charged plasma that is first accelerated in an electric field. When the 

plasma reaches a certain speed, it enters into a uniform magnetic field with the moving direction 

perpendicular to the field direction (Figure 5).43 Due to the principle of the magnetic field 

(Equation 1.6)43, the moving path of each ion would change in the magnetic field based on its 

m/z value, initial speed when entering the filed (acceleration voltage), and the strength of the 

filed. However, in the mass analyzer, ions that are only moving along a certain direction are able 

to reach the detector. In other words, target analyte ions can be selectively detected by adjusting 

the acceleration voltage and magnetic field strength.44  
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Figure 5: Diagram of magnetic sector analyzer. (Figure adapted from Shimadzu website)43 

 

 
(1.6) 

 
With the development of technology, new and more advanced mass analyzers have been 

invented. Figure 5 shows the diagram of the traditional magnetic sector analyzer. However, it is 

less commonly used today because the instrument size is massive. As shown in Table 2 (adapted 

from literatures39,45)the frequently used mass analyzers are quadrupole, ion trap, time-of-flight 

(TOF), Fourier transform mass spectrometry (FTMS), and their combinations. Among these, 

FTMS uses a super-conducting magnet and is known for its excellent accuracy and resolution of 

product ions but the instrument is expensive and the maintenance costs are also high. 

Quadrupole-TOF is recognized for its high sensitivity and accuracy when used for MS/MS 

(MS/MS is also known as MS2 or tandem mass spectrometry when two or more mass 

spectrometers are coupled together). TOF has a drift tube, the drift time for each ion is different 

based on the ion’s m/z value, and TOF is usually combined with quadrupole and MALDI. 

Quadrupole and ion trap are both well-established mass analyzer with good accuracy and 

resolution for general analysis. They both are adequate for low-energy collisions, and easy to 

switch between positive- and negative-ion mode.39,45 In this work, mass spectrometers equipped 

with quadrupole and ion trap are optimized and extensively studied for quantitative and 

qualitative GAGs analysis.  

Ion acceleration 
with voltage (V)

Ionizer

Magnetic sector
with field strength (B)
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m = mass of ion; z = charge of ion; B = magnetic field strength; r = radius of ion movement; V = acceleration voltage 
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Table 2: A general comparison of mass analyzers typically used for electrospray. (Table is adapted from cited 

sources)39,45 

 
 

Specifically, a triple quadrupole LC-MS multiple reaction monitor (MRM) system has 

been frequently used for GAGs analysis. A quadrupole is composed of two pairs of parallel, 

aligned metal cylindrical rods, one pair is connected with a radio frequency voltage and the other 

pair is connected with a direct current voltage (Figure 6).  The quadrupole generates an 

oscillating electric field that only ions with specific m/z value can resonance with this field and 

eventually pass through the rods.39  

 
Figure 6: Diagram of quadrupole mass analyzer. (Figure adapted from Shimadzu website)46 

 

Ion 
Trap

Time-of-
Flight

Time-of-
Flight 

Reflectron

Magnetic 
Sector FTMS Quadrupole Quadrupole

-TOF

Accuracy 0.01%
(100 ppm)

0.02 to 0.2% 
(200 ppm)

0.001% 
(10 ppm)

<0.0005% 
(<5 ppm)

<0.0005% 
(<5 ppm)

0.01%
(100 ppm)

0.001% 
(10 ppm)

Resolution 4,000 8,000 15,000 30,000 100,000 4,000 10,000

m/z Range 4,000 >300,000 10,000 10,000 10,000 4,000 10,000

Scan Speed ~a second milliseconds milliseconds ~a second ~a second ~a second ~a second

Vacuum 
Pressure 10-3 Torr 10-6 Torr 10-6 Torr 10-6 Torr 10-10 Torr 10-5 Torr 10-5 Torr

Tandem MS MSn MS MS2 MS2 MSn MS2 MS2

Radio frequency voltage with negative DC offset supply

Radio frequency voltage with a positive DC offset supply Detector

Ionizer
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Triple quadrupole has two quadrupoles that can be used for selecting ions (quadrupole 1 

and quadrupole 3 in Figure 7), and the one in the middle quadrupole functions as a collision cell 

(quadrupole 2 in Figure 7). These three quadrupoles are usually aligned in sequence; ions from 

ion source first reach to quadrupole 1, which is responsible for selecting target parent ions. This 

is followed by quadrupole 2, which focuses, introduces parent ions with collision gas, and 

transmits the ions to quadrupole 3 for further product ion selection. This process, also called 

MRM, is excellent for analyzing molecules that have the same parent ion but different product 

ions.39,47 For example, CS disaccharides with one sulfate group CS2S, CS4S, and CS6S has 

exactly the same molecular mass. Other mass analyzers would not be able to distinguish among 

these three disaccharides. However, these three disaccharides can be differentiated and 

quantified in triple quadrupole, because after the collision in quadrupole 2, they generate 

different product ions.48 This two-step process gives more accuracy and specificity in the target 

analyte selection. Therefore, triple quadrupole is an efficacious tool in the pharmaceutical and 

biomedical fields, environmental studies, and biological analyses. The function and structural 

composition of GAGs in many biological processes remains unclear. Utilizing triple quadrupole 

can significantly assists scientists to reveal the nature of GAGs.     

 
Figure 7: MS/MS modes of analysis in a triple-quadrupole mass spectrometer. (Figure is adapted from the 

book Modern Instrumentation Methods and Techniques)49 

 

 

Ionizer DetectorQuadrupole 1 Quadrupole 2 Quadrupole 3

Collision cellIon selecting Ion selecting
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1.2.4 Detector 

The last major component of MS is the detector. Once the desired ions are selected by the 

mass analyzer, the detector will discern the m/z value of the ions. Different mass analyzer 

matches different detectors. Traditionally, Faraday cups are used when the quantity of the ions is 

high, and MS is under low vacuum conditions.  However, in most cases, the quantity of the ions 

is low, and the vacuum is high. Therefore, an electron multiplier or microchannel plate detectors 

is generally used for concentrating ions for detection.50 In modern mass spectrometers, the 

electron multiplier is usually for use with quadrupole and ion trap analyzer, and microchannel 

plate detectors are for use with TOF. For FTMS mass analyzer, the detector must be able to 

detect the ions’ periodic movements at certain frequencies. Hence, FTMS generally equipped 

with a non-destructive inductive charge detector (ICD).51 

In summary, GAGs are thermally unstable and non-volatile macromolecules. Therefore, 

EI, FI, CI, and TSI ion sources are not suitable for GAGs ionization. The most commonly used 

ion sources for GAGs are ESI and MALDI. GAGs usually contain functional groups like 

carboxyl and sulfo groups that can easily undergo deprotonation process and form carboxylate 

and sulfate anions. Thus, almost all the MS methods developed for GAGs have relied on 

negative-ion mode. Moreover, as discussed previously, the compositional structures of GAGs are 

similar but complex at the same time. Second-degree fragmentation is usually very helpful to 

obtain more structural information from MS. Thus, triple quadrupole and ion trap mass analyzers 

are often selected for GAG analysis. Overall, based on these basic features of GAGs, many 

sophisticated and informative detection methods have been developed for qualitatively and 

quantitatively analyze GAGs.  
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1.3  Applications of Mass Spectrometry in Glycosaminoglycans Analysis 

The biological importance of GAGs has led to their broad prospect for development in 

the medical and scientific research fields. However, GAGs that are involved in the certain 

biological activities may be present in very low abundance in an animal or a human. Therefore, 

convenient sensitive and target-specific analytical methods are necessary. Turiak and coworkers 

have reported a new microarray GAGs purification method followed by the hydrophilic 

interaction (HILIC) and weak anion exchange (WAX) separation chromatography and on-line 

nano-UHPLC–MS coupling to be able to achieve 1 fmol detection limit for a disaccharide.52 The 

ion-pair reversed-phase liquid chromatography-ion trap/time-of-flight mass spectrometry (IPRP-

LC-ITTOF MS) method demonstrated to be useful in quantifying both N-unsubstituted and N-

substituted disaccharides in a single analysis.53 The combination of solid-state nanopores with a 

single molecule sensor with a support vector machine (SVM), and a machine learning algorithm 

are proof that this method is capable of identifying and quantifying different kinds of GAGs.54 

Electrokinetic pump-based capillary electrophoresis (CE)–MS interface has been used to analyze 

heparin oligosaccharides and low molecular weight heparin.55 A database for derivatized heparin 

and heparan sulfate MS/MS spectra has been developed to analyze mixed samples.56 Heparin or 

heparin-like synthetic GAG sequencing have been performed using NETD on a quadrupole 

linear ion trap-Orbitrap hybrid mass spectrometer.57 Heparin oligosaccharide mapping achieved 

by combining on-line detected by a fluorescence detector (FD) and ESI–MS after 

oligosaccharides first treated with heparin lyase I then followed by fluorescence tagging with 2-

aminoacridone (AMAC).58 

Quantification is also an important in analytical method development. A sensitive 

quantification method for HS disaccharides relying on pre-column derivatization with 
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procainamide and amide-HILIC UPLC-MS method afforded a detection limit of 0.6–4.9 

ng/mL.59 GAGs have also been analyzed in the positive-ion mode after acid hydrolysis using 

hydrophilic interaction chromatography tandem triple quadrupole mass spectrometry with a limit 

of quantification (LOQ) ranging from 0.1 µg/mL to 4.1 µg/mL.60 High quantitative precision for 

heparin analysis has been achieved by using a stable isotope-labeled hydrazide tag (INLIGHT™) 

with high-resolution/accurate mass (HRAM) reverse-phase LC-MS/MS.61 

To distinguish of GlcA and IdoA stereochemistry has always been a challenging topic in 

the MS analysis of GAGs. Recent published literatures shows that this can be achieved by 

producing stereo-specific product ions by using electron detachment dissociation (EDD) in a 

single stage tandem mass spectrum.62  Collision-induced dissociation (CID) also been used for 

distinguish GlcA and IdoA epimer based on their specific ionization characteristics.63 The use of 

the ion mobility-mass spectrometry (IM-MS) and pulsed-field gradient (PFG) NMR allows the 

characterization of (at least) carbohydrate isomers in mixtures without the absolute need for 

purified standard substances.64 Novel gated-trapped ion mobility spectrometry gated-TIMS 

coupling to NETD MS/MS have also been used for characterization and quantification of 

isomeric Hep/HS oligosaccharides.65 

GAGs are used as biomarkers in the study of diseases like mucopolysaccharidosis (MPS). 

Combining acidic methanolysis and LC/MS/MS can quantify cerebrospinal fluid HS as a 

biomarker for MPS.66 LC/MS/MS method has applied in analyzing GAGs in serum/plasma, and 

urine of MPS patients untreated or under ERT, and compared to age-matched controls.67 Rapidly 

determine trace concentrations (pg/μL) of GAGs in human milk using LC-MS has also been 

developed.68 MS also been used for monitor patient’s condition during the treatment of muscle-

invasive bladder cancer (MIBC) by monitoring the biomarker oncofetal chondroitin sulfate 
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amount.69 Simultaneous quantification method of urinary DS and HS by LC-MS/MS has also 

developed for MPS.70 

In conclusion, GAGs are involved in various basic biological processes such as cell 

signaling, cell surface receptor that binds to a broad range of pathogens, blood coagulation, 

tumorigenesis and cancer progression, and GAGs also function as critical structural components 

in connective tissues. However, there many GAGs functions that are still unclear. Scientists still 

cannot explain the mechanism of post-synthesis modifications of GAGs, which is essential for a 

variety of GAG functions. Understanding the structure of GAGs can promote further 

understanding of their biological functions. GAGs possess considerable heterogeneity in average 

molecular mass, molecular mass range, disaccharide composition and content, and position of 

sulfo groups. Therefore, there is a critical need for an accurate and competent tool for GAGs 

analysis. The work done in this thesis focused on developing and optimizing advanced MS 

analytical methods for GAGs extracted from biofluids or tissues. Additionally, capillary 

isoelectric focusing (CIEF) is one of the CE a separation method, which is based on the analyte’s 

isoelectric point (pI) in the presence of ampholyte. CIEF is widely used in the characterization of 

proteins and antibodies with high performance. However, this method has never been used to 

characterize negatively charged GAGs due to their low pI values. A novel reverse polarity 

negative ion mode iCEF-MS method with good resolution and high sensitivity for GAGs 

analysis was developed as part of this thesis.  
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CHAPTER 2 

2. Negative-ion Mode Capillary Isoelectric Focusing-mass 

Spectrometry for Charge-based Separation of Acidic 

Oligosaccharides 1 

2.1  Abstract 

Glycosaminoglycans (GAGs) are biologically and pharmacologically important linear, 

anionic polysaccharides containing various repeating disaccharides sequences.  The analysis of 

these polysaccharides generally relies on their chemical or enzymatic breakdown to disaccharide 

units that are separated, by chromatography or electrophoresis, and detected, by UV, 

fluorescence or mass spectrometry (MS).  Isoelectric focusing (IEF) is an important analytical 

technique with high resolving power for the separation of analytes exhibiting differences in 

isoelectric points.  One format of IEF, capillary isoelectric focusing (cIEF), is an attractive 

approach, in that IEF coupled with mass spectrometry (cIEF-MS) to provide on-line focusing 

and detection of complex mixtures.  In the past three decades, numerous studies have applied 

cIEF-MS methods to the analysis of protein and peptide mixtures analyzed by positive-ion mode 

mass spectrometry.  However, polysaccharide chemists largely rely on negative-ion mode mass 

spectrometry for the analysis of highly sulfated GAGs.  The current study reports a negative-ion 

mode cIEF-MS method using an electrokinetically pumped sheath liquid nanospray capillary 

electrophoresis-mass spectrometry (CE-MS) coupling technology (Figure 8).  The feasibility of 

 
This chapter previously appeared as: Ouyany, Y.*; Han, X.*; Xia, Q.; Chen, J.; Velagapudi, S.;Xia, K.; Zhang, Z.; 
Linhardt, R.J. Negative-ion Mode Capillary Isoelectric Focusing-mass Spectrometry for Charge-based Separation of 
Acidic Oligosaccharides. Anal. Chem. 2019, 91, 846−853. (*Equal contributor, co-first author) 
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this negative-ion cIEF-MS method and its potential applications are demonstrated using 

chondroitin sulfate and heparan sulfate oligosaccharides mixtures. 

 

 

Figure 8: Graphical illustration of negative-ion mode capillary isoelectric focusing coupled with mass 

spectrometer. 

 

2.2  Introduction 

In cell biology, the biological and physical interactions among cells are achieved through 

communications involving the extracellular matrix (ECM).71  A major class of the biomolecules 

comprising the ECM are glycosaminoglycans (GAGs).72 Most GAGs are glycosidically-linked to 

core proteins in the form of glycoconjugates called proteoglycans.73 GAGs play various 

biological roles in protein recognition, binding and activity modulation, cellular signaling and 

communication, and control of growth and developmental biology through interaction with large 

number of growth factors.74–76 Despite their importance, a more complete understanding of GAG 
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structure, composition and sequence remains challenging because of difficulties associated with 

their sensitive analysis.77 

One major analytical challenge in GAG analysis comes from their structural 

heterogeneity.77 Intact GAGs are difficult to separate into individual chains and currently nearly 

impossible to structurally characterize or sequence.77–79 GAGs are linear, anionic 

polysaccharides containing various repeating disaccharides sequences. 77–79 These disaccharides 

are generally comprised of an uronic acid residue, which is D-glucuronic acid (GlcA) or L-

iduronic acid (IdoA), and a hexosamine residue, which is N-acetyl or N-sulfo-D-glucosamine 

(GlcNAc or GlcNS), or N-acetyl-D-galactosamine (GalNAc).  The hydroxyl groups on each of 

these disaccharide residues may be substituted with O-sulfo groups, giving rise to high degree of 

structural variability.  There are several families of GAGs such as hyaluronan (HA), keratan 

sulfate (KS), chondroitin sulfate (CS) and heparan sulfate (HS), each of which has unique 

disaccharide compositions.  These disaccharide compositions can be determined by treatment 

with polysaccharide lyases that break down these anionic polysaccharides into their various 

repeating disaccharide units. 80,81 HS and CS each typically contains eight types of unsaturated 

(DUA) disaccharides (Table 3).  
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Table 3: Structures of sixteen disaccharide standards.a 

         

       HS disaccharide (dp 2)     CS disaccharide (dp 2) 

HS dp2 CS dp2 R1 R2 R3 

0S 0S H H H 

2S 2S SO3H H H 

6S 6S H SO3H H 

NS 4S H H SO3H 

2S6S 2S6S SO3H SO3H H 

NS6S 4S6S H SO3H SO3H 

NS2S 2S4S SO3H H SO3H 

2S6SNS 2S4S6S SO3H SO3H SO3H 
a. The 0S HS and CS disaccharides are DUA(1®4)GlcNAc and DUA(1®3)GalNAc, respectively, 

where ∆UA is 4-deoxy-α-L-threo-hex-4-enopyranosyluronic acid. 
 

High performance liquid chromatography-mass spectrometry (HPLC-MS) has become a 

widely used method for the analysis of GAG disaccharide composition as it provides 

confirmation of disaccharide identity based on both retention time and molecular mass.82,83 A 

number of LC separation methods compatible with MS analysis have been applied to separate 

GAG disaccharides.  Hydrophilic interaction chromatography (HILIC), which was first 

developed by Zaia and coworkers,84 can provide excellent separation of underivatized GAG 
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disaccharides.85–87 Alternatively, reverse-phase (RP) separation of ion-paired82 or derivatized 

GAG disaccharides on a C18 column affords excellent separation of mixtures containing up to 

17 different GAG disaccharides.88,89 

Capillary electrophoresis (CE)-MS has been recently applied to analyze the structure of 

GAG oligosaccharides.90–93 The on-line CE-laser-induced fluorescence (LIF)-MS analysis of 

neutral glycans labeled with negatively charged fluorescent tags, such as 2-aminoacridone, has 

also been reported.94–97 Over the past three decades, a number of CE-MS interfaces have been 

developed. The classic sheath-flow CE-MS interface was first reported in 1988.98 This interface 

has subsequently been commercialized and the sheath-flow CE-MS interface design has been 

widely accepted. In addition, sheathless and microfluidic CE-MS interfaces have been developed 

in the past decade.99,100 Despite the commercial implementation of these interfaces, limitations 

on sensitivity and robustness constrains the applications of these CE-MS technologies. As a 

result, most CE separations of GAG oligosaccharides performed to date used capillary zone 

electrophoresis (CZE) or micellar electrokinetic chromatography (MEKC) system with UV 

detectors instead of mass spectrometers.101–103 These CE separations are primarily based on the 

rate of analyte movement through the capillary. 

A novel capillary isoelectric focusing (cIEF)-MS method has been developed that 

requires high voltage and analytes moving based on their net charge.  Instead of direct movement 

under the influence of an electric field, these analytes are first focused within a pH gradient 

generated by carrier ampholytes into a certain pH region having the same pH as the analyte’s 

isoelectric point (pI).  At a pH equal to its pI value, an analyte has a net neutral charge.  Proteins, 

with pI values ranging from 3 to 10, have been separated by cIEF to study their posttranslational 

modifications, such as glycosylation, phosphorylation, and lipidation.104 cIEF-MS is potentially a 
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powerful tool for distinguishing the charge heterogeneity of complex mixtures, such as GAG 

oligosaccharides, caused by different numbers of the anionic groups on the chain.  Analyte 

separation in cIEF differs from CZE and MEKC as it is an equilibrium method.  However, so far 

only positive-ion mode cIEF-MS methods have been developed for the analysis of protein and 

peptide mixtures.93,105 There is a need for a negative-ion mode cIEF-MS method for highly 

sulfated glycans.  We report a novel cIEF-MS workflow (Figure 9) implemented on an 

electrokinetically pumped sheath liquid nanospray CE-MS interface with a methanol-based 

anolyte and catholyte solvent system, and demonstrate its feasibility and potential applications 

using CS and HS. 

 

Figure 9: Schematic of negative-ion mode cIEF-MS workflow showing both A: normal polarity and B: 

reverse polarity separations. 

 

2.3  Material and Methods 

2.3.1 Materials 

Sixteen unsaturated heparin/HS and CS disaccharide standards purchased from Iduron, 

Cheshire, UK (see Table 3 for structures).  Recombinant Flavobacterium heparinum heparin 
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lyase I, II, III Escherichia coli, and Proteus vulgaris chondroitin lyase ABC were expressed and 

purified in our laboratory as previously described.106,107 HS tetrasaccharides were prepared from 

porcine intestinal HS (Celsus Laboratories, Cincinnati, OH) by partial treatment by heparin lyase 

II.108 CS tetrasaccharides and hexsaccharides were prepared from bovine tracheal CS purchased 

from Celsus Laboratories by partial treatment by chondroitin lyase ABC (Figure 10 and Figure 

11).   

The carrier ampholytes, Pharmalytes® having pH range 2.5-5.0 and 3.0-10.0 were 

obtained from GE Healthcare Life Sciences (USP, Pittsburgh, PA).  LC-MS grade reagents, 

including water, formic acid, ammonium hydroxide, acetonitrile, methanol, and pI markers 

(glutamic acid, aspartic acid, and iminodiacetic acid) were also obtained from Millipore-Sigma 

(Burlington, MA). 

2.3.2 Chondroitin Sulfate Tetrasaccharides and Hexsaccharides Preparation  

Chondroitin sulfate A (CSA) 10 mg was treated by 0.2 IU lyases ABC at 37 ℃ for 5 min, 

then boiled to denature protein and centrifuged to remove protein. Supernatant was separated by 

size exclusion column (GE Superdex 75 10/300) with online differential refraction detector. 

Mobile phase was 50 mM ammonium bicarbonate at 0.5 mL/min. Tetrasaccharide and 

hexasaccharide fractions were collected and desalted using repeated freeze-drying. Structure 

characterization was performed by HPLC-MS as described by following: A Luna HILIC column 

(2.0 × 50 mm, 200 Å, Phenomenex, Torrance, CA) was used to separate the LMWHs. Mobile 

phase A was 5 mM ammonium acetate prepared with HPLC grade water. Mobile B was 5 mM 

ammonium acetate prepared in 98% HPLC grade acetonitrile with 2% of HPLC grade water. The 

gradient was used from 5% A to 70% A in 7 min then reset to 5% A at a flow rate of 250 

μL/min. The LC column was directly connected online to the standard ESI source of LTQ-



 

29 

Orbitrap XL FT MS (Thermo Fisher Scientific, San-Jose, CA). The optimized parameters, used 

to prevent in-source fragmentation, included a spray voltage of 4.2 kV, a capillary voltage of −40 

V, a tube lens voltage of −50 V, a capillary temperature of 275 °C, a sheath flow rate of 30 

L/min, and an auxiliary gas flow rate of 6 L/min. External calibration of mass spectra routinely 

produced a mass accuracy of better than 3 ppm. All FT mass spectra were acquired at a 

resolution 60,000 with 200−2000 Da mass range (Figure 10 and Figure 11). 109 
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Figure 10: Chondroitin sulfate tetrasaccharides (dp4) verified using Orbitrap mass spectrometer. A)  total ion 

chromatogram; B) mass spectrum of the peak at 5-5.5 min in panel A. The structure of the dp4 is a mixture 

of 4S4S, 6S6S, 4S6S, 6S4S corresponding to R3R6, R2R5, R3R5, and R2R6, respectively. 

 

 

O

OR1

O
CH2 OR2

R3O
-O2C

OH

NHAc

O

O

OR4

O
CH2 OR5

R6O
CO2

-

OH

NHAc

OHO
O

A

0 2 4 6 8Time (min)
0

3

6

9
In

te
ns

ity
 (
�

10
6 

)

500 1000 1500

m/z

3

6

9

458.06
z=2

917.13
z=1In

te
ns

ity
 (
�

10
5 

)

B

Di S dp4

Dimer



 

31 

 

 

Figure 11: Chondroitin sulfate hexasaccharides (dp6) verified using Orbitrap mass spectrometer. A) Total 

ion chromatogram, in which the peak a is sodium acetate and the peak b is CS oligosaccharide; B) Mass 

spectrum of the peak b in the panel A, composition of dp6 as showed in the panel B. The dp5-1 is 

pentasaccharide with one unsaturated uronic acid, two saturated uronic units and two galactosamine units. 

The dp5-2 is pentasaccharide with two saturated uronic units and three galactosamine units. The structure of 

the dp6 is a mixture of 4S4S4S, 6S6S6S, 4S6S6S, 6S4S6S, 6S6S4S, 4S4S6S, 4S6S,4S, 6S4S4S, corresponding to 

R3R6R9, R2R5R8, R3R5R8, R2R6R8, R2R5R9, R3R6R8, R2R6R9, R3R5R9, respectively. 
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2.3.3 On-line Capillary Isoelectric Focusing Mass Spectrometry (cIEF-MS) 

Online cIEF-MS was performed on an Agilent 7100 CE system (Agilent Technologies, 

Santa Clara, CA) coupled to an Agilent 6545 quadrupole-time of flight (Q-TOF) mass 

spectrometer using EMASS-II CE-MS ion source (CMP Scientific Corp, Brooklyn, NY) (see 

Graphical Abstract). Cation coated electrospray emitters for online cIEF-MS analysis (1.0 mm 

o.d., 0.75 mm i.d., 15−25 μm tip size) and neutral coating PS1 capillaries (360 μm o.d. and 50 

μm i.d.) for separation were from CMP Scientific.  The catholyte was 0.2 N ammonium 

hydroxide, 50-70% methanol (v/v).  The anolyte was 0.1-1% formic acid in 50-70% methanol 

(v/v).  A negative electrospray ionization voltage (between -1.5 and -2.0 kV) was supplied by an 

external benchtop high voltage power supply that comes with the EMASS-II ion source. The 

sheath liquid was 10 mM ammonium acetate, 80% methanol (v/v).  The capillary voltage (Vcap) 

on the Agilent 6545 Q-TOF was set at zero volts.  A single bore inline nanospray shield was 

used to divert the drying gas out of the mass spectrometer, in order to minimize interference with 

the nanospray out of the EMASS-II ion source.  The distance from the emitter tip to the mass 

spectrometer was adjusted to be between 3 to 4 mm, as measured by the microscope camera.  

Samples (2-5 ppm) were prepared in 0.5% ampholyte 2.5-5 or 3-10, 50-70% methanol.  

2.3.4 Normal and Reverse Polarity Modes of cIEF-MS 

For normal polarity mode, sample solution injection time was set as 60 s following 180 s 

of the catholyte solution injection under 950 mbar in a 75 cm long capillary (50 µm i.d.).  The 

minimum capillary length compatible with the instruments used in the current study was 50 cm.  

Capillaries of 50, 60, 70 and 75 cm were examined, and the 75 cm long capillary afforded the 

best resolution.  The total time for filling the 75 cm capillary, at a pressure of 950 mbar, was 80 
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s.  A 180 s catholyte injection rinse represents about twice of the capillary volume and was 

sufficient for reconditioning the capillary after each run.  A sample injection time of 60 s 

corresponds to filling 75% of the capillary length with sample.  A positive CE separation voltage 

(+30 kV) was then applied at the capillary inlet end to initiate electric focusing.  A constant 

pressure (10-100 mbar) was applied at the capillary inlet to generate hydrodynamic flow in order 

to shorten analysis time.  For reverse polarity mode, the anolyte and catholyte injection 

sequences were the opposite.  The separation voltage was set at -30 kV.  A schematic workflow 

of the cIEF-MS is shown in Figure 9. 

2.3.5 Mass Spectrometry Parameters 

The capillary voltage of Q-TOF was set at 0 V.  Drying gas was 2 L/min at 350 ℃.  

Fragmentor voltage was 100 V.  Acquisition range was m/z 200-1,700.  Acquisition was 1 

spectrum per second at negative-ion mode.  The CE-MS method setup, data acquisition and 

analysis were performed using Agilent MassHunter Workstation software (v B.08). 

2.4  Results And Discussion 

2.4.1 Carrier Ampholytes 

The carrier ampholytes used in this study are Pharmalytes® from GE Healthcare, which 

are a proprietary complex mixture of low molecular weight compounds.110 During reversed 

polarity electric focusing, protons from anolyte solution (formic acid) move toward CE electrode 

(with the opposite charge), hydroxides in the catholyte solution (ammonium hydroxide) move 

away from the CE electrode (toward the mass spectrometer).  Under the impact of surrounding 

solvent pH, each of the ampholytes can carry positive, negative, or zero net charge.  An 

ampholyte compound stops moving when it arrives at a point where the pH equals its pI value.111 
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The analytes, which are pre-mixed with ampholytes, will move toward anolyte if their pI values 

are higher than the surrounding pH, toward catholyte if their pI values are lower than the 

surrounding pH.  With the assistance of this pH gradient formed by the ampholytes, the analytes 

then condense into focused zones at their characteristic pI values.  In the absence of ampholytes, 

there was no separation between the sulfo group-containing HS disaccharides (Figure 12).  

 

 

Figure 12: Reverse polarity cIEF-MS using 8 heparan sulfate dp2 standards without ampholytes. The panels 

A and F are extracted-ion electropherogram displayed at an intensity scale of 102, B and E are at intensity of 

103, C and D are at intensity of 104. The extracted-ion electropherogram in panels A, B and C were 

recovered from the capillary using a system flush after 90 min. The 0S sample (A) failed to focus. 

 

Commercial ampholytes, Pharmalyte®, are available at pH ranges of pH 2.5-5.0, 5.0-8.0, 

and 3.0-10.0.  We first tested the Pharmalyte® with pH range 3.0-10.0 for the normal polarity 

cIEF-MS analysis, but soon realized that the acidic sulfated oligosaccharides were retained 
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strongly at the CE electrode, fouling the mobilization process.  In subsequent reverse polarity 

cIEF-MS experiments we tested Pharmalyte® with pH range 2.5-5.0 or a mixture of ampholytes 

with pH ranges 2.5-5.0 and 5.0-8.0.  The best results were obtained using pH range 2.5-5 under 

the reverse polarity mode. 

2.4.2 Comparing Normal and Reverse Polarity cIEF for the Separation of 

Heparan Sulfate Disaccharides 

In normal polarity cIEF, the injection order begins with the catholyte solution, followed 

by sample solution (in ampholytes) and anolyte solution (Figure 9).  The catholyte solution 

(ammonium hydroxide) is injected first into the capillary to form a high pH barrier on the 

cathode side.  This ammonium hydroxide plug is pushed close to the capillary outlet end by the 

following sample and ampholyte mix injection, sitting next to the electrospray emitter tip, which 

points towards the mass spectrometer.  After sample injection, the anolyte solution (formic acid) 

vial was engaged onto the capillary inlet and CE electrode, serving as the low pH barrier on the 

anode side.  When a positive 30 kV was applied at the CE electrode, positively charged ions 

moved toward the cathode and negatively charged ions moved toward the anode under the 

influence of the electric field force.  Eventually continuous pH gradient zones were formed 

inside the capillary.  Ampholytes as well as each analyte were then focused into pH zones where 

the surrounding pH equaled their pI values. Only HS 0S disaccharide, ∆UAGlcNAc, having a 

single carboxyl group and no sulfo group (Table 3) was eluted under normal polarity cIEF mode 

using pI 3-10 ampholytes (Figure 13).  The ampholytes migrated out of the capillary between 20 

and 25 min (Figure 13A).  However, the HS 0S dp2 standard was well retained in the capillary, 

until the pressure applied on capillary was increased from 25 mbar to 920 mbar, as was done at 

100 min in Figure 13B and 7C (HS 0S dp2 standard, m/z 378).  This resulted from the fact that 
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the negatively charged carboxyl group in HS 0S exhibits a pI value leading to focusing near the 

anolyte side.  In theory, chemical mobilization could work well alone but this approach is 

complicated by high viscosity and a high concentration of methanol.  In order to be detected in 

MS within regular analysis time, the HS 0S needed to be flushed out of the capillary by 

increasing the applied pressure, otherwise its migration time would be much longer than 100 

min.  Thus, we concluded that normal polarity cIEF-MS was unsuitable for the analysis of 0S 

dp2 or more highly charged GAG-derived oligosaccharides. 

 

Figure 13: Normal polarity cIEF-MS of HS 0S dp2 standard using pH 3-10 ampholytes.  A. Base peak 

electropherogram with 0S eluting as a peak at 100-101 min.  B. Extracted-ion electropherogram m/z = 

378.1038.  C. Mass spectrum of the peak at 100-101 min in panel B. 
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In contrast, in reverse polarity cIEF-MS, a negative voltage was applied (in place of the 

positive voltage as used in normal polarity) to the injection vial end (see Graphical Abstract), 

reversing the positions of the cathode and anode.  As a result, reverse pH gradient was formed 

inside the CE separation capillary (Figure 9B).  Analytes with the lowest pI values in this case 

moved closest to the capillary outlet during focusing, greatly shortening their migration time.  

This could be clearly observed using three pI standards (Figure 14).  Under this reverse polarity 

cIEF-MS condition, the eight HS disaccharides (Table 3), after focusing, left the capillary 

between 41 and 53 min and were separated based on their total number (-4 to -1 at pH 7) of 

negative charges (Figure 15G).  The HS TriS (HS dp2, 2S6SNS with one carboxyl and three 

sulfo groups) have the highest number of negative charges, thus eluted the first at 41 min (Figure 

15F).  The peaks of HS 2S6S, NS2S and NS6S followed the TriS peak (Figure 15D & E), they 

have nearly identical pI values as they all have one carboxyl and two sulfo groups at various 

positions on these HS disaccharides.  HS disaccharides with only one carboxyl and one sulfo 

group, the 2S,6S and NS, migrated out of the capillary afterwards (Figure 15B & C).  The HS 2S 

and 6S disaccharides (Figure 15B), having identical molecular weights, both appeared at 45.9 

min.  The HS-NS peak migrated out of the capillary at 46.5 min.  This very small difference in 

migration times may reflect the difference between the O-sulfo and N-sulfo pI values.112 The HS 

0S disaccharide showed the longest migration time due to a much higher pI because of the 

absence of a sulfo group (Figure 15A). Some of the peaks were slightly asymmetrical or split, 

presumably due to the presence of a- and b-anomeric forms.91 In conclusion, under reverse 

polarity mode, HS disaccharides were focused between the cathode and the anode with the most 

negatively charged of the analytes, nearest the anode, migrated first from the emitter to be 

detected by mass spectrometer.  This reverse polarity cIEF method exhibited charge-based 
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separation of HS disaccharides for MS detection.  Although it is very challenging to separate 

analytes of nearly identical pI values, challenges in separating analytes with very similar 

properties (i.e., size, charge, hydrophobicity, etc.,) are also encountered in other separation 

methods, such as size exclusion chromatography, ion exchange, or C18-based 

separations.83,113,114  Thus, our approach is limited by being unable to separate analytes with the 

same pI values, but it provides a new and different way to afford structural information on such 

analytes, which other methods cannot achieve. 

 

Figure 14: Reverse polarity cIEF-MS of pI standards using pH 2.5-5.0 ampholytes. A. Extracted-ion 

electropherogram of iminodiacetic acid (a) having a known pI of 2.23 and aspartic acid (b) having a known pI 

of 2.77.  B. Extracted-ion electropherogram of glutamic acid (c) having a known pI of 3.22. 
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Figure 15: Reverse polarity cIEF-MS of 8 HS dp2 standards using pH 2.5-5.0 ampholytes. A.-F. Extracted-ion 

electropherograms of individual dp2 masses and G. of all dp2 masses. The peak shapes for single component 

analytes, i.e., 0S and TriS, are nearly ideal, while those of multi-component analytes, i.e., Di S and Mono S are 

not. The separation window between TriS and NS is 7 min. 
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2.4.3 Analysis of Chondroitin Sulfate Disaccharides and the Linearity of 

Established pH Gradients in the Reverse Polarity Mode 

Table 4: Migration time of pI markers in reverse polarity mode (y = 2.9096x+40.894, r2 = 0.8661). 

 

Compounds pI Migration time (min) 

Glutamic acid 3.22 50.6 
Aspartic acid 2.77 48.3 

Iminodiactic acid 2.23 47.7 
CS MonoS-2nd peak 2.17 47.2 
CS MonoS-1st peak 2.07 46.9 

CS DiS-2nd peak 1.71 45.9 
CS DiS-1st peak 1.16 44.3 

CS TriS 0.97 43.7 
 

The CS disaccharide standards (Table 3) contained a highly (-4 at pH 7) negative CS 

TriS, 2S4S6S, three isomeric disaccharides with two sulfo groups, CS 2S4S, 2S6S and 4S6S, 

three disaccharides containing one sulfo group, CS 2S, 4S and 6S, and one non-sulfated 

disaccharide CS 0S.  The results of cIEF-MS analysis of CS disaccharides (Figure 16) were 

similar to those obtained from the HS disaccharides (Figure 15).  The CS disaccharides with 
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higher negative charge (lower pI) displayed shorter migration times.  In this experiment, three pI 

markers, iminodiacetic acid, aspartic acid and glutamic acid (pI 2.23, 2.77, and 3.22, 

respectively) were also examined under the same conditions (Figure 14).  A linear regression 

analysis of the marker pI values and migration time was then used to calculate the observed pI 

values of CS disaccharides (Table 4).  In terms of sensitivity, the sample loading amount was 0.5 

ng for each disaccharide affording an intensity of 104 using cIEF-MS method, which affords a 

sensitivity comparable to LC-MS and CE-MS methods currently used to analyze underivatized 

GAG-derived disaccharides prepared from biological samples.   

 
Figure 16: Reverse polarity cIEF-MS 8 CS dp2 standards and three known pI standards (positions shown by 

dashed lines) using pH 2.5-5.0 ampholytes.  Extracted-ion electropherograms A, C, D are at intensity of 104 

and B and E are at intensity of 105. Some minor peaks (unlabeled) can also be observed due to sulfate loss. 

For example, the first small peak in panel C at 43.8 min corresponds to the loss of one sulfo group from the 

TriS. The separation window between TriS and Mono S is 4 min. 

 

It is difficult to comment on resolution since cIEF-MS resolves disaccharides based on 

their pI and other methods resolve molecules based on their net charge and size, but in general 
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the resolution of these analytes is lower in cIEF since their apparent pI values are very similar.  

In terms of reproducibility, this is the first study using cIEF-MS so that this is difficult to assess 

and additional studies from various labs and using different CE instruments, capillaries and 

ampholytes, mass spectrometers, and interfaces need to be compared. 

 

2.4.4 Analysis of Larger CS Oligosaccharides 

With the established condition using commercial disaccharide standards, longer CS 

oligosaccharides (structural information see in Figure 10 and Figure 11) were analyzed by this 

negative-ion mode cIEF-MS method.  A mixture of CS tetrasaccharides (dp4) containing, on 

average, one sulfo group on each of its two disaccharide units and CS hexasaccharide (dp6) 

containing, on average, one sulfo group on each of its three disaccharide units (Figure 17) were 

used for the testing.  Based on our hypothesized pI-based separation mechanism, the larger CS 

dp4 and CS dp6 oligosaccharides should behave the same as the CS disaccharides with single 

sulfo groups.  The CS dp4 and CS dp6 oligosaccharides migrated out of the capillary at nearly 

identical time (Figure 17C and 11D).  CS dp4 and CS dp6 samples are mixtures of isomers, 

prepared from a CS sample containing a mixture of both 4-O- and 6-O- sulfo groups, therefore 

each appeared as multiple peaks, which are indicative of four to eight potential positional 

isomers (Figure 17). 
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dp4 

dp6 

 

Figure 17: Reverse polarity cIEF-MS of CS dp2, dp4, and dp6 mixture using pH 2.5-5.0 ampholytes. A-F are 

extracted-ion electropherogram and b, c, d are the mass spectra of B, C and D, respectively. Panel A, C, D, E, 

c and d are at intensity of 104 and panels B & b are at intensity of 105. The structure of the dp4, analyzed in 

D, is a mixture of 4S4S, 6S6S, 4S6S, 6S4S corresponding to R3R6, R2R5, R3R5, and R2R6, respectively. The 

structure of the dp6, analyzed in C, is a mixture of 4S4S4S, 6S6S6S, 4S6S6S, 6S4S6S, 6S6S4S, 4S4S6S, 4S6S, 

4S, 6S4S4S, corresponding to R3R6R9, R2R5R8, R3R5R8, R2R6R8, R2R5R9, R3R6R8, R2R6R9, R3R5R9, 

respectively. 
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2.5  Conclusion 

A novel on-line reverse polarity negative-ion mode cIEF-MS method has been developed 

for the separation and analysis of GAG-derived oligosaccharides.  Both normal and reverse 

polarity cIEF were examined. Reverse polarity cIEF-MS was found to be most suitable for the 

GAG-derived oligosaccharides with low pI values.  Mixtures of eight HS disaccharides and eight 

CS disaccharides were focused and separated by cIEF based on the number of sulfo groups.  The 

neutral coating of the capillary to suppress electroosmotic flow is not completely sable in 

ammonium hydroxide leading to some variability in migration time or the capillary lifetime that 

can be compensated by a normalization equation (Figure 21).  This separation, however, showed 

reasonable reproducibility and a linear nature of the pH gradient within the capillary was 

demonstrated using pI markers. (Table 4, and Figure 18-Figure 21).  Some cIEF separation was 

achieved between GAG disaccharides having the same number of O-sulfo groups that were 

positional isomers.  In addition, N-sulfo and O-sulfo group substituted disaccharides migrated 

differently. Mixtures of larger oligosaccharides, dp4 and dp6, were also analyzed by cIEF-MS. 

Their migration in cIEF-MS correlated to their average number of sulfo groups per disaccharide 

unit.  The observed pI values for these GAG-derived oligosaccharides were higher than 

previously reported,115 as the separations were carried out in methanol-based anolyte and 

catholyte solvents suppressing carboxyl and sulfo group charge exposure,116 their migration time 

and their apparent pI values fit a linear regression model, supporting the underlying pH gradient 

formation and pI-based separation. 
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Figure 18: Reproducibility of reverse polarity cIEF-MS using 8 heparan sulfate dp2 mixture. Extracted-ion 

electropherogram of 8 component heparan sulfate dp2 mixture (second of three injections). The front marker 
is the first ampholyte peak eluting and the end marker is the last ampholyte peak eluting. 

 

 
Figure 19: Reproducibility of reverse polarity cIEF-MS using 8 heparan sulfate dp2. Extracted-ion 

electropherogram of 8 component heparan sulfate dp2 mixture (first of three injections). The front marker is 

the first ampholyte peak eluting and the end marker is the last ampholyte peak eluting. 
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Figure 20: Reproducibility of reverse polarity cIEF-MS using 8 heparan sulfate dp2 mixture. Extracted-ion 

electropherogram of 8 component heparan sulfate dp2 mixture (third of three injections). The front marker 

is the first ampholyte peak eluting and the end marker is the last ampholyte peak eluting. 

 

 
Figure 21: The variation in normalized migration times from Figure 18, Figure 19, and Figure 20 are shown. 

Normalization used the equation ∆"# = %['()	"+ ),)//()0 )	"+)]⁄⁄
2
3where D is the diffusion coefficient, E 

is the field strength, μ is the mobility of the analyte, and )0 )	"+⁄  describes the mobility-pH relationship. 
The term )	"+ ),⁄  represents the change in the buffer pH per unit of capillary length. (Robert Weinberger, 

Practical Capillary Electrophoresis. 2nd Edition. Academic Press. Olando, 2000.) 
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CHAPTER 3 

3. Chemometric Analysis of Porcine, Bovine, and Ovine 

Heparins2 

3.1  Abstract  

Heparin is a polysaccharide anticoagulant drug isolated from animal tissues. There have 

been concerns on the safety and security of the heparin supply chain since 2007-8 when a 

contamination crisis led to its disruption. The current study applies a suite of modern analytical 

techniques to porcine, bovine and ovine intestinal mucosal heparins. These techniques include 

structural analysis by nuclear magnetic resonance spectrometry, disaccharide compositional 

analysis, bottom-up analysis of tetrasaccharides corresponding to heparin’s antithrombin III 

binding site. Chemometric analysis was then applied to understand how these structural 

differences to predict the animal/tissue source of heparin and to help detect blending of heparins 

from various sources.  

3.2  Introduction 

Heparin is a natural product derived from the tissues of food animals that is widely used 

in modern medicine to control blood coagulation.75 Discovered over 100 years ago, heparins 

introduction as a clinical anticoagulant predated the establishment of the US Food and Drug 

Administration (FDA) in 1937.117 The first clinically used heparin was prepared from bovine 

organ tissue at Connaught Laboratories, Toronto,117 and bovine sourced heparin was widely used 
 

This chapter previously appeared as: Ouyany, Y.*; Han, X.*; Yu, Y.; Chen, J.; Zhang, F.; Linhardt, R.J.; Fareed, J.; 
Hoppensteadt, D.; Jeske, W.; Kouta, A.; Zhang, Z.; Xia, K. Chemometric Analysis of Porcine, Bovine and Ovine 
Heparins. J. Pharm. Biomed. Anal. 2019, 164, 345−352. (*Equal contributor, co-first author) 
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in addition to porcine heparin well into the 1980’s until a British outbreak of prion-based ‘mad 

cow disease’, or bovine spongiform encephalopathy (BSE).118,119  In the same time period, ovine 

heparin has niche applications in Oceana where sheep were prevalent.   Since the 1990’s, porcine 

intestinal mucosa has been the major tissue source of heparin-based products (i.e., unfractionated 

heparin, low molecular weight heparins, and heparinized medical devices) requiring over 100 

metric ton production and commanding a ~10 B$ market.120 Heparin is considered to be a critical 

drug and without an adequate supply of heparin products the practice of modern medicine would 

not be possible.121 

In 2007-2008, there was a heparin crisis in which adulterated porcine heparin, coming 

from China, entered the world market leading to the deaths of nearly 100 patients.19,121 In 

response to this crisis, world regulatory agencies and compendial organizations, such as the US 

FDA and the US Pharmacopeia (USP), increased their diligence in the regulation and analyses of 

this critically important drug.122  Recently, there has been growing concern about the stability, 

security and safety of the world’s supply of heparin.  There are three major areas of concern: 1. 

Heparin comes from a single animal species that has been subject to disease outbreaks impacting 

herd size, production levels and prices; 2. Over half of the world’s supply is controlled by a 

single country;123 and 3. This complex, animal-sourced, polycomponent/polypharamacological 

polysaccharide drug (Figure 22) leaves it susceptible to future adulteration, the presence of 

viral/prion impurities, and potential blending with heparin sourced from other species.124–126  

Indeed, these recent concerns have been clearly expressed by the US FDA and US Congress127 

and the blending with heparin sourced from other species has recently resulted in the withdrawal 

of heparin from the market in Germany.128 



 

49 

The current study extends a principal component analysis (PCA) approach, recently 

introduced to measure numerical differences between porcine, bovine and ovine heparins using 

1H-nuclear magnetic resonance (NMR) spectroscopy,129 to mass spectral disaccharide and 

tetrasaccharide analyses.  Finally, visual data mining software130 is applied to better understand 

the structural basis for these numerical differences between porcine, bovine and ovine heparins. 

 

 
 N-Acetylglucosamine,  Glucosamine,   Glucuronic acid,   Iduronic acid,   uronic acid, 

and S is sulfo. 
Figure 22: Schematic illustration of heparin structure analysis strategy.    

 

3.3  Materials and Methods 

3.3.1 Heparin Samples 

The API versions of bovine, ovine and porcine heparins were obtained in powdered form. 

The bovine heparins were obtained from Kin Master (Passo Fundo, Brazil) and exhibited the 

specific USP activities of 130–140 U/mg. The ovine heparin samples were obtained from Ronnsi 

Pharma (Suzhou, China) and exhibited a specific activity of 195–208 U/mg. The porcine 

heparins were obtained from Medefil Inc. (Glendale Heights, USA) and exhibited a USP potency 

range of 185–200 U/mg. 
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3.3.2 Nuclear Magnetic Resonance Analysis 

Nuclear magnetic resonance (NMR) analyses were performed on a Bruker Avance II 600 

MHz spectrometer (Bruker BioSpin, Billerica, Massachusetts) with TopSpin 2.1.6 software 

(Bruker). Samples were prepared by dissolving approximately15 mg of heparin in 99.96% D2O 

and lyophilizing the sample to remove exchangeable hydrogen from the backbone of the 

structure. This was repeated 3 times to ensure that the deuterium exchange was complete. The 

sample was then re-dissolved in 0.4 mL of 99.96% D2O to minimize the HOD peak in the NMR 

spectrum. The conditions for 1-dimensional (1D) 1H-NMR spectra were as previously reported. 

Briefly, a wobble sweep width of 12.3 kHz, acquisition time of 2.66 s, and relaxation delay of 

8.00 s were used. Temperature was 298 K. Peaks are assigned based on our previous 

publication.131,132 Each peak is normalized by the total value of all peaks (excluding HOD 

peak)(Figure 23). 
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Figure 23: Representative one-dimensional (1D) nuclear magnetic resonance (NMR) heparin from porcine 

(PH), ovine intestinal mucosa (OH), bovine heparin (BH) Extrasul (Bes) and bovine EuroPharma (Bep).   A. 

Comparison of the 1H-NMR spectra of heparin prepared from different source. 

Peak/ppm/assignment/residue: a/5.51/H1/GlcNS6S; b/5.38/H1/GlcNY3S; c/5.34/H1/GlcNY6X (where Y = Ac 

or S and X = H or S); c2/5.24/GlcANS; c3/5.18/ IdoA2S–GlcNAc or IdoA2S–GlcNS; d/5.15/ IdoA2S–GlcNAc 

or IdoA2S–GlcNS; e/4.93/H1/ IdoA2S–GlcNS6S; e1/4.81/H5/IdoA-GlcNS6OH; f/4.76/H5/ IdoA-GlcNS6S; 

g/4.53/H1/GlcA; h/4.34/H6/GlcNS6X; i/4.26/H2/IdoA2S; j/4.2/H6/ GlcNS6S; j1/4.17/H6’/GlcNS6S; 

k/4.13/H3/IdoA2S; l/4.03/H4/IdoA2S; m/3.94/H5/GlcNS6S; n/3.78/H6/GlcNS; o/3.71/H4/GlcNS6S;  

p/3.58/H3/GlcA;    q/3.32/H2/GlcA, GlcNS3S and Glc3S;  r/3.20/H2/GlcNS6X;  s/1.95/CH3/GlcNAc. B. 

Average integration of heparin NMR peaks from subgroups of porcine, ovine, bovine Extrasul (Bes) and 

bovine EuroPharma (Bep). Each peak is normalized by the total value of all peaks (excluding HOD peak). 

The error bar shows the standard deviation over the integration of the different samples in the same 

subgroup.   
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3.3.3 Disaccharide Analysis 

Heparin disaccharides (Figure 24) were prepared by exhaustive digestion using a mixture 

of heparinase I, II, and III (each lyase 0.1 IU/1.0 mg sample) in digestion buffer (50 mM 

ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0) at 37 ºC for overnight.  

Enzymatic digestion was terminated by boiling samples for 10 min and removing the denatured 

enzymes with centrifugation at 10,000 rpm for 10 min.  Supernatants were frozen dry and re-

dissolved to 1 μg/μL for LC-MS analysis.  

Online RPIP LC tandem Iontrap MS on an Agilent 1200 LC-Iontrap was used to analyze 

disaccharides from NACHs.  LC was performed on an Agilent 1200 LC system at 45 °C using an 

Agilent Poroshell 120 EC-C18 (2.7 µm 2.1 ×100 mm) column.  Mobile phase A (MPA) was 38 

mM ammonium acetate and 12 mM tributyl-ammonium acetate in 15% acetonitrile aqueous 

solution (pH = 6.5), and the mobile phase B (MPB) was 38 mM ammonium acetate and 12 mM 

tributyl-ammonium acetate in 65% acetonitrile aqueous solution (pH = 6.5).  The mobile phase 

passed through the column at a flow rate of 100 μL/min. The gradient was: 0-8 min, 0% B; 8-15 

min, 0-80% B; 15-25 min, 80% B; 25-26 min, 80-0% B; 26-40 min, 0% B. The injection volume 

is 2 μL. The MS parameters in negative mode as below: scan range 300-700 m/z, nebulizer 40 

psi, dry gas 8 L/min, dry Temperature 350 °C, capillary 1 nA.133 
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Figure 24: Extracted ion chromatograms (EICs) of disaccharide analysis using RPIP HPLC-MS method. 

Panel A: disaccharides standards. Panel B: Medefil Porcine intestinal mucosal heparin (PH). Panel C: Ovine 

Intestinal Mucosa heparin (OH). Panel D: Bovine intestinal mucosal heparin (BH). Peak 1-8 are 0S, NS, 2S, 

6S, NS2S, NS6S, 2S6S, and NS2S6S, respectively. 

 

3.3.4 Tetrasaccharide Analysis 

Tetrasaccharides (Figure 25, Table 5) from heparins of different animal source were 

obtained by digestion only using a mixture of heparin lyases (0.1 IU/1.0 mg sample) in digestion 

buffer (50 mM ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0) at 37 

ºC for 2 h.  Enzymatic digestion was terminated by boiling samples for 10 min and removing the 
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denatured enzymes with centrifugation at 10,000 rpm for 10 min.  Supernatants were frozen dry 

and re-dissolved to 2 μg/μL for LC-MS analysis  

Online RPIP LC tandem Iontrap MS on an Agilent 1200 LC-Iontrap was used to analyze 

tetrasaccharides from heparins.  LC-MS parameters and condition used same as disaccharide 

analysis described above, except flow rate was 120 μL/min and mobile phase gradient from 2% 

to 30% MPB in 40 min, then rose to 60% MPB in following 15 min. 

 

Figure 25: Extracted ion chromatograms (EICs) of tetrasaccharide analysis using RPIP HPLC-MS. A. EIC of 

tetrasaccharide from porcine heparin (PH). B. EIC of tetrasaccharide from ovine heparin (OH). C. EIC of 

tetrasaccharide from bovine heparin (BH) Extrasul and European Pharmacopeial heparin. 
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Table 5: The mass and composition of the tetrasaccharide peaks found in Figure 25.  S: number of sulfation 

group on each tetrasaccharide; A: number of Acetyl group on each tetrasaccharide; ND: not detected. 

Peak Composition m/z PH OH BH 

1 3S1A 477.04 ND ND 2.3% 
2 3S1A 477.04 14.8% 4.0% 23.8% 
3 3S1A 477.04 0.3% ND ND 
4 4S 496.01 0.8% ND ND 
5 4S 496.01 0.4% ND ND 
6 4S 496.01 0.3% 1.1% 3.5% 
7 4S1A 517.02 62.3% 47.7% 13.2% 
8 4S, Anhydro 487.01 ND 4.1% 1.2% 
9 5S 535.99 ND ND 2.8% 
10 4S1A 517.02 8.1% ND ND 
11 5S 535.99 ND ND 2.1% 
12 5S 535.99 ND ND 3.5% 
13 5S 535.99 ND ND 2.5% 
14 5S 535.99 5.6% 10.5% 7.0% 
15 5S 535.99 0.3% 1.4% 4.1% 
16 5S 535.99 ND ND 5.6% 
17 6S 575.97 ND ND 5.1% 
18 5S, Anhydro 526.99 ND 5.8% ND 
19 5S 535.99 ND ND 3.3% 
20 5S, Anhydro 526.99 ND 7.0% ND 
21 6S 575.97 3.6% ND 1.5% 
22 5S1A 557.00 ND 5.0% ND 
23 6S 575.97 ND ND 3.1% 
24 6S 575.97 4.0% 13.4% 15.4% 

 

3.3.5 K Means Clustering Analysis 

With visual data mining software Orange Canvas,130 we utilized unsupervised learning 

technique as K-means clustering to group and depict the visualized and clustered data in figures. 

Projections were optimized by using an intelligent algorithm in Orange Canvas “Rank 

Projections” to find projections where instances where samples were all well separated. This 

algorithm scores feature-pairs by average classification accuracy and returns the top scoring 

pairs, which could separate clusters well from each other. 

 



 

56 

3.4  Results and Discussion 

Heparin is a polydisperse, microhetergenous mixture of polysaccharides (Figure 22) 

prepared from mast cell-rich tissues of food animals.  The heparin content and its structural 

properties can be impacted by the species and organ source as well as animal age, health, 

genetics, and feed.120,134  Thus, it is not surprising that over the years a number of studies have 

been aimed at understanding the structural and pharmacological differences between 

commercially available heparins.135–140 Heparin has a complex structure.  The GlcN residues in 

heparin can be modified with N-acetyl or N-sulfo groups and O-sulfo groups at positions 3 and 6.  

The UA residues in heparin can be D-glucuronic acid (GlcA) or L-iduronic acid (IdoA) that can 

be modified with O-sulfo groups at positions 2.  The major disaccharide repeating unit in heparin 

is ®4) a-IdoA2S (1®4) a-GlcNS6S (1®, where S is sulfo.75 Heparin’s anticoagulant activity is 

primarily derived from the ability of specific sequences in heparin to bind to the serine protease 

inhibitor, antithrombin III (AT), and potentiate AT inhibition of blood coagulation proteases, 

such as thrombin.  A pentasaccharide of the structure ®4) a-GlcNAc6S (1®4) b-GlcA (1®4) 

a-GlcNS3S6S (1®4) a-IdoAc2S (1®4) a-GlcNS6S (1®,  where Ac is acetyl, is one such AT-

binding site and some structural variation in the AT pentasaccharide binding site is possible 

while retaining its anticoagulant activity.141,142  Early studies relied on relatively simple 

characterization of these heparins including their anticoagulant activities, molecular weight 

properties, and selected structural features.  More recently, modern sophisticated analytical 

methods including NMR, mass spectrometry (MS), and hyphenated techniques such as bottom-

up analysis109 have facilitated very detailed mapping of a heparin’s structural features.   

We undertook to establish a suite of methods to examine structural differences between 

three currently used heparins, porcine intestinal mucosal heparin, bovine intestinal mucosal 
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heparin and ovine intestinal mucosal heparin (Figure 22).  Three analytical approaches, applied 

to 10 heparin samples from each animal source, were: 1. 1H-NMR analysis of intact heparin; 2. 

disaccharide compositional analysis of heparin lyase 1, 2, 3-treated heparin using high 

performance liquid chromatography (HPLC)-MS; and 3. bottom-up resistant tetrasaccharide 

analysis of heparin lyase 2-treated heparin using HPLC-MS.  The analytical data obtained on 

each of the 30-heparin samples were then analyzed using PCA and by data mining using K-

means to assess the numerical clustering of data and to understand the structural features behind 

this clustering.  

One-dimensional 600 MHz 1H-NMR analysis of the thirty heparin samples were obtained 

(Figure 23).  These spectra were assigned based on previously published two-dimensional 

spectra for selected porcine heparin (PH), bovine heparin (BH) and ovine heparin (OH)92,140 (2D-

NMR of animal heparins).  Twenty-four signals having distinctive chemical shifts were assigned 

(Figure 23) and these were integrated as the percentage of each total integrated spectrum and the 

resulting data was chemometrically analyzed (Figure 26).  As anticipated, the 10 PH, BH and 

OH heparins showed distinct non-intersecting clusters in the PCA analysis (Figure 26B).  The 

application of K-means analysis not only provided a similar degree of resolution between the 

heparins from each source but also identified the structural elements in each set that were 

different (Figure 26C).  Two of the assigned and resolved peaks, C at 5.34 ppm and S at 1.95 

ppm, corresponding to the GlcNY6X (where Y = Ac or S and X = H or S) and the CH3 signal of 

GlcNAc, respectively, are diagnostic for porcine, bovine and ovine intestinal mucosal heparins.  
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A 

 

(Glucuronic acid anomeric hydrogen, peak c from NMR spectrum) 

 

(N-Acetyl hydrogen, peak s from NMR spectrum) 

B 

 

 

 

 

 

C 

 

Figure 26: Statistical analysis of bovine, ovine, and porcine heparin structures based on 1H NMR 

information. (A)  The structure units of heparin that caused major variance in NMR analysis.   (B) PCA score 

plot of two first principle components of the NMR data sets. The first component explains 72.9 % of the 

variation and the second component 21.5 %.   Samples were grouped by different animal source. (C) K-

means clustering analysis of the NMR data, an example of top scoring feature pair is shown in panel c, when 

only using peak c H1/GlcNY6X (where Y = Ac or S and X = H or S) and paired with peak s CH3/GlcNAc, 

samples could clearly grouped into different animal sources. 
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Disaccharide (see Table 3 for structure) compositional analysis of 30-heparins, using 

reverse-phase ion-pairing (RPIP) HPLC-MS, showed the presence of all 8 commonly reported 

heparin disaccharides but in different amounts (Figure 24).  Again, PCA analysis shows distinct 

non-intersecting clusters for the data analyzed for porcine, bovine and ovine heparins (Figure 

27A) and K-means analysis showed a similar data separation that was primarily dependent on the 

concentration of the TriS and 6S disaccharides (Figure 27B). 
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A 

 

B 

 

Figure 27: Statistical analysis of bovine, ovine, and porcine heparin structures based on LC-MS disaccharide 

analysis. (A) PCA score plot of two first principle components of the disaccharide data sets. The first 

component explains 60.9 % of the variation and the second component 30.9 %.   Samples were grouped by 

different animal source. (B) K-means clustering analysis of the disaccharide data also grouped samples into 

different animal source. K-means clustering analysis of the disaccharide data, an example of top scoring 

feature pair is shown in panel c, when only using TriS and paired with 6S, samples could clearly grouped into 

different animal sources. 
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The glycosidic linkages between glucosamine and uronic acid at a disaccharide residue 

adjacent (on the non reducing side) to a 3-O-sulfoglucosamine, N-sulfoglucosamine residue 

containing disaccharide unit are known to be resistant to heparin lyase 2.143 This 3-O-sulfo, N-

sulfoglucosamine residue is the critical, invariant central residue in heparins AT-binding site, 

thus, when anticoagulant heparin is exhaustively treated with heparin lyase 2 it gives rise to 

resistant tetrasaccharides containing half of heparins AT-binding site with a reducing terminal 3-

O-sulfo, N-sulfoglucosamine residue.  The structures of these resistant tetrasaccharides give 

critical information on the structural variability of a heparin and the quantity and distribution of 

these resistant tetrasaccharides can be correlated to the anticoagulant activity of a heparin or 

LMW heparin.142,144  Thus, a bottom-up analysis of the 30-heparin samples was undertaken with 

the goal of examining heparin lyase 2-resistant tetrasaccharides to better understand the 

structural differences in porcine, bovine and ovine heparins having the largest impact on their 

anticoagulant activity.  Based on the known specificity of heparin lyase 2 and the presence of at 

least two sulfo groups in each tetrasaccharide there are 25 permutations suggesting 32 possible 

resistant tetrasaccharide structures (Figure 28A). Treatment of each of these 30 heparins with 

heparin lyase 2, followed by RPIP HPLC-MS gave remarkably distinctive distributions of 

tetrasaccharides dependent on species source (Figure 25).  Porcine heparin, as previously 

reported,144 shows a relatively simple mixture of resistant tetrasaccharides dominated by 5-6 

structures.  Ovine heparin shows a slightly more complex mixture with 8-9 prominent resistant 

tetrasaccharide structures.  Bovine heparin shows a much more complex pattern with as many as 

24 prominent resistant tetrasaccharide structures, suggesting it contains almost all of the 

tetrasaccharides possible based on the known heparin biosynthetic pathway1 and the known 

specificity of heparin lyase 2. PCA analysis shows tightest clustering of non-intersecting data for 
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porcine, bovine and ovine heparins (Figure 28B) and K-means analysis showed a similar data 

separation that was primarily dependent on the integration of peak 2 and peak 24, corresponding 

to tetrasaccharides having 3 sulfo groups and 6 sulfo groups, respectively. (Table 5). 
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Figure 28: Statistical analysis of bovine, ovine, and porcine heparin structures based on LC-MS 

tetrasaccharide analysis. (A)  The general structure of tetrasaccharide.   (B) PCA score plot of two first 

principle components of the tetrasaccharide data sets. The first component explains 59.4 % of the variation 

and the second component 29.7 %. Samples were grouped by different animal source. (C) K-means clustering 

analysis of the tetrasaccharide data, an example of top scoring feature pair is shown in panel c, when only 

using TriS and paired with 6S, samples could clearly grouped into different animal sources. 
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The tight clustering of the PH, BH and OH samples allows for optimal detection of 

blended products. The expected performance of PCA and K-means analysis using NMR, 

disaccharide compositional and bottom-up tetrasaccharide analysis on mixtures of PH and OH or 

BH heparins at ratios ranging from 90:10 to 10:90 is shown in Figure 29.  All data sets can be 

used to detect 25% blends but these data suggest that bottom-up tetrasaccharide analysis might 

be capable of detecting 10% blends. 

Finally, these data offer particularly detailed structural information on porcine bovine and 

ovine intestinal mucosal heparins. Indeed, using the data presented together with previously 

published molecular weight data allow us to construct general molecular structures of each 

commercial heparin product (Figure 30). 
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A 

 

B 

 

C 

 

Figure 29: The scatter plot of principal component analysis(left) and K-means (right) for porcine heparin 

blending bovine or ovine heparin based on (A) 1H NMR analysis, (B) disaccharide analysis, and (C) 

tetrasaccharide analysis. 
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3.5  Conclusion 

Analysis of 30 commercial heparin samples relying on NMR structural data obtained on 

intact heparins, disaccharide compositional data prepared using heparin lyase 1, 2, 3 treatment 

followed by HPLC-MS analysis, and heparin lyase 2-resistant bottom-up HPLC-MS 

tetrasaccharide analysis was acquired.  Chemometric analysis of these data by PCA and K-means 

showed the well-resolved separation of commercial intestinal mucosal heparins derived from 

three animal species, pig, cow and sheep.  The data from bottom-up HPLC-MS tetrasaccharide 

analysis showed the best clustering offering an opportunity to detect blending of as little as 10% 

bovine or ovine heparin into porcine heparin.  These data and their analyses also affords an 

improved insight into the structural properties of each of these heparins and in particular the 

structural variability of their AT-pentasaccharide binding sites, primarily responsible for the 

anticoagulant activity. 

PH 

 

OH 

 

BH 

 

Figure 30: General structure for porcine, ovine, and bovine heparin.  Estimated N-Acetyl group per heparin 

chain. 
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CHAPTER 4 

4. Circulating Heparan Sulfate Fragments Mediate Septic 

Cognitive Dysfunction and Circulating Heparin 

Oligosaccharides Rapidly Target the Hippocampus in Sepsis3,4 

4.1  Abstract 

Septic patients frequently develop cognitive impairment that persists beyond hospital 

discharge. The impact of sepsis on electrophysiological and molecular determinants of learning 

is underexplored. We observed that mice that survived sepsis or endotoxemia experienced loss of 

hippocampal long-term potentiation (LTP), a brain-derived neurotrophic factor–mediated 

(BDNF-mediated) process responsible for spatial memory formation. Memory impairment 

occurred despite preserved hippocampal BDNF content and could be reversed by stimulation of 

BDNF signaling, suggesting the presence of a local BDNF inhibitor. Sepsis is associated with 

degradation of the endothelial glycocalyx, releasing heparan sulfate fragments (of sufficient size 

and sulfation to bind BDNF) into the circulation. Heparan sulfate (HS) fragments penetrated the 

hippocampal blood-brain barrier during sepsis and inhibited BDNF-mediated LTP. Glycoarray 

approaches demonstrated that the avidity of heparan sulfate for BDNF increased with sulfation at 

 
Portions of this chapter previously appeared as: Zhang, X.*; Han, X. *; Xia, K.; Xu, Y.; Yang, Y.; Oshima, K.; 
Haeger, S.M.; Perez, M.J.; McMurtry, S.A.; Hippensteel, J.A.; Ford, J.A.; Herson, P.S.; Liu, J.; Schmidt, E.P.; 
Linhardt, R.J. Circulating Heparin Oligosaccharides Rapidly Target the Hippocampus in Sepsis, Potentially 
Impacting Cognitive Functions. Proc. Natl. Acad. Sci. 2019, 116(19), 9208-9213 (*Equal contributor,co-first author) 

Portions of this chapter previously appeared as: Hippensteel, J.A.; Anderson, B.J; Orfila, J.E.; McMurtry, S.A.; 
Dietz, R.M.; Su, G.; Ford, J.A.; Oshima, K.; Yang, Y.; Zhang, F.; Han, X.; Yu, Y.; Liu, J.; Linhardt, R.J.; Meyer, 
N.J.; Herson, P.S.; Schmidt, E.P. Circulating Heparan Sulfate Fragments Mediate Septic Cognitive Dysfunction. J. 
Clin. Invest. 2019, 129(4), 1779-1784. 
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the 2-O position of iduronic acid and the N-position of glucosamine. Circulating heparan sulfate 

in endotoxemic mice and septic humans was enriched in 2-O- and N-sulfated disaccharides; 

furthermore, the presence of these sulfation patterns in the plasma of septic patients at intensive 

care unit (ICU) admission predicted persistent cognitive impairment 14 days after ICU discharge 

or at hospital discharge. Our findings indicate that circulating 2-O- and N-sulfated heparan 

sulfate fragments contribute to septic cognitive impairment. 

A subsequent study used a murine sepsis model to show that an exogenously 

administered highly sulfated 13C-labeled heparan sulfate oligosaccharide, rich in highly sulfated 

domains, selectively targets the hippocampus. Using a chemoenzymatic approach, an 

undecasaccharide containing a uniformly 13C-labeled internal 2-sulfoiduronic acid residue was 

synthesized on a p-nitrophenylglucuronide acceptor. Selective periodate cleavage afforded a 

heparin nonasaccharide having a natural structure. This 13C-labeled nonasaccharide was 

intravenously administered to septic (induced by cecal ligation and puncture, a model of 

polymicrobial peritonitis-induced sepsis) and nonseptic (sham) mice. Selected tissues and 

biological fluids from the mice were harvested at various time points over 4 h, and the 13C-

labeled nonasaccharide was recovered and digested with heparin lyases. The resulting 13C-

labeled trisulfated disaccharide was quantified, without interference from endogenous mouse 

heparan sulfate/heparin, using liquid chromatography-mass spectrometry with sensitive and 

selective multiple reaction monitoring (MRM). The 13C-labeled heparin nonasaccharide appeared 

immediately in the blood and was rapidly cleared through the urine. Plasma nonasaccharide 

clearance was only slightly prolonged in septic mice (t1/2 ∼ 90 min). In septic mice, the 

nonasaccharide penetrated into the hippocampus but not the cortex of the brain; no hippocampal 

or cortical brain penetration occurred in sham mice. The results of this study suggest that 
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circulating heparan sulfates are rapidly cleared from the plasma during sepsis and selectively 

penetrate the hippocampus, where they may have functional consequences. This selective 

targeting suggests that heparan sulfate sequestering of brain-derived neurotrophic factor in the 

hippocampus may impact spatial memory formation. A therapeutic strategy for selectively 

protecting cognition in septic patients might be developed through targeting these heparan sulfate 

oligosaccharides, rich in highly sulfated domains. 

4.2  Introduction 

Septic patients frequently experience cognitive dysfunction that persists beyond hospital 

discharge, impairing survivors’ quality of life and ability to return to work.145–147 This cognitive 

impairment has been largely attributed to brain injury occurring early in sepsis, arising from 

pathogenic processes including cerebral microvascular thrombosis, metabolic derangements, and 

IL-1β–dependent neuroinflammation.148–152 Less is known about the long-term functional effects 

of sepsis on the electrophysiological and molecular neuronal pathways responsible for learning. 

Classic neurosurgical studies have identified the hippocampus as the anatomic center of 

memory. Learning requires synaptic plasticity between key hippocampal neuronal networks, 

including the strengthening of cornu ammonis region 3 (CA3) to cornu ammonis region 1 (CA1) 

neuronal connections through a process called long-term potentiation (LTP), the key molecular 

mechanism driving spatial memory.153 Hippocampal LTP is dependent on the neuronal growth 

factor brain-derived neurotrophic factor (BDNF), as demonstrated by the induction of cognitive 

impairment by experimental BDNF sequestration.154 Interestingly, experimental and human 

sepsis has been associated with hippocampal pathology, including acute dysfunction of the 

hippocampal blood-brain barrier as well as later loss of hippocampal volumes in sepsis survivors. 

155–157 
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There is increasing appreciation for the importance of the endothelial glycocalyx in sepsis 

pathophysiology. The glycocalyx is a ubiquitous endovascular layer enriched in heparan sulfate. 

158–160 Heparan sulfate a linear polysaccharide composed of repeating disaccharide unit of 

sulfated uronic acids, imparting a domain patterning of negative charge,  [D-glucuronic acid 

(GlcA) and L-iduronic acid (IdoA)] and D-glucosamine (GlcN) residues,  4) GlcA/IdoA ( 2S) 

(1   4) Glc(NAc/S) ( 3S,6S) (1 , where S is sulfo and Ac is acetyl).75 Heparin is a closely 

related, anticoagulant polysaccharide, a more highly sulfated version of heparan sulfate, 

composed primarily of the Tri-S repeating unit  4) IdoA2S (1   4) GlcNS6S (1 .75 Heparan 

sulfate contains long domains with no (or low) sulfation  4) GlcA (1   4) GlcNAc, at which 

heparanase acts, and shorter, heparanase-resistant, heparinlike Tri-S domains.161 There is 

accordingly a need to detect ongoing glycocalyx degradation in septic patients, as this may 

predict patient outcomes and guide clinical decision making.162  

The bedside detection of glycocalyx degradation during sepsis (mediated by “sheddases” 

such as heparanase, a mammalian endoglucuronidase acting on heparan sulfate) has been largely 

performed by measuring glycocalyx breakdown products (e.g., highly sulfated, heparin-like, 

heparan sulfate fragments, approximately octasaccharide to decasaccharide in size) in the plasma 

of septic patients.160 These fragments have the capacity to interact with soluble proteins (such as 

growth factors) with remarkable specificity through sulfation-based electrostatic interactions, 

influencing a variety of homeostatic and/or pathologic signaling pathways.48 Shed fragments 

circulate for several days after sepsis onset and correlate with clinically significant outcomes 

including acute kidney and lung injury.163,164 It is uncertain whether the persistence of circulating 

heparan sulfate fragments reflects ongoing glycocalyx degradation or rather sepsis-associated 

impairment in the endogenous processes of plasma heparan sulfate clearance. For circulating 
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heparan sulfate fragments to retain their value as biomarkers of ongoing glycocalyx injury, it is 

necessary to determine the half-life of circulating heparan sulfate in a septic host. 

Given the importance of the growth factor BDNF to cognition, as well as the ability of 

circulating heparan sulfate fragments to influence growth factor signaling, we hypothesized that 

hippocampal penetration of circulating heparan sulfate fragments leads to sequestration of 

BDNF, impairing LTP and inducing septic cognitive impairment. In this study, we used 

multimodal ex vivo, in vivo, and human studies to demonstrate that N- and 2-O-sulfated heparan 

sulfate fragments are released into the circulation during sepsis and inhibit BDNF-mediated 

hippocampal LTP, leading to cognitive dysfunction in both mice and humans. 

We also hypothesized that circulating heparan sulfate oligosaccharides rapidly clear from 

the circulation in healthy, nonseptic animals. Furthermore, we hypothesized that sepsis impairs 

this rapid clearance of circulating heparan sulfate, prolonging the opportunity for penetration of 

circulating heparan sulfate into tissues. Last, we hypothesized that this penetration was 

particularly evident in the hippocampus, compared with other tissues, thus contributing to the 

long-term neurological consequences of sepsis (Figure 31).  

 

 

 



 

72 

 

Figure 31: Overall hypothesis. Septic induction of endothelial heparanase degrades heparan sulfate from the 

endothelial glycocalyx, causing both local vascular injury as well as releasing highly sulfated, heparin-like 

heparan sulfate oligosaccharides into the plasma. We hypothesized that sepsis not only induces heparan 

sulfate fragmentation but also impedes clearance of these fragments, leading to persistence of circulating 

heparan sulfate oligosaccharides in septic patients. 

 

4.3  Material and Methods 

4.3.1 General Materials and Methods 

All reagents were purchased from commercial corporations. Unless noted otherwise, 

commercially available materials were used without further purification. Yields are given after 

purification, unless otherwise noted. NMR spectra were recorded on Bruker 800 spectrometer 

with topspin 2.1 software at 298 K. Mass data were acquired by high-resolution ESI-MS 

(Thermo LTQ XL Orbitrap, Bremen, Germany). 

4.3.2 Statistics 

Statistical analyses of data on animal experiments, SPR, glycoarrays, and human subjects 

heparan sulfate fragment quantification were performed using GraphPad Prism (GraphPad 

Software). Analysis of all other human subjects data was performed using Stata Software. All 

replicates refer to studies using biological replicates, which were performed on different days to 
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avoid temporal batch effects. No statistical outliers were excluded. Data represent the mean ± 

SEM or, for whiskers, were evaluated according to Tukey’s criteria. A two-tailed Student’s t test 

was performed for single comparisons. A P value of less than 0.05 was considered statistically 

significant for all analyses. 

4.3.3 Study Approval 

Animal experiments: All animal experiments were performed with approval of the 

institutional animal care and use committee of the University of Colorado Office of Laboratory 

Animal Resources. Experiments were performed in accordance with the Institutional Animal 

Care and Use Committee Guidebook, published by the NIH Office of Laboratory Animal 

Welfare (OLAW), as well as the Animal Research Reporting of In Vivo Experiments (ARRIVE) 

guidelines (27). Male and female 8- to 12-week-old C57BL/6 mice, purchased from Charles 

River Laboratories and The Jackson Laboratory, were used in all studies. At least 3 biologic 

replicates were used for microscopy and glycosaminoglycan quantification results, and at least 6 

biologic replicates were used for all other experiments. 

Human subjects: Human samples and accompanying clinical data were collected from 

ICU patients enrolled in the NIRFS study, a substudy of the MESSI cohort, which is a single-

center, prospective cohort of patients admitted to the ICU at the Hospital of the University of 

Pennsylvania. This study was approved by the IRB of the University of Pennsylvania. Subjects 

or their available surrogates provided written informed consent. 

4.3.4 Endotoxemia Model of Sepsis 

We injected 8 to 12 week-old C57BL/6 mice with intraperitoneal (IP) LPS (10 μg/g body 

weight in 50 μl saline; Sigma Aldrich, St. Louis, MO) or saline alone, followed by 1 ml 
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subcutaneous warmed saline for volume resuscitation (allowing for hyperdynamic sepsis). In a 

separate group of experiments, we induced endotoxemia as above and administered IP 7,8 

dihydroxyflavone (5 μg/g in 50 μL DMSO with 20% cyclodextrin, Sigma-Aldrich, St. Louis, 

MO), a potent tyrosine receptor kinase B agonist, once every 24 h from days 0 to 6. 

4.3.5 Cecal Ligation and Puncture Model of Sepsis 

Cecal ligation and puncture (CLP), a model of polymicrobial peritonitis-induced sepsis, 

were performed on male 8-10 week old C57/BL6 mice as previously described.  Briefly, mice 

were anesthetized with isoflurane, shaved and prepped the mouse abdomen with chlorhexidine 

and administered 0.05 mg/kg subcutaneous buprenorphine.  A midline incision was performed 

using a scalpel and externalized the mouse cecum (a blind loop of bowel, similar to the human 

appendix).  For sham mice, we immediately re-internalized the cecum.  For CLP mice, we 

ligated 50% of the cecum with 4:0 silk suture and then punctured the cecum through-and-through 

with a 22-gauge needle, creating an isolated intestinal perforation.  We expressed stool using a 

gloved hand, then reinternalized the cecum.  For both CLP and sham mice, we reapproximated 

the abdominal fascia with 4:0 silk sutures and provided topical bupivacaine (1-2 mg/kg).  We 

closed the skin with glue.  We provided a second dose of buprenorphine and administered 40 

µL/g saline (for fluid resuscitation) subcutaneously.  Mice recovered on a warming blanket. 24 h 

after CLP or sham, a time point characterized by maximal circulating HS during murine 

sepsis,163,165 we administered 15 µg 13C-labeled nonasaccharide in 100 µl saline via tail vein 

injection.  At various time points thereafter, mice were euthanized for organ harvest, with 

collection of plasma, urine (via direct bladder aspiration if urine was present), brain (both cortex 

and hippocampus), heart, lungs, liver, spleen, kidney, and mesenteric fat.  Untreated mice (no 

CLP/sham, no 13C-labeled nonasaccharide) were used as additional controls.   
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4.3.6 Contextual Fear Conditioning: Hippocampal-dependent Memory 

Assessment 

We used hippocampal contextual fear conditioning, as previously described166,167, to 

assess the cognitive effects of endotoxemia. Seven days after either IP saline injection or LPS 

injection, animals were subjected to a conditioning session. The testing apparatus consisted of a 

clear fear-conditioning chamber over a shock grid, 16 stainless steel bars connected to a shock 

generator (Colbourn Instruments Model H13-15, Whitehall, PA). On day of conditioning, 

animals were transported to a behavioral testing suite and allowed to habituate in their home 

cages for at least 10 min. They were placed in the fear-conditioning chamber on 2 occasions, 

separated by approximately 20 min, the first of which was to introduce the mouse to the novel 

environment and to be monitored for baseline evidence of freezing. On the second occasion 

during the same conditioning session, the animals were monitored for an additional 2 min for 

freezing then a mild foot shock (2 sec, 1 mA) was delivered. Immediately thereafter, the animal 

was returned to its home cage and home animal housing room. Twenty-four hours later, the 

animals were brought back to the behavioral suite and again placed in the conditioning chamber. 

Animals were monitored for 5-min and freezing behavior (an index of fearful memory of the foot 

shock environment) was assessed at 10 s intervals by a blinded observer. Freezing was defined as 

the absence of movement except for heartbeat and respiration. 

4.3.7 Hippocampal Slice Preparation 

Hippocampal slices were prepared from 8 to 12 week-old healthy C57BL/6 mice or 

experimental C57BL/6 mice (LPS or cecal ligation and puncture-treated mice). Animals were 

anesthetized with isoflurane and a thoracotomy was performed to expose the heart. The mice 

were then transcardially perfused with chilled (2-5 °C), oxygenated (95% O2, 5% CO2) artificial 
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cerebrospinal fluid (aCSF; composed of 126 NaCl, 2.5 KCl, 26 NaHCO3, 1.3 NaH2PO4, 2.5 

CaCl2, 1.2 MgCl2, and 12 glucose, all in mmol/L; all subsequent methods requiring aCSF 

utilized the same O2/CO2 percentages) for 2 min. The mice were then decapitated, brains were 

extracted and transferred to chilled aCSF. Three-hundred μm axial slices were cut using a Leica 

1200VTS vibratome (Wetzlar, Germany) and placed in a holding chamber in room temperature 

aCSF and allowed to equilibrate for one hour prior to starting recordings. 

4.3.8 Hippocampal Electrophysiology 

Evoked field potentials were recorded as previously described.167,168 Briefly, 300 μm 

hippocampal slices were transferred to a temperature controlled (31 +/- 0.5 °C) slice interface 

chamber and perfused continuously with aCSF. A stimulating platinum bipolar microwire 

electrode was then placed in the Schaffer collaterals of the Cornu Ammonis Region 3 (CA3) and 

a glass recording electrode was placed in the stratum radiatum of the Cornu Ammonis Region 1 

(CA1) region of the hippocampus. Slices were stimulated to generate field excitatory post-

synaptic potentials (fEPSP) every 20 sec. Stimulus intensity was adjusted to 50% of the 

maximum fEPSP slope. For control slices, a 20-min stable baseline signal was established; 

whereas, for slices perfused with heparan sulfate octasaccharides with or without 7,8 

dihydroxyflavone (7,8 DHF; 5 mM aliquots in DMSO, diluted to final concentrations in aCSF) 

or the heparan sulfate antibody 10E4 (aCSF as diluent; clone F58-10E4, Amsbio, Cambridge, 

MA), a 30 to 60-min period of baseline recording was performed to allow for equilibration of the 

treatment with the hippocampal tissue, at which time a 20 min baseline recording was performed. 

When Brain-Derived Neurotrophic Factor (BDNF, aCSF as diluent; catalog number 450-02, 

Peprotech, Rocky Hill, NJ) was utilized, recordings were started immediately. Subsequently in 

all paradigms, a theta burst stimulus (TBS) train of four pulses at 100 Hz in 30-ms bursts 
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repeated 10 times with 200-ms interburst intervals. After TBS, fEPSPs were recorded for an 

additional 60 min. 

Analog signals were acquired in real-time and amplified (1000x) and filtered by a pre-

amplifier (Model LP511 AC, Grass Instruments, West Warwick, RI) at 0.03 Hz to 1 kHz and 

digitized. Signals were analyzed off-line in Clampfit (Axon Instruments, San Jose, CA). The 

fEPSP slope was measured and the averaged slope from the final 10 min of recording was 

divided by the average 10-min baseline prior to TBS to calculate percent change from baseline. 

Time course graphs were created by plotting the fEPSP slope averaged over one-min intervals 

for both pre and post-TBS recordings expressed as percentage of pre-TBS baseline (set to 

100%). Each n represents a single slice and no more than 3 recordings were performed per 

mouse. For 7-day post-LPS experiments, at least 4 animals were used for each group. 

4.3.9 Western Blotting 

Mice were anesthetized with isoflurane and decapitated. Brains were removed, and 

bilateral hippocampi were then isolated and flash frozen using dry ice. Western analysis was 

performed as detailed previously.163 Briefly, isolated hippocampi were homogenized in N-Per 

(Thermo Fisher Scientific, Waltham, MA) with protease and phosphatase inhibitors, lysate was 

centrifuged at 5,000 g and supernatant collected. Protein was quantitated (Biorad DC protein 

assay, Hercules, CA). Proteins (30 μg/lane) were separated on a gradient gel (Novex Bolt 4-12% 

with MES buffer, Invitrogen, Carlsbad, CA), transferred to a PVDF membrane and incubated 

overnight with Primary antibody (BDNF, Abcam Ab205067, Cambridge, UK and ß-actin, Cell 

Signaling Technology 4967S, Danvers, MA) in blocking solution (StartingBlock (TBS) blocking 

buffer, Thermo Fisher Scientific) overnight. Blots were rinsed, incubated with HRP conjugated 

secondary antibody, and detected using ECL Western Blotting Detection Reagents (Amersham, 
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Little Chalfont, UK). Band intensity was quantitated using ImageJ software (National Institutes 

of Health, Bethesda, MD). 

4.3.10 BDNF Enzyme-Linked Immunosorbent Assay 

For hippocampal isolation, mice were anesthetized with isoflurane and transcardially 

perfused with cold phosphate-buffered saline (PBS). Mice were decapitated, and hippocampi 

were isolated then immediately flash frozen. The assay (Mouse BDNF ELISA kit LS-F2404, 

LSBio, Seattle, WA) was then performed according to the manufacturer’s instructions. 

4.3.11 Glycosaminoglycan Isolation and Analysis 

We isolated plasma glycosaminoglycans and performed mass spectrometry (LC-MS/MS) 

multiple reaction monitoring as previously described.48,163 For hippocampal analysis by LCMS/ 

MS, mice were anesthetized with isoflurane, transcardially perfused for 5 min with cold PBS 

then immediately decapitated. Bilateral hippocampi were isolated, flash frozen, and stored at -80 

ºC. Brain samples were first defatted overnight with 1 mL 1:1 methanol chloroform mixture. 

Then the defatted samples were proteolyzed by adding the same dry weight amount of actinase E 

(10 mg/mL) for 36 h at 55 °C. After the proteolysis, GAGs were purified through Viva pure Q 

Mini H strong anion exchange spin columns (Sartorius Stedim, Bohemia, NY). Samples eluted 

from the spin columns were desalted by passing through a 3 kDa molecular weight cut off 

(MWCO) spin column and washed three times with distilled water. The digestion was performed 

in a 3 kDa MWCO spin column, 200 μL of digestion buffer (50 mM ammonium acetate 

containing 2 mM calcium chloride adjusted to pH 7.0) was added to the filter unit. Recombinant 

heparin lyase I, II, III (pH optima 7.0−7.5) and recombinant chondroitin lyase ABC (10 mU 

each, pH optimum 7.4) were added to each sample and mixed well. The samples were all placed 
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in a water bath at 37 °C for 12 h, after which disaccharides were collected by centrifugation. The 

filter unit was washed twice with 250 μL distilled water and the filtrates containing the 

disaccharide products were dried via lyophilization.  

Lyophilized disaccharides were AMAC-labeled by adding 10 μL of 0.1 M AMAC in 

dimethyl sulfate/acetic acid (17/3, v/v) incubating at room temperature for 10 min, followed by 

adding 10 μL of 1 M aqueous sodium cyanoborohydride and incubating for 1 h at 45 °C.  The 

known concentration nonasaccharide standards prepared from 0.005 to 50 ng/μL were similarly 

digested and AMAC-labeled and used for each run as an external standard. After the AMAC-

labeling reaction, the samples were centrifuged, and each supernatant was recovered. LC was 

performed on an Agilent 1200 LC system at 45 °C using an Agilent Poroshell 120 ECC18 (2.7 

μm, 3.0 × 30 mm) column. Mobile phase A (MPA) was 50 mM ammonium acetate aqueous 

solution, and the mobile phase B (MPB) was methanol. The mobile phase passed through the 

column at a flow rate of 300 μL/min. The gradient was 0-10 min, 5-45% B; 10-10.2 min, 45-

100%B; 10.2-14 min, 100%B; 14-22 min, 100-5%B. Injection volume is 2 μL. A triple 

quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher Scientific, 

San Jose, CA) was used a detector. The online MS analysis was at the Multiple Reaction 

Monitoring (MRM) mode. MS parameters: negative ionization mode with a spray voltage of 

3000 V, a vaporizer temperature of 300 °C, and a capillary temperature of 270 °C. The data 

analysis was performed through Xcalibur software. The Amount of 13C-labeled nonasaccharides 

was calculated based on the amount of digested 13C-labeled disaccharides. Heparan sulfate 

content of hippocampi was normalized to weight of extracted tissue in grams, which was 

recorded at the time of hippocampal isolation. 
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4.3.12 Confocal Microscopy of Fresh Hippocampal Sections 

Heparan sulfate was tagged with fluoresceinamine (Sigma, St. Louis, MO) following the 

activation of heparan sulfate hydroxyl groups with CNBr, pH 11, using a modified protocol from 

the literature.169 Fluorescein tagged heparan sulfate was purified using ultrafiltration (MWCO, 

10,000) and Sephadex G25 chromatography to obtain fluorescein-labeled heparan sulfate free of 

fluoresceinamine. Fluorescein-labeled heparan sulfate octasaccharide was prepared from the 

controlled partial heparin lyase III treatment of fluorescein-tagged heparan sulfate followed by 

size fractionation using P10 column.  

Twenty-four hours after intraperitoneal LPS (or saline), we injected 250 μg of 

fluorescein-conjugated heparan sulfate octasaccharides by tail vein. We used animals not 

injected with fluorescein-conjugated heparan sulfate injection as controls for background 

autofluorescence. At least three animals were included in each arm. We sacrificed animals one 

hour after heparan sulfate injection and systemically infused (via intracardiac puncture) aCSF for 

2 min, followed by isolation of 200 μm coronal hippocampal slices as described above in 

Hippocampal slice preparation. Slices including the hippocampus were then immediately 

mounted on glass slides and allowed to dry for 20 min. After drying, hippocampi were mounted 

in VECTASHIELD Antifade Mounting Media with 4’, 6-Diamidine-2’-phenylindole 

dihydrochloride (DAPI; VECTOR laboratories, Burlingame, CA). The bilateral CA1 cell layers 

of each slice were visualized using an Olympus 1200 confocal microscope (Tokyo, Japan) at 10x 

magnification. We analyzed images in a blinded fashion using ImageJ to quantify fluorescein 

content in the dendritic tree of the CA1 cell layer. Fluorescein intensity was averaged across 

images (2 to 8 images per animal) from each animal and a comparison was made between 

treatment arms. 
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4.3.13 Intravital Microscopy 

We anesthetized mice with isoflurane and implanted a skull window (#1 round coverslip, 

Bellco) allowing visualization of subcortical microvessels as previously described.170 Seven days 

after window placement, a time point at which animals had completely recovered from surgery, 

with performed CLP or a sham operation. Twenty-four hours after the operation, animals 

underwent dual external jugular catheter placement, one for continuous anesthetic infusion 

(xylazine and ketamine) and the other for injection of tetramethylrhodamine-labeled (TRITC) 

high molecular weight dextran (150 kDa; Sigma, St Louis, MO) and fluorescein-conjugated 

heparan sulfate octasaccharides. The animals were then placed under a Nikon A1R high-speed 

confocal microscope (Tokyo, Japan) directly overlying the implanted brain window to visualize 

these fluorophore-labeled molecules in the cortical vasculature and parenchyma. We utilized a 

Nikon 25x CFI APO LWD objective (working distance 2 mm) to maximize cortical penetration. 

TRITC Dextran (100 µL, 1% dextran in phosphate-buffered saline) was first injected to visualize 

the vasculature as it remains in the vascular compartment because of size exclusion by the blood-

brain barrier. The fluorescein-heparan sulfate fragments (300 μg) were then injected and images 

were taken at time of injection and then at 5-min intervals for a total duration of 30 min. 

Representative images are shown in Figure 32. 
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Figure 32: FITC-heparin octasaccharides rapidly extravasate from superficial cortical microvessels. 1 week 

after skull window placement, 8 to 12 week-old C57BL/6 mice underwent cecal ligation and puncture (CLP) 

or sham surgery. 24 h later (a timepoint associated with circulating heparan sulfate), we performed brain 

intravital high-speed confocal microscopy and administered both 250 μg fluorescein-labeled highly-sulfated 

heparan sulfate (heparin) octasaccharides and 100 μl 1% TRITC-dextran (150 kDa, an intravascular 

marker). Intravital imaging was performed using a Nikon 25x CFI APO LWD objective (1.1 numerical 

aperture), which has a working distance of 2 mm. As such, images likely reflect superficial cortical vessels. 

While heparin octasaccharides are primarily intravascular immediately after injection (time = 1 min), they 

rapidly diffuse out of the vasculature in both septic and non-septic mice. Images representative of 3 biological 

replicates per group. Scale bar 20 μm. 

 

4.3.14 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance measurements of heparan sulfate-BDNF binding were made, 

as previously described.163 As above, BDNF was purchased from Peprotech (Rocky Hill, NJ). 

The GAGs used were porcine intestinal heparin (16 kDa) and porcine intestinal heparan sulfate 

(HS) (12 kDa, Celsus Laboratories, Cincinnati, OH). N-desulfated heparin (14 kDa) and 2-O-
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desulfated IdoA heparin (13 kDa) were all prepared based on Yates et al (9). 6-O-desulfated 

heparin (13 kDa) were purchased from Iduron (Manchester, UK). Heparin oligosaccharides 

included tetrasaccharide (dp4), octasaccharide (dp8), and octadecasaccharide (dp18) were 

prepared from controlled partial heparin lyase 1 treatment of bovine lung heparin (Sigma) 

followed by size fractionation. Sensor SA chips were from BIAcore (Biacore AB, Uppsala, 

Sweden). SPR measurements were performed on a BIAcore 3000 operated using BIAcore 3000 

control and BIAevaluation software (version 4.0.1). 

4.3.15 Glycoarray 

Human BDNF Alexa 488-conjugated antibody was purchased from R & D systems 

(catalog number IC2481G, Minneapolis, MN). ProBDNF was purchased from Biovision (catalog 

number 4273, Atlanta, GA). The heparan sulfate antibody, 10E4, was supplied by Amsbio (clone 

F58-10e4, Cambridge, MA). Heparan sulfate oligosaccharides were prepared through a three-

step reaction as previously described (10). The labeling of human antithrombin (AT; Cutter 

Biological) and recombinant human platelet factor 4 (PF4; ChromaTec, Greifswald, Germany) 

was completed by incubating recombinant proteins (AT or PF4, 0.1 mg/mL-1) and heparin (0.1 

mg/mL) with Alexa Fluor® 488 NHS ester (1 mg/mL, from Invitrogen, Carlsbad, CA) in a 25 

mM phosphate buffer (pH 7.0) containing 500 mM NaCl in 3 mL. The reaction was incubated at 

room temperature for one hour. The reaction mixture was purified by heparin-agarose column 

(General Electric Health, Chicago, IL) to remove the unreacted Alexa Fluor 488 NHS ester then 

desalted with Amicon Ultra centrifugal filters with a MWCO of 10 kDa. 

Microarrays were printed by sciFLEXARRAYER S5 with various amine-containing 

heparan sulfate oligosaccharide (50 μM) in print buffer (50 mM phosphate, pH 8.5 containing 

0.005% Tween-20) onto N-hydroxysuccinimide (NHS)-activated glass slides. Each compound 
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was printed as a 6 × 6 pattern. Printed slides were allowed to react in an atmosphere of 80% 

humidity for 24 h and non-bonded heparan sulfate oligosaccharides were removed from slides by 

rinsing with deionized water. Remaining NHS groups were blocked by immersion in buffer (50 

mM ethanolamine in 50 mM borate buffer, pH 9.2) for 1 h at 50 ºC. Slides were rinsed with 

water, dried, and stored before use. 

Printed slides were analyzed without any further modification of the surface. Slides were 

incubated in a sandwich procedure, in which the protein of interest (i.e., BDNF, 10e4 antibody, 

PF4, AT) was incubated first, followed by a secondary antibody incubation (10e4 secondary, 

catalog number A21042, Life Technologies Corporation, Carlsbad, CA; ProBDNF secondary, 

sc65513, Santa Cruz Biotechnology, Dallas, TX). Primary and secondary antibodies (if 

applicable) were added at a concentration of 10 μg/mL in buffer (PBST, 20 mM Tris, 10% BSA). 

The samples (100 μl) were applied directly onto the surface of a single slide and covered with a 

microscope slide cover and then incubated in a humidified chamber for 60 min. Slides were 

subsequently washed by successive rinses in (i) PBST, 20 mM Tris, 1% BSA and (ii) deionized 

water, dried and then immediately imaged. The images were acquired using the excitation 

wavelength of 488 nm on GenePix 4300 A scanner (Molecular Devices, San Jose, CA). The 

intensity data is the mean value ± S.D. of 36 individual spots and binding affinity was divided 

into either high or low affinity. The sulfation quantity and subtype of high versus low affinity 

heparan sulfate fragment subtypes were compared. The 52 printed heparan sulfate sequences 

have been previously reported.171 

4.3.16 Neurocognitive Assessment in MESSI Cohort 

Twenty patients admitted to the medical intensive care unit (ICU) at the Hospital of the 

University of Pennsylvania were enrolled in the Neurocognitive Impairment in Respiratory 
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Failure and Shock (NIRFS) study, a sub study of the Molecular Epidemiology of Sepsis in the 

ICU (MESSI) cohort, which has been described previously.172,173 Inclusion criteria were sepsis as 

defined by Sepsis-3 criteria, and either respiratory failure or shock as defined by a cardiovascular 

or respiratory sequential organ failure assessment score (SOFA) ≥ 3.174,175 Patients were 

excluded if they had preexisting cognitive impairment, an acute neurologic insult (stroke, 

seizure, cardiac arrest, etc.), neurologic infection, neurologic malignancy, cirrhosis with hepatic 

encephalopathy, active substance abuse, severe psychiatric disorder, prior ICU stay lasting more 

than 48 h in the past 3 months, were transferred from an outside hospital ICU, or had limitations 

on care. Residual plasma was collected from clinical blood draws at the time of ICU admission 

(day 0), day 2 and day 7, and stored at -80 ºC until analysis. Cognitive function was assessed 

using the Montreal Cognitive Assessment (MoCA) at hospital discharge or 14 days after ICU 

discharge in patients who required prolonged hospitalization but had otherwise recovered from 

sepsis. We defined normal cognitive function as a MoCA score ≥ 26, mild cognitive impairment 

as a MoCA score 21-25, and moderate to severe cognitive impairment as a MoCA score < 

21.176,177 Trained research personnel collected clinical data using structured case report forms 

with standardized definitions. Acute Physiology and Chronic Health (APACHE) III scores were 

calculated using data from the first 24 h of ICU admission.178 Acute respiratory distress 

syndrome was defined within the first 6 days of ICU admission using the Berlin definition with 

the added requirement of invasive mechanical ventilation.179 This study was approved by the 

University of Pennsylvania Institutional Review Board with a waiver of timely informed consent 

(Protocols 808542 and 820585). Informed consent was obtained from patients or their surrogates 

as soon as feasible, and patients or their surrogates could withdraw from the study at any time. 
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4.3.17 Polyacrylamide Gel Electrophoresis (PAGE). 

Phenol red dye was added to the sample for visualization of the ion front during 

electrophoresis. A 10-μg aliquot of each sample was analyzed on a 4-15% Mini-Protean TGX 

Precast Gel run in Tris-glycine buffer (at constant 30 mA for 4 h).  The gel was visualized by 

Alcian Blue staining (0.5% wt/vol Alcian blue dye and 2% vol/vol aqueous acetic acid) and 

destained in water. 

4.3.18 Expression of Heparan Sulfate Biosynthetic Enzymes  

A total of six enzymes were used for the synthesis, including NST, C5-epi, 2-OST, 6-

OST-1, 6-OST-3, and PmHS2. All enzymes were expressed in Escherichia coli and purified by 

appropriate affinity chromatography as described previously.180 

4.3.19 Preparation of Enzyme Cofactors  

Preparation of UDP-GlcNTFA was completed using GlcNH2-1-phosphate (Sigma) and 

glucosamine-1-phosphate acetyltransferase/N-acetylglucosamine-1-phosphate uridylyltransferase 

(GlmU) as described previously.180 Briefly, GlcNH2-1-phosphate was converted to GlcNTFA 

using S-ethyl trifluorothioacetate. The resultant GlcNTFA-1-phosphate was then converted to 

UDP-GlcNTFA using GlmU in a buffer containing 50 mM Tris-HCl (pH 7.0), 5mM MgCl2, 200 

μM dithiothreitol, 2.5 mM UTP and 0.012 U/L inorganic pyrophosphatase. A sulfo donor, 3'-

phosphoadenosine 5'-phophosulfate (PAPS), was prepared using adenosine phosphokinase and 

ATP-sulfurylase. 
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4.3.20 Preparation of UDP-[13C]GlcA  

The 13C-labeled UDP-GlcA was prepared from UDP-[13C]Glc (UDP-glucose) in gram 

scale by converting UDP-Glc to UDP-GlcA using UDP-glucose dehydrogenase (UDGH) as 

described previously.181 The preparation of UDP-Glc was completed by incubating fully 13C-

labeled glucose (from Cambridge Isotope Laboratories) using two engineered E. coli strains 

expressing four enzymes, including glucokinase (GLK), phosphoglucomutase (PGM), UDP-

glucose pyrophosphorylase (UDPGP), and inorganic pyrophosphatase (PPA). [13C]Glucose and 

UTP (from Sigma and Carbosynth, respectively) were converted to the product using the 

permeabilized bacterial culture to prepare UDP-Glc. It was estimated that about 8 to 9 g of UDP-

Glc was made from the 1 L of permeabilized recombinant bacterial culture.  We typically 

prepared 1-2 g of [13C]UDP-glucose in one batch preparation.  Typical reaction included 50 mM 

Tris pH 7.5, 8 mM MnCl2, 2 mM MgSO4, 20 mM glucose, 20 mM ATP, 20 mM UTP, 

permeabilized E. coli cells from 1 L culture.  Reaction mixture was warmed to 30 ºC before 

addition of ATP and UTP and incubated overnight with gentle shaking at 60 rpm. Completion of 

reaction was monitored by analytical HPLC by observing depletion of ATP and UTP peaks and 

appearance of UDP-[13C] Glucose peak. Reaction mixture was clarified by centrifugation at 

9,000 × g to pellet the cells and the supernatant containing the UDP glucose is collected. 

To prepare UDP-[13C] GlcA, the crude reaction mixture containing the UDP-Glucose 

(~20 mM) was pre-treated with 25 mM Tris-HCl pH 7.5, 5 mM MgSO4 and 5 mM MnCl2 to 

precipitate any cell debris which is removed by spinning at 9,000 × g. Typical UDP-[13C] GlcA 

reaction contained ~5 mM partially purified UDP-Glc, 25 mM Tris-HCl  pH 7.5, 10 mM 

MgSO4, 0.4 mM nicotinamide adenine dinucleotide (NAD), 5 ml crude E. coli lysate expressing 
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lactic acid dehydrogenase enzyme, 40 mg purified UDGH enzyme and 40 mM pyruvate in 1 L. 

The reaction is completed in 6 - 8 h at 30 ºC with gentle shaking at 60 rpm. 

The reaction was diluted with equal volume of water and passed through Q-Sepharose 

using (GE Life Sciences). Q columns were equilibrated with Tris-HCl pH 8.5 and eluted with 

buffer containing Tris-HCl pH 8.5 and 1 M NaCl. We typically obtained 0.8 to 1.5 g of UDP-

GlcA from a batch. 

4.3.21 General Procedure to Introduce GlcNTFA Residue for Elongation. 

The oligosacchiride (1.2 mmol) was incubated with PmHS2 (20 µg/mL) in buffer 

containing Tris (25 mmol, pH 7.2), MnCl2 (15 mmol) and UDP-GlcNTFA (1.5 mmol), at room 

temperature overnight. The product was purified using a C18 column and the identity was 

confirmed by ESI-MS. 

4.3.22 General Procedure to Introduce GlcA Residue for Elongation  

The oligosacchiride (1.2 mmol) was incubated with PmHS2 (20 µg/mL) in buffer 

containing Tris (25 mmol, pH 7.2), MnCl2 (15 mmol) and UDP-GlcA (1.5 mmol) (or 13C-labeled 

UDP-GlcA), at room temperature overnight. The product was purified using a C18 column and 

the identity was confirmed by ESI-MS. 

4.3.23 Procedure to Introduce N-sulfate Groups on the Oligosaccharide Backbone  

The oligosaccharide was suspended at 10 mg/mL in 0.1 M LiOH and then the reaction 

mixture was incubated on ice for 2 h. Upon the completion of detrifluoroacetylation, the pH of 

the reaction mixture decreased to 7.0 and incubated with 50 mM MES (pH 7.0), 10 μg/mL NST 

and 1 mM PAPS (2 equiv of oligosaccharide) at 37 ºC overnight. N-sulfated product was purified 

by Q-Sepharose (GE Health Care), and the identity was confirmed by ESI-MS. 
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4.3.24 Procedure for C5-epimerization/2-O-sulfation  

The oligosaccharide was dissolved in 50 mM MES (pH 7.0), 2 mM CaCl2, C5-epi 10 

μg/mL, 2-OST 10 μg/mL and 0.2 mM PAPS (2 equiv of oligosaccharide) at 37 ºC overnight. The 

reaction mixture was then purified by Q-Sepharose.171 

4.3.25 Procedure to Introduce 6-O-sulfate Groups on the Oligosaccharide  

The oligosaccharide was dissolved in 50 mM MES (pH 7.0), 1.5 mM PAPS (2 equiv of 

oligosaccharide), 0.2 mg/mL 6-OST-1 and 0.2 mg/mL 6-OST-3 in 30 mL overnight at 37 ºC. 

The extent reaction was monitored by DEAE-HPLC to ensure the desired product reached to the 

highest level and the substrate was consumed. The reaction mixture was then purified by Q-

Sepharose to obtain compound 9. 

4.3.26 Conversion of Undecasaccharide 9 to Nonasaccharide 11 

Oligosaccharide 9 (2 mg) was dissolved in 0.4 mL NaH2PO4 buffer (pH 7.0), 20 equiv. of 

sodium periodate (NaIO4) was added at 37 ºC in the dark for 3.5 h. The reaction was quenched 

by the addition of ethylene glycol (20 equiv.) followed by dialysis (MWCO 100-500 Da) against 

distilled water and lyophilization. The resultant oligosaccharide (1.8 mg) was dissolved in 0.3 

mL NaH2PO4 buffer (pH 7.0) and then adjusted to pH 12.0 with 0.5 M NaOH aqueous. After 

standing at room temperature for 30 min, the solution was neutralized with 0.5 M acetic acid. 

The resulting mixture was dialyzed (MWCO 100-500 Da) against distilled water and lyophilized 

to obtain the elimination compound 10 in 80% yield over two steps. Compound 10 (0.9 mg) was 

dissolved in 0.5 M TFA in 0.4 mL volume at room temperature for 24 h. The reaction was 

terminated by the addition of 0.5 M NaOH to pH 7.0 and dialyzed to afford 0.6 mg degradation 

product 11 in 85% yield. 
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4.4  Results and Discussion 

4.4.1 Cognitive Impairment in Mouse Survivors of Endotoxemia or Sepsis is 

BDNF and TrkB Responsive  

To establish a model of septic cognitive dysfunction, we induced endotoxemia in 8- to 

12-week-old male and female C57BL/6 mice through i.p. injection of LPS (10 μg/g BW). 

Animals injected with LPS had a mortality rate of 18%, with 70% of deaths occurring within 3 

days of LPS injection (Figure 33A;). Endotoxemic mice displayed sickness behavior for 3 days, 

followed by resumption of normal behavior and weight gain by day 7 (Figure 33B).  

 

 

Figure 33: A. Intraperitoneal LPS (10 μg/g body weight) confers an 18% mortality, with the majority of 

animals dying within 72 h of injection. n = 54 mice (LPS), n = 46 mice (Saline). B. Sickness behavior 

(including lethargy and weight loss) peaks 2 days after intraperitoneal LPS (10 μg/g body weight). By 7 days 

after intraperitoneal LPS, mouse activity has normalized with resumption of weight gain. ** p < 0.01; * p < 

0.05 compared to contemporaneous intraperitoneal saline control by t-test. n = 7 mice (LPS), 6 mice (saline). 

 

To determine whether post-septic mice had memory deficits that persisted despite 

resumption of normal activity, we performed hippocampus dependent neurobehavioral testing 
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(contextual fear conditioning) on WT C57BL/6 mice 7 days after i.p. LPS or saline (control) 

injection. Contextual memory was apparent in saline-treated mice but was impaired in post-LPS–

treated mice (Figure 34A). This post-LPS deficit in memory coincided with loss of hippocampal 

LTP, as measured using 300-μm-thick living hippocampal brain slices isolated from 8- to 12-

week-old C57BL/6 mice 7 days after LPS (or saline) treatment (Figure 34B). We observed a 

similar loss of LTP in mice 7 days after cecal ligation and puncture (CLP) (Figure 34C, CLP or 

sham), a widely used model of polymicrobial peritonitis-induced sepsis. Intriguingly, we 

observed that post-LPS hippocampi maintained BDNF content (Figure 34D and Figure 35) as 

well as the ability to induce LTP in response to exogenous BDNF (100 ng/ml, Figure 34E). 

Treatment of endotoxemic mice with 7,8-dihydroxyflavone (7,8-DHF) (5 μg/g BW administered 

daily via i.p. injection), a well-tolerated selective agonist of the BDNF receptor tyrosine receptor 

kinase B (TrkB), prevented loss of memory by day 7, as demonstrated by normalization of 

contextual fear conditioning (Figure 34F). Taken together, these findings indicate that post-

endotoxemic/post-septic mice have impaired memory and loss of LTP, despite the presence of 

BDNF within the hippocampus and persistence of hippocampal responsiveness to TrkB 

activation, suggesting induction of a competitive inhibitor of BDNF within the septic 

hippocampus. 
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Figure 34: Cognitive impairment in mouse survivors of endotoxemia or sepsis is BDNF and TrkB responsive. 

(A) Memory impairment occurred in mice 7 days after i.p. administration of LPS (10 μg/g BW), as 

demonstrated by loss of freezing behavior (indicating a fearful memory of a previous paw shock) after 

contextual fear conditioning. (B) Living hippocampal slices isolated from mice 7 days after i.p. LPS 

administration (as compared with saline) showed impaired LTP, the BDNF-dependent neuronal process 

responsible for spatial memory. (C) A similar loss of LTP was also seen 7 days after CLP, a model of 

polymicrobial peritonitis–induced sepsis. Loss of LTP occurred 7 days after LPS, despite (D) maintenance of 

hippocampal BDNF content and (E) preserved responsiveness to excess (100 ng/ml) exogenous BDNF. (F) 

Maintenance of the BDNF-responsive molecular machinery of learning after sepsis was further demonstrated 

by reversal of memory deficits in post-LPS mice treated daily with 7,8-DHF (5 μg/g i.p.), a direct agonist of 

the BDNF receptor TrkB. *P < 0.05 and **P < 0.01, by t test. For LTP measurements, the left panels 

represent the mean ± SEM of groups; the right panels represent the average change from baseline over the 

final 10 min of measurement (each data point represents a unique biological replicate). TBS, theta burst 

stimulation. 
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Figure 35: Hippocampal BDNF levels are unchanged seven days after sepsis. Hippocampal BDNF content is 

not different one week after endotoxemia, when compared to saline injected controls as assessed with a 

BDNF-specific ELISA. n = 5 control, n = 6 LPS. Statistical analysis by t-test, p = 0.52. 

 

4.4.2 Sepsis-associated Circulating Heparan Sulfate Fragments Penetrate the 

Hippocampus and Impede LTP  

Our group and others have shown that highly sulfated heparan sulfate hexa- to 

octasaccharide fragments are shed into the plasma in animal163 and human158 sepsis as a 

consequence of endothelial glycocalyx degradation. We confirmed these findings using high-

sensitivity mass spectrometry multiple reaction monitoring (MRM)163 analyses of plasma 

collected after i.p. LPS treatment in mice (Figure 37A) and in a separate cohort of human 

patients with sepsis, who were enrolled in the Molecular Epidemiology of SepsiS in the Intensive 

Care Unit (MESSI) study (Figure 37B). Consistent with the known ability of ultra-low-

molecular-weight heparins to cross the blood-brain barrier in healthy mice,182 we observed that 

circulating heparan sulfate fragments also penetrated the blood-brain barrier, as i.v. administered 

fluorescein-labeled heparan sulfate octasaccharides were observed in the hippocampus (Figure 

37D) and cortex (Figure 32) in both septic and non-septic mice. Likewise, we observed an 
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increase in hippocampal heparan sulfate content at the point of peak circulating heparan sulfate 

(1 day after LPS treatment) (Figure 37C). Interestingly, the accumulation of hippocampal 

heparan sulfate persisted for 7 days after LPS treatment, a time point characterized by impaired 

cognition (Figure 34A). The persistence of brain heparan sulfate has been recognized in other 

neurodegenerative disease states, such as Alzheimer’s dementia.183–185 Hippocampal heparan 

sulfate content eventually normalized in mice 14 days after LPS treatment (compared with mice 

14 days after saline treatment), which was coincident with improvement in cognition (Figure 36). 

 

 

Figure 36: Hippocampal heparan sulfate and cognition 14 days after LPS. A. Total hippocampal heparan 

sulfate and (B.) disaccharide subtype content normalizes in comparison to contemporaneous controls 14 days 

after endotoxemia, coincident with (C.) normalization of hippocampal-dependent memory as measured by 

contextual fear conditioning. Statistical analyses by t-test (A, C) or t-test for single comparisons (B). * p < 

0.05. Saline n = 6 (A, B) or 12 (C), LPS n = 6 (A, B) or 16 (C). 
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Figure 37: Sepsis-associated circulating heparan sulfate fragments penetrate the hippocampus and impede 

LTP. Liquid chromatography–tandem mass spectrometry MRM (LC-MS/MS MRM) analyses demonstrated 

shedding of heparan sulfate (HS) into the plasma of (A) mice 24 h after i.p. LPS administration (10 μg/g BW 

vs. saline control) and (B) human patients with sepsis (enrolled in the MESSI cohort and followed 

longitudinally; control samples represent normal blood donors). (C) Accordingly, an increase in heparan 

sulfate content was detected in the hippocampus of LPS-injected mice that persisted for 7 days after injection. 

(D) Fluorescein-labeled, highly sulfated heparan sulfate (heparin) octasaccharides (250 μg) administered i.v. 
to mice 24 h after i.p. LPS (10 μg/g) or saline treatment penetrated the hippocampal blood-brain barrier, as 

observed by confocal microscopy of freshly isolated hippocampal slices. Scale bars: 100 μm. (E) Highly 

sulfated heparan sulfate (heparin) octasaccharides (degree of polymerization 8 [dp8]) induced loss of LTP 

when perfused (2.5 μg/ml) over hippocampal slices isolated from healthy (non-septic mice). LTP was rescued 

by simultaneous perfusion with the TrkB agonist 7,8-DHF (250 nM). *P < 0.05, **P < 0.01, and ***P < 0.001, 

by ANOVA with Tukey’s correction for multiple comparisons (A, C, and E) or Kruskal-Wallis with Dunn’s 

test for multiple comparisons (B and D). 



 

96 

We have previously demonstrated that circulating heparan sulfate oligosaccharides can 

influence growth factor signaling by electrostatically binding positively charged residues of 

growth factor ligands.163 To determine whether hippocampus-penetrating heparan sulfate 

fragments interfere with BDNF, the neurotrophin responsible for hippocampal LTP, we isolated 

hippocampal slices from healthy (non-septic) 8- to 12-week-old C57BL/6 male and female mice 

and measured LTP in the presence or absence of highly sulfated heparan sulfate (heparin) 

octasaccharides, approximating the known size and sulfation pattern of circulating heparan 

sulfate fragments after sepsis.158 Exposure of hippocampal slices to highly sulfated 

octasaccharides inhibited LTP as compared with matched control slices isolated from the same 

mice (Figure 37E). Heparan sulfate–mediated inhibition of LTP could be reversed by the 

downstream activation of TrkB, as octasaccharides were unable to impede LTP when co-

administered with 7,8-DHF (Figure 37E). This suggests that the negative effect of heparan 

sulfate on hippocampal LTP was mediated by inhibition of BDNF/TrkB signaling rather than by 

any nonspecific injurious effect of the glycosaminoglycan. These findings support the idea that 

sepsis-induced circulating heparan sulfate fragments penetrate the septic hippocampus and 

inhibit BDNF-specific molecular mechanisms of learning. 
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4.4.3 Importance of Heparan Disaccharide Sulfation in BDNF Binding and Septic 

Cognitive Impairment 

 

Figure 38: Importance of heparan disaccharide sulfation in BDNF binding and septic cognitive impairment. 

(A) Heparan sulfate disaccharides may be sulfated at the N (NS) and 6-O (6S) positions of glucosamine and 

the 2-O (2S) position of iduronic acid. (B) Glycoarray analyses showed that heparan sulfate oligosaccharides, 

which bind to BDNF (n = 12), were enriched in NS and 2S compared with low-affinity (n = 40) 

oligosaccharides. 3S sulfation (found only in heparin) was not associated with binding. (C and D) Circulating 

heparan sulfate fragments detected by mass spectrometry in plasma collected (C) 24 h after i.p. LPS 

administration (10 μg/g BW) in mice or (D) at the time of ICU admission in patients (n = 20) with sepsis were 

enriched in N sulfation (including NS, NS2S, NS6S, and TriS disaccharides) and 2-O sulfation (NS2S, 2S, 

2S6S, and TriS). Control patients were normal blood donors (n = 9). Outside values were included in the 

analyses. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by t test for single comparisons (B–D).  

 

Heparan sulfate disaccharides may be sulfated at the N and 6-O positions of glucosamine 

or the 2-O position of iduronic acid (Figure 38A), imparting a domain patterning of negative 

charge that determines the ability of the heparan sulfate polysaccharide to selectively bind 
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soluble ligands. We performed surface plasmon resonance (SPR), a technique that allows for 

quantification of glycosaminoglycan-protein interaction, to identify the sulfation sites that 

participate in heparan sulfate–BDNF binding. We found that heparan sulfate fragments bound 

BDNF in a length- and sulfation-dependent manner (Figure 39). Since SPR does not inform the 

precise sequence or pattern of sulfation necessary for BDNF binding, we used a 

glycosaminoglycan microarray (glycoarray) composed of 52 heparan oligosaccharides of varying 

sulfation patterns.186 This approach revealed that BDNF-avid oligosaccharides commonly 

contained disaccharides with both N- and 2-O sulfation sequences (Figure 38B and Figure 41). 

Intriguingly, circulating heparan sulfate fragments collected from post-LPS–treated mice (Figure 

38C) and septic humans (Figure 38D, Figure 42, and Table 7) were similarly enriched in N and 

2-O sulfation sequences on mass spectrometry MRM analysis. This enrichment in N and O 

sulfation was observed in the hippocampi of post-septic mice and persisted for 7 days (Figure 

40A and Table 6), indicating that mice maintained BDNF-avid heparan sulfate fragments within 

their hippocampi at time points coincident with post-septic cognitive impairment. 

 

Figure 39: Heparan sulfate binding to BDNF is size- and sulfation dependent. A. Surface plasmon resonance 

demonstrates that highly-sulfated heparan sulfate (HS, as modeled by heparin) fragments must be at least 

octasaccharides in size to bind brain-derived neurotrophic factor (BDNF). B. Similarly, selectively-desulfated 

HS demonstrates the relative importance of N, 6-O, and 2-O sulfation to HS-BDNF binding. Notably, 

circulating HS fragments in sepsis are typically highly-sulfated octasaccharides (reference 14 of the main 

manuscript). dp = degree of polymerization. n = 3/group. * p < 0.05 by ANOVA. 
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Figure 40: (A) Mouse hippocampi after sepsis were enriched in N- and 2-O sulfation on day 7 (n = 3 for all 

time points and groups). (B) Patients who showed moderate to severe cognitive impairment (MoCA score <21 

or cognitive inability to perform the test, n = 6) at the time of hospital discharge (or on day 14 after ICU 

discharge) were those who previously had (at the time of ICU admission, day = 0) circulating heparan sulfate 

enriched in NS2S disaccharides or a combination of NS, NS2S, and NS6S disaccharides. n = 14 patients with 

normal to mild impairment. Horizontal lines in the boxes represent the median, borders represent the 25th 

and 75th percentiles, and whiskers represent the upper and lower adjacent values (1.5 × interquartile range, 

Tukey’s method). ANOVA with Tukey’s correction for multiple comparisons (A), or Wilcoxon rank-sum test 

(B). 

 

 
Table 6: Hippocampal heparan sulfate disaccharide analyses. 

 TriS NS6S NS2S NS 2S6S 6S 2S 0S Total  

 
Mouse Hippocampus (ng/gm tissue, mean +/- SEM) 

Day 0 
(n = 3) 

46.21 
+/- 

13.00 

212.01 
+/- 

26.40 

782.58 
+/- 

81.20 

2065.59 
+/- 

178.02 

5.01 
+/- 

1.67 

437.72 
+/- 

55.35 
 

25.50 
+/- 

12.63 

13149.47 
+/- 

388.03 

16724.08 
+/- 

355.97 

Day 1 
(n = 3) 

122.79 
+/- 

49.69 

497.01 
+/- 

140.86 

1774.15 
+/- 

412.38 

3844.11 
+/- 

443.54 
 

19.56 
+/- 

1.88 

971.73 
+/- 

188.45 

67.94 
+/- 

10.18 

17319.41 
+/- 

951.62 

24621.70 
+/- 

1892.64 

Day 7 
(n = 3) 

156.10 
+/- 

3.48 

658.26 
+/- 

16.87 

1988.58 
+/- 

32.10 

3975.72 
+/- 

174.63 

21.09 
+/- 

4.17 

1242.17 
+/- 

84.16 

44.81 
+/- 

4.77 

16164.05 
+/- 

548.12 

24250.78 
+/- 

599.39 
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Figure 41: Heparan sulfate glycoarray analysis identifies BDNF-avid sulfation sequences. A. BDNF was 

applied to an array of 52 different heparan sulfate oligosaccharides. After washing, a BDNF-specific antibody 

was used to identify which oligosaccharides bound BDNF, as defined by (B.) fluorescent intensity of >2500 

arbitrary units. C. This approach revealed 12 high-affinity BDNF-binding sequences. * = high affinity 

sequences. 
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Figure 42: Mass spectrometry multiple reaction monitoring (MRM) analyses of sulfation patterns of 

circulating heparan sulfate in patients with sepsis. Analyses demonstrate that circulating (A.) all-NS (NS, 

NS2S, NS6S, TriS), (B.) all-6S (6S, 6S2S, NS6S, TriS), (C.) all-2S (2S, 6S2S, NS2S, TriS), and (D.) unsulfated 

heparan sulfate may persist in septic patients for up to 7 days after intensive care unit admission. **** p < 

0.0001, *** p < 0.001, ** p < 0.01 by Kruskal-Wallis with Dunn’s test for multiple comparisons. n same for all 

panels. 
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Table 7: Plasma heparan sulfate disaccharide analyses. 

 TriS NS6S NS2S NS 2S6S 6S 2S 0S Total  

 
Mouse Plasma (ng/ml, mean +/- SEM) 

Day 0 
(n = 9) 

0.16 
+/- 

0.03 

0.52 
+/- 

0.12 

0.44 
+/- 

0.14 

0.61 
+/- 

0.35 

1.22 
+/- 

0.59 

0.36 
+/- 

0.08 
 

0.03 
+/- 

0.02 

70.53 
+/- 

6.71 

74.49 
+/- 

6.75 

Day 1 
(n = 6) 

0.23  
+/- 

0.06 

1.62  
+/- 

0.27 

4.81  
+/- 

1.20 

7.36 
+/-3.44 

 

1.73 
+/- 

0.72 

0.36  
+/- 

0.11 

0.05  
+/- 

0.04 

244.37 
+/- 

34.34 

260.53 
+/- 

36.57 
Day 2 
(n = 5) 

0.41 
+/- 

0.07 

0.53 
+/- 

0.15 

0.90 
+/- 

0.35 

3.46 
+/- 

1.51 

1.22 
+/- 

0.59 

0.15 
+/- 

0.08 

0.03 
+/- 

0.02 

118.93 
+/- 

26.80 

125.62 
+/- 

27.86 
Day 7 
(n = 3) 

0.15 
+/- 

0.05 

0.57 
+/- 

0.26 

0.81 
+/- 

0.36 

1.89 
+/- 

1.05 

0.39 
+/- 

0.10 

0.52 
+/- 

0.41 

0.01 
+/- 0 

41.88 
+/- 

7.70 

46.22 
+/- 

8.21 
 
Human Plasma (ng/ml, mean +/- SEM) 

Normal 
Donors  
(n = 9) 

0.16  
+/- 

0.06 

0.38  
+/- 

0.15 

0.31  
+/- 

0.18 

0.50 
+/- 

0.16 

0.26  
+/- 

0.26 

0.00  
+/- 

0.00 

0.00  
+/- 

0.00 

21.15 
+/-1.98 

22.67 
+/- 

2.25 
 

Sepsis 
Day 0 

(n = 20) 

1.88  
+/- 

0.87 

8.31  
+/- 

2.49 

13.39 
+/- 

2.45 

28.74 
+/- 

5.35 

0.16 
+/- 0.8 

18.09 
+/- 

6.06 

0.37  
+/- 

0.08 

151.54 
+/- 

19.68 

222.48 
+/- 

33.34 
Sepsis 
Day 2 

(n = 20) 

2.03  
+/- 

1.69 

5.49  
+/- 

1.57 

13.73 
+/- 

2.58 

22.33 
+/- 

3.55 

0.15 
+/- 

0.09 

9.45 
+/- 

1.70 

0.13 
+/- 

0.05 

134.23 
+/-

16.15 

187.53 
+/- 

21.63 
Sepsis 
Day 7 

(n = 19) 

9.39  
+/- 

7.16 

9.09  
+/- 

4.68 

22.46 
+/- 

9.61 

32.52 
+/- 

9.48 

0.56  
+/- 

0.37 

12.80 
+/- 

4.91 

1.06  
+/-

0.89 

193.08 
+/-

28.82 

280.96 
+/- 

62.79 

 

We performed additional glycoarray experiments to define the avidity of heparan sulfate 

oligosaccharides for pro-BDNF, a proenzyme incapable of promoting LTP (25). We observed no 

pro-BDNF binding to any heparan sulfate oligosaccharide sequence (Figure 43A), suggesting 

that the cleavage of pro-BDNF to active BDNF exposes a heparan sulfate binding site. Other 

known heparan sulfate binding proteins (e.g., antithrombin III, platelet factor 4) bound to 

heparan sulfate sequences distinct from those that bound BDNF. Similarly, the heparan sulfate 
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10e4 antibody (26) failed to bind BDNF-avid sequences (Figure 43, B–D). We leveraged this 

inability of the 10e4 antibody to bind BDNFavid sequences to demonstrate that sequestration of 

non–BDNFavid heparan sulfate sequences failed to prevent loss of LTP (Figure 44), further 

confirming the sulfation sequence specificity of the observed BDNF-inhibitory effect of heparan 

sulfate. 

 

Figure 43: Glycoarray analyses of putative heparan sulfate binding proteins demonstrate the unique sulfation 

specificity of BDNF. A. Pro-BDNF demonstrated no binding to heparan sulfate oligosaccharides using a 

glycoarray, suggesting a hidden heparin binding domain that is revealed when cleaved to become the mature 

form of BDNF. B-D. The heparan sulfate antibody 10e4, antithrombin III, and platelet factor 4 were each 

evaluated for heparan sulfate binding using a glycoarray. The heparan sulfate oligosaccharides bound by 

each molecule (quantified for each panel on the right) are distinct from the heparan sulfate-BDNF binding 

pattern (see Figure 41). 
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Figure 44: Sequestration of non-BDNF-avid heparan sulfate oligosaccharides does not reverse heparan 

sulfate-associated LTP deficits. Neutralization of non-BDNF-avid HS sequences with the 10e4 antibody failed 

to prevent HS-induced loss of LTP, supporting the sulfation specificity of LTP inhibition by heparan sulfate 

fragments. **** p < 0.0001 by t-test. 

 

4.4.4 Characteristics of the NIRFS Study Participants 

To determine the translational relevance of our findings, we measured heparan sulfate in 

plasma samples collected on day 0 (i.e., at presentation to the intensive care unit [ICU]) from 

septic patients enrolled in the Neurocognitive Impairment in Respiratory Failure and Shock 

(NIRFS) study of the MESSI cohort (Table 8) to determine whether the presence of circulating 

N- and 2-O-sulfated heparan sulfate predicted cognitive impairment in sepsis. NIRFS patients 

with persistent cognitive impairment after sepsis (as quantified by a Montreal Cognitive 

Assessment [MoCA] score <21 or a cognitive inability to perform the test either at hospital 

discharge or 14 days after ICU discharge) were those who had increased circulating N- and 2-O-

sulfated heparan sulfate at the time of ICU admission (Figure 40B and Table 9). Taken together, 

our findings demonstrate that the presence of circulating NS- and/or 2S-enriched, BDNF-avid 
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heparan sulfate fragments at sepsis onset predicts cognitive impairment up to 2 weeks after ICU 

discharge. 

Table 8: Characteristics of the NIRFS study participants. 

Characteristic   Characteristic   
Age (years)  58 (41-64.5) APACHE Ill score 100(93.5-124) 
Male sex  12 (60%) Septic shock at presentation  13 (65%) 
White race 13 (65%) Vasopressor shock at presentation  12 (60%) 
Years of education  14 (12-16) Any septic shock 15 (75%) 
Comorbid conditions 

  

Acute respiratory failure at presentation  12 (60%) 
Hypertension  6 (30%) Invasive ventilation at presentation 6 (30%) 
Diabetes 6 (30%) Any invasive ventilation 15 (75%) 
Chronic kidney disease 5 (25%) Acute respiratory distress syndrome 10 (50%) 
Congestive heart failure  4 (20%) Duration of mechanical ventilation 

(days)  

3 (1-7) 
Cerebrovascular disease  1 (5%) ICU length of stay (days) 6.5 (4.5-14) 
Cirrhosis 1 (5%) MoCAA 24 (22-25) 
Active malignancy  9 (45%) Moderate/severe cognitive impairment  6 (30%) 
Organ transplant  7 (35%) Trail-making test part B (seconds) 

  

95.9 
(66.1-139.8) 

  

Anxiety or depression 5 (25%) 
An = 17; 3 patients were unable to complete the MoCA because of severe cognitive impairment. APACHE, acute 
physiologic assessment and chronic health evaluation. 
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Table 9: Heparan sulfate disaccharide analyses (day 0) in patients with mild/no or moderate/severe cognitive 

impairment (hospital discharge or day 14 post-ICU).  

HS Fragment Mild or No Cognitive 
Impairment 

Moderate or Severe 
Cognitive Impairment 

p 

Day 0 

2SNS6S 0.135 (0-0.4) 0.45(0.0-10.76) 0.2329 
NS6S 1.66 (0.49-3.89) 19.935(1.62-32.11) 0.0908 
NS2S 5.675 (2.41-10.78) 25.09(13.63-30.18) 0.0478 

NS 13.1 (7.86-25.13) 43.005(24.4-77.71) 0.0696 
2S6S 0.0(0.0-0.08) 0.175(0.0-0.033) 0.1135 

6S 2.97(0.0-9.49) 23.765(0.0-66.06) 0.2772 
2S 0.12(0.07-0.35) 0.34(0.0-0.8) 0.5606 
0S 111.78(81.43-181.44) 179.38(146.61-287.2) 0.1376 

Total HS 149.265(93.97-231.6) 343.745(187.28-453.02) 0.0833 
Total NS 23.87(11.86-39.17) 101.6(39.65-137.34) 0.0578 

NS+NS2S+NS6S 23.665(11.21-31.85) 90.665(39.65-136.87) 0.0478 

Day 2 

2SNS6S 0.05(0.0-0.52) 0.13(0.0-0.45) 0.6652 
NS6S 1.56(0.46-5.88) 5.04(2.55-9.02) 0.1609 
NS2S 7.505(4.12-15.6) 16.0(6.47-20.76) 0.3223 

NS 11.995(7.37-35.0) 27.56(15.72-35.89) 0.1868 
2S6S 0.0(0.0-0.08) 0.0(0.0-0.0) 0.7450 

6S 5.145(1.8-13.45) 7.2(5.16-13.72( 0.5092 
2S 0.05(0.0-0.31) 0.0(0.0-0.0) 0.1033 
0S 106.42(66.83-169.22) 169.215(117.12-191.12) 0.3223 

Total HS 141.075(91.97-270.7) 232.83(186.83-241.63) 0.1869 
Total NS 22.795(11.71-61.32) 54.665(34.63-81.73) 0.1869 

NS+NS2S+NS6S 20.91(11.71-61.32) 54.375(34.63-69.12) 0.216 

Day 7 

2SNS6S 0.43(0.1-3.78) 0.075(0.0-0.89) 0.2097 
NS6S 2.54(0.35-8.72) 1.995(0.74-3.2) 0.8046 
NS2S 12.01(3.39-26.7) 5.275(3.39-11.01) 0.2009 

NS 26.89(8.85-32.48) 19.47(7.32-29.56) 0.4579 
2S6S 0.0(0.0-0.32) 0.0(0.0-0.0) 0.0672 

6S 8.69(3.3-15.18) 5.62(3.64-8.14) 0.5631 
2S 0.025(0.0-0.61) 0.0(0.0-0.15) 0.4701 
0S 161.445(117.22-253.09) 202.63(85.54-210.41) 0.7415 

Total HS 250.955(131.14-342.42) 243.49(94.62-259.8) 0.4579 
Total NS 42.195(12.45-104.93) 29.515(13.61-41.89) 0.3223 

NS+NS2S+NS6S 41.945(12.45-89.29) 29.515(13.61-41.89) 0.3223 
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4.4.5 Synthesis of 13C-Labeled Heparin Oligosaccharide 

Based on our previous efforts in preparing homogeneous low–molecular weight 

heparins,181,187,188 the chemoenzymatic synthesis of a natural-like 13C-labeled heparin 

nonasaccharide 11 rich in Tri-S repeating units flanked by two GlcA residues was initiated from 

the commercially available p-nitrophenyl glucuronide (GlcA-pNP) (1) (Figure 45A). The 

monosaccharide acceptor 1 was repetitively elongated with heparosan synthase 2 from 

Pasteurella multocida (PmHS2), UDP-N-trifluoroacetyl glucosamine (GlcNTFA) donor, and 

UDP-glucuronic acid (GlcA) to form hexasaccharide 2. Selective removal of the trifluoroacetic 

acid (TFA) group from the GlcN nitrogen, followed by N-sulfonation, C5-epimerization/2-

sulfation, and chain elongations produced octasaccharide 5. UDP-[13C]GlcA was subsequently 

used to introduce 13C-labeled GlcA residue, which after a series of repetitive steps followed 6-

sulfation, the key undecasaccharide intermediate 9, containing an internal [13C]IdoA2S residue, 

was prepared for further degradation. During this chemoenzymatic synthesis, the strong UV 

absorbance and high C-18 binding affinity of the p-NP group facilitates the detection and 

purification of the intermediates.181,187,188 

Treatment of compound 9 with periodate oxidation followed by a modified alkaline 

degradation resulted in the selective cleavage of vicinal diols,171 in the two flanking GlcA 

residues, affording compound 10 (Figure 45B). Subsequent acidic hydrolysis, using 0.5M TFA, 

removed the aglycone171 to obtain the Tri-S rich heparin nonasaccharide 11 having a completely 

natural structure (except for a 13C-labeled IdoA2S residue) found in heparin and in the 

heparanase-resistant domains of heparan sulfate. 
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A 

 

B 

 

Figure 45: Scheme is shown for the synthesis of 13C-labeled oligosaccharides 9 and 11. A uses symbolic 

structures to show the chemoenzymatic synthesis of the key intermediate 9. The [13C]IdoA2S residue is 

highlighted in green, and the flanking GlcA residues are highlighted in yellow. B uses chemical structures to 

show the cleavage of undecasaccharide 9 at its flanking GlcA residues and the formation of nonasaccharide 

11 composed of Tri-S disaccharide repeating units containing an internal [13C]IdoA2S residue (green). 
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4.4.6 Characterization of 13C-Labeled Heparin Oligosaccharides 

The structure of the final oligosaccharide 11 is supported by liquid chromatography–mass 

spectrometry (LC-MS) and 1D- and 2D-NMR spectroscopy (Figure 47). Comparison of the 1H-

NMR spectra of undecasaccharide 9 and nonasaccharide 11 showed the disappearance of the C1 

signals at 4.52 and 5.23 ppm associated with the two GlcA residues in compound 11, 

demonstrating that they had been oxidatively removed (Figure 47A and B). The remaining 

anomeric signals, at 5.34 and 5.14 ppm, confirmed the presence of only the respective GlcNS6S 

and IdoA2S residues in 11 (Figure 47A). The significantly stronger signals of one IdoA residue 

in 2D-1H-13C–heteronuclear single-quantum coherence (HSQC) spectrum confirmed presence of 

the [13C]IdoA2S residue (Figure 47D). The H–H COSY spectrum of 11 provided the 

assignments of the H-2, H-4, and H-5 of the IdoA residues to peaks at 4.26, 4.02, and 4.76 ppm, 

respectively, confirming that all contained 2-O-sulfo groups (Figure 47C). The total proton 

assignments for compounds 9 and 11 are provided in Table 10 and Table 11. The structure was 

also characterized by high resolution LC-MS of compound 11 afforded an m/z of 622.2147 in 

negative mode, corresponding to [M−4H]4− (Figure 46), and the purity of 11 was assessed to be 

>99% based on LC and polyacrylamide gel electrophoresis (PAGE) (Figure 48). 
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Figure 46: HRMS (negative model) of compound 11. 

 

 
Figure 47: NMR is used for the characterization of key intermediate 9 and final oligosaccharide 11. A and B 
show the 1D-1H NMR spectra of compounds 11 and 9, respectively, with anomeric signals identified. C and D 
show the 2D COSY and HSQC spectra, respectively, of compound 11. The cross-peaks are labeled based on 

the structure in Figure 45. The letters in C and D correspond to those in the assignment table (Table 11). 
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Table 10: 1H NMR chemical shift assignments (in ppm) of compound 9. 

 

 

 

Table 11: 1H NMR chemical shift assignments (in ppm) of compound 11. 
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Figure 48: PAGE analysis of compound 11 (9-mer) and 9 (11-mer). Heparin oligosaccharide standards 

prepared from partial heparin lyase 1 depolymerization of bovine lung heparin are shown on left by counting 

bands from disaccharide up five bands to 10-mer and 10 bands to 20-mer molecular size can be determined. 

 

4.4.7 Administration of 13C-Labeled Heparin Oligosaccharide in Normal and 

Septic Mice 

Twenty-four hours after cecal ligation and puncture (CLP) (n = 11) or sham (n = 9), we 

administered 15 μg (in 100 μL of saline) of pure nonasaccharide 11 to individual mice by tail 

vein injection. The 24-h time point was chosen as this was the point of maximal septic 

glycocalyx degradation, at which peak circulating heparan sulfate occurs163. As demonstrated in 

Figure 49, at least three animals from both the CLP and sham groups were killed 30, 120, and 

240 min after nonasaccharide injection, and biological fluids and selected organs were collected. 
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A third control group (n = 3) did not undergo surgery, were not administered nonasaccharide, 

and were killed for tissue collection. 

 
Figure 49: Mouse study design is shown. C57BL/6 mice underwent cecal ligation and puncture (CLP) to 

induce sepsis or sham surgery; 24 h later (a time point characterized by peak circulating heparan sulfate), we 
administered 13C-labeled nonasaccharide by intravenous tail vein injection. We harvested mice at various 
time points thereafter to determine the rate of heparan sulfate clearance. Untreated mice (control) were 

harvested to confirm the absence of 13C-heparan sulfate oligosaccharides. 

 

4.4.8 Analysis of the Distribution of 13C-Labeled Heparin Oligosaccharides 

Tissue samples were defatted and then proteolyzed to recover all of their sulfated 

oligosaccharides and polysaccharides; these would include both endogenous (unlabeled) heparan 

sulfate and the exogenously administered 13C-labeled nonasaccharide 11. The purified sulfated 

oligosaccharides and polysaccharides were treated with polysaccharide lyases to completely 

digest these into their constituent disaccharides for LC-MS analysis (Figure 50A). These include 

eight different unlabeled disaccharides afforded on digestion of the endogenous heparan sulfate 

and three unlabeled Tri-S disaccharides and one 13C-labeled Tri-S disaccharide from 

nonasaccharide 11. The 13C-labeled Tri-S disaccharide was separated by MS based on its 6-amu 

difference from the unlabeled Tri-S disaccharide (arising from both 11 and endogenous heparan 
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sulfate). LC-MS relying on sensitive and selective multiple-reaction monitoring (MRM) (16) was 

used to quantify 13C-labeled Tri-S disaccharide and, thus, the content of 11 in each tissue.  

 

 
 Sham hippocampus,  CLP hippocampus,  Control hippocampus,  Sham urine,  CLP 

urine,  Control urine,  Sham plasma,  CLP plasma;  Control plasma.  
 
Figure 50: LC-MS (MRM) analysis procedure and results of 13C-labeled heparan sulfate nonasaccharides are 

shown. (A) GAGs recovery and LC-MS analysis flowchart for tissue samples. (B) The change of amount 
(nanograms per milligram of dry-defatted tissue) of 13C-labeled nonasaccharides in hippocampus at different 

time point. (C) The change in concentration (in picograms per milliliter) of 13C-labeled nonasaccharides in 
plasma and urine at different time points. The arrows indicate time of administration of 13C-labeled 

nonasaccharide. 

 

Average sample recoveries of ∼45% and ∼69% from brain tissue and plasma, 

respectively, were determined using different amounts of pure 13C-labeled nonasaccharide 11. 

This recovery was linear over the range of 0.01–600 ng in 5 μL of plasma sample (Figure 51 and 

Table 12). 13C-labeled Tri-S disaccharide standard was used to determine a limit of detection 

(LOD) of 5 pg per injection (2-μL injection volume) and limit of quantification (LOQ) of 17 pg 

(2-μL injection volume) for each disaccharide produced on heparin lyase treatment,48 

corresponding to an LOD for nonasaccharide of 20 pg and LOQ of 70 pg. The sensitivity of 

analysis was sufficient to analyze 13C-labeled nonasaccharide 11 in biological fluids or organs in 

the mouse in which it was retained or concentrated. Thus, MRM analysis facilitates the sensitive 
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and selective detection of picogram amounts of exogenously administered 13C-heparan 

sulfate/heparin oligosaccharide, in tissues such as mouse brain, even in the presence of 

microgram amounts of endogenous (12C) heparan sulfate8. 

 

Figure 51: Nonasaccharide recovery was linear over the range of 0.01-600 ng in 5 ul of plasma sample. (y = 

0.6302x + 0.0152, R² = 0.9877). 

 
Table 12: Nonasaccharide recovery percentage in plasma.  
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Analysis of mouse tissues showed no 13C-labeled nonasaccharide 11 was detectable in the 

control animal, confirming the expected absence of background interference in MRM analysis 

(Figure 50B and C and Table 14). In Figure 50C, the estimated concentration of 13C-labeled 

nonasaccharide 11 in plasma right after intravenous administration is 15,000 ng/mL. In the sham 

plasma group, as expected the 13C-labeled nonasaccharide 11 was present in the plasma 30 min 

after its intravenous administration, but with a rapid decrease in concentration, and then slowly 

cleared off within 240 min. However, in CLP plasma group, the concentration of the 13C-labeled 

nonasaccharide 11 remained high and showed a slight delay in plasma clearance compared with 

sham in the first 30 min, and then cleared quickly after 30 min. In the sham urine group (Figure 

50C), the concentration of 13C-labeled nonasaccharide 11 peaked at 30 min and then declined 

slowly. However, in CLP urine group, 13C-labeled nonasaccharide 11 peaked at 120 min, which 

was consistent with the slight delay in plasma clearance. A small amount of 13C-labeled 

nonasaccharide 11 was detected and quantified in the hippocampus samples after 30 min; this 

accumulation persisted for over 240 min post-administration (Figure 50B). Trace amounts 

(>LOD but <LOQ) of 13C-labeled nonasaccharide 11 were observed in other sampled organs 

with the exception of skeletal muscle tissue (Table 13 and Table 14). 
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Table 13: Weights and volume information for sampled organs. Range, mean, and standard deviation for the defatted-dry weight of brain, muscle, 
liver, spleen, fat, heart, kidney, lung and hippocampus. Range, mean, and standard deviation for the volumes of collected plasma and urine. 

Organ Brain Muscle Liver Spleen Fat Heart Kidney Lung Hippocampus Plasma 
(µL) 

Urine 
(µL) 

Range (mg) 21.9-45.5 42.8-109.6 23.7-241.9 23.1-123.7 9.4-55.1 33.1-86.6 36.3-86.3 13.1-25.8 1.7-5.5 20-340 40-200 
Mean (mg) 35 60.8 113.5 36.2 17.4 43.6 50.1 18 2.8 151.7 156.2 
Std. Dev. 8.5 14.7 40.7 21 9 12 12.2 3.2 0.9 59.1 88.5 

 

Table 14: The average and standard deviation for the amounts of nonasaccharide quantified in organs (ng/mg) and biological fluids (ng/mL). The LOQ 
for the LC-MS method is 70 pg, and LOD is 20 pg. If between LOD and LOQ but shows both 13C and 12C peak with identical retention time then 

presence in recorded. If between LOD and LOQ and both 13C and 12C peaks are not detected then no presence in recorded. 

Organ (ng/mL) Brain Muscle Liver Spleen Fat Heart Kidney Lung Hippocampus Urine 
(ng/mL) 

Plasma 
(ng/mL) 

Control Mean  0 0 0 0 0 0 0 0 0 0 0 
Sham 30min mean  0 0 0 0.001 0 0 0 0 0 12791 1100 

Sham 30min standard 
deviation 0 0 0 0.001 0 0 0 0 0 722 135 

Sham 120 min mean  0 0 0 0.005 0.003 0.003 0.002 0 0 9438 529 
Sham 120 min standard 

deviation 0 0 0 0.005 0.005 0.005 0.003 0 0 6749 58 
Sham 240 min mean  0 0 0.002 0.001 0.005 0.005 0.003 0 0 8813 0 

Sham 240 min standard 
deviation 0 0 0.003 0.002 0.005 0.001 0.003 0 0 3212 0 

CLP 30min mean  0 0 0 0.002 0 0 0 0 0.285 5739 14450 
CLP 30min standard 

deviation 0 0 0 0.005 0 0.001 0.001 0 0.045 0 2030 
CLP 120 min mean 0.002 0 0 0.006 0 0 0 0.005 0.319 7723 0 

CLP 120 min standard 
deviation 0.002 0 0 0.008 0 0 0 0.006 0.088 4629 0 

CLP 240 min mean 0 0 0.003 0.004 0.009 0 0 0 0.361 795 0 
CLP 240 min standard 

deviation 0 0 0.00296 0.004 0.008 0 0 0 0.040 924 0 
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4.5  Conclusion 

In summary, our findings demonstrate that septic neurocognitive dysfunction is not only 

a consequence of inflammatory or ischemic brain injury but may also arise from septic 

interference with biologic processes (i.e., hippocampal BDNF/TrkB signaling) necessary for 

memory and cognition. Detection of circulating N- and 2-O-sulfated heparan sulfates may 

therefore allow the identification of septic patients at high risk of prolonged cognitive 

impairment, enabling the future development (and personalized implementation) of sulfation 

sequence-targeted therapeutics to improve memory and other patient-centered outcomes in sepsis 

survivors. 

These findings support our hypothesis that circulating 13C-labeled heparan sulfate 

nonasaccharides, which approximate the size of endothelial glycocalyx fragments released into 

the circulation of septic humans,158 are rapidly cleared from the plasma of normal hosts. 

Surprisingly, this clearance is only modestly delayed in septic animals-suggesting that circulating 

heparan sulfate may indeed serve as a valid biomarker of ongoing glycocalyx degradation in 

septic hosts. Rapid clearance of circulating heparan sulfate fragments occurs in septic animals 

despite impairment in urinary heparan sulfate clearance, suggesting that oligosaccharides may be 

cleared by alternative mechanisms, such as transvascular leakage into tissues. The penetration of 

heparan sulfate into tissues is clinically relevant, as sepsis-associated circulating heparan sulfate 

oligosaccharides are of sufficient size (∼6–10 saccharides) and sulfation (enriched in N-

sulfation) to bind to growth factors, potentially influencing downstream signaling processes of 

relevance to both organ injury onset and repair.  

One unexpected finding was that 13C-labeled heparan sulfate nonasaccharide selectively 

targeted and penetrated the hippocampal blood–brain barrier following sepsis, while sparing the 
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cortex and other nonneuronal tissues (Table 14). The blood–brain barrier represents a complex 

multicellular structure (consisting of brain microvascular endothelial cells with tightly apposed 

astrocytes and pericytes) that functions to tightly control the exchange of fluid and solutes 

between the vasculature and brain parenchyma.189 Reflecting this biological importance, 

numerous mechanisms regulate blood–brain barrier permeability, including lipid raft-mediated 

endocytosis (a process known to be influenced by heparan sulfate proteoglycans190) as well as 

receptor-mediated endocytosis (a process through which low– molecular-weight heparins are 

internalized by other organs191). Interestingly, the hippocampal blood–brain barrier appears to be 

uniquely susceptible to injury, as human magnetic resonance imaging studies demonstrate a 

selective propensity for hippocampal (and not cortical) blood vessels to age-associated barrier 

dysfunction,192 as well as a tendency toward hippocampal atrophy in sepsis survivors.157 The 

mechanisms responsible for this selective hippocampal barrier dysfunction during sepsis, and 

their particular relevance to heparan sulfate extravasation, remain unknown and require future 

studies. The extravasation of heparan sulfate fragments into the hippocampus may have a 

significant impact on BDNF-dependent hippocampal processes necessary for learning and spatial 

memory formation. A single intravenous dose of 15 μg of 13C-labeled heparan sulfate 

nonasaccharide led to hippocampal concentrations of only ∼0.3 ng/mg. However, this 

accumulation was the consequence of only a brief period of circulating 13C-heparan sulfate 

nonasaccharide (Figure 50C), substantially underrepresenting the continuous heparan sulfate 

oligosaccharide shedding observed in septic mice (lasting up to 48 h) and in septic humans (at 

least 7 d). Given that 13C-heparan sulfate oligosaccharides persisted within the hippocampus 

(Figure 50B) beyond plasma clearance (Figure 50C), a continuous exposure of endogenous 
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circulating heparan sulfate oligosaccharides would be expected to result in substantial 

hippocampal accumulation during sepsis. 

Our current study confirms that oligosaccharides containing these highly sulfated 

domains selectively penetrate the hippocampus, where they may influence spatial memory 

formation by sequestering BDNF. Thus, therapies aimed at selectively neutralizing circulating 

highly sulfated heparan sulfate oligosaccharides may mitigate inhibition of hippocampal BDNF 

signaling, thus improving cognition. Unfortunately, a survey of known heparin binding proteins 

failed to identify such a selective inhibitor. Future high-throughput studies are needed to identify 

inhibitors that may improve cognition in septic patients with minimal off target impact on other 

organ systems. 
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CHAPTER 5 
5. Structural Analysis of Urinary Glycosaminoglycans from 

Healthy Human Subjects5 

    5.1 Abstract 

Urinary glycosaminoglycans (GAGs) can reflect the health condition of a human being, 

and the GAGs composition can be directly related to various diseases. In order to effectively 

utilize such information, a detailed understanding of urinary GAGs in healthy individuals can 

provide insight into the levels and structures of human urinary GAGs. In this study, urinary 

GAGs were collected and purified from healthy males and females of adults and young adults.  

The total creatinine-normalized urinary GAG content, molecular weight distribution, and 

disaccharide compositions were determined. Using capillary zone electrophoresis (CZE)-mass 

spectrometry (MS) and CZE-MS/MS relying on negative electron transfer dissociation (NETD), 

the major components of healthy human urinary GAGs were determined.  The structures of ten 

GAG oligosaccharides representing the majority of human urinary GAGs were determined. 

5.2  Introduction 

Urine is a biofluid generated by the kidneys that collects in the bladder and is then 

excreted through the urethra. Kidneys function as a blood filtration system in the human body. 

They excrete excess water and soluble metabolism byproducts from the bloodstream, such as 

nitrogenous waste from amino acid and nucleic acid metabolism (urea and uric acid), and 

 
This chapter previously appeared as: Han, X.*; Sanderson, P.*; Nesheiwat, S.; Lin, L.; Yu, Y.; Zhang, F.; Amster, 
J.; Linhardt, R.J., Structural Analysis of Urinary Glycosaminoglycans from Healthy Human Subjects. Glycobiology 
2019, in press, DOI:10.1093/glycob/cwz088. (*Equal contributor, co-first author) 
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creatinine from muscle metabolism.193,194 Kidneys also help our body maintain a stable internal 

environment by extracting glucose to regulate blood sugar levels, and by removing excess ions to 

maintain electrolyte (sodium, calcium, phosphorus, potassium, magnesium, chloride, 

bicarbonate, and phosphates) balance, and also removing toxins, hormones and other waste 

products from blood.193 

Since urine contains the majority of water-soluble waste products from the human 

metabolism system and blood regulatory system, the chemical composition of these byproducts 

can provide valuable information indicative of human health. Modern clinic urinalysis is one of 

the most common medical diagnostic methods. The major target parameters of urinalysis include 

the amounts of ions and trace metals, proteins and enzymes, blood cells, and glucose. Among 

these analytes, glucose is a particularly important indicator of diabetes mellitus.195 Recent 

developments in medical science have shown other diseases that can be diagnosed or monitored 

through the types and amount of urinary glycans. Mucopolysaccharidoses (MPSs), a group of 

lysosomal storage disorders caused by lack of enzymes for glycosaminoglycan (GAG) 

metabolism, are one such disease family identified through the presence of urinary GAGs.196,197 

MPS results in a large increase of GAG concentration in the urine, such as heparan sulfate (HS) 

and keratan sulfate (KS).198 GAGs in this easily accessed biofluid can be used to detect and 

monitor kidney pathogenesis,199 bladder disease,200 and metastatic prostatic cancer.201,202 Urinary 

GAG analysis has been helpful in understanding glomerular-related disease,203 interstitial 

cystitis,204 sepsis severity,205 and urinary tract infection.206  In most of these pathologies there is a 

large increase in the concentration of urinary GAGs simplifying their analysis.  However, in the 

urine of healthy individuals GAG levels are generally quite low (µg/mL levels) making their 

analysis quite difficult. 
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The total healthy human urinary GAGs have been quantified by various methods, 

including dimethylmethylene blue colorimetric dye-binding analysis207,208 by gel electrophoresis 

with silver staining,209,210 by cetylpyridinium chloride (CPC) precipitation methods,211 and using 

ELISA kits for certain human GAGs.212 Disaccharide analysis of human urinary GAGs has been 

studied by 2-aminoacridine (AMAC)-derivatized capillary electrophoresis-laser induced 

fluorescence (CE-LIF),213,214 and liquid chromatography-tandem mass spectrometry (LC-

MS/MS) by multiple reaction monitoring (MRM).48 The results of these different measurements 

resulted similar conclusions that the amount of GAG in healthy human urine was relatively low 

(µg/mL levels) and showed a high individual variability. The observed differences in total GAG 

amount were not gender specific but varied somewhat based on an individual’s age. The majority 

of urinary GAGs were chondroitin sulfate (CS) (on average over 70%), followed by heparan 

sulfate (HS) (from 10%-30% based on detection method). Trace amounts of dermatan sulfate 

(DS) and hyaluronic acid (HA) were also reported.  

However, because technical limitations, in the analysis of the small quantities of GAGs in 

the urine of healthy individuals little, if any, detailed structural analysis has been performed on 

urinary GAGs. Molecular weight distribution of urinary GAGs has been previously studied by 

electrophoresis. However, in most of the studies, GAGs from healthy human urine only 

functioned as a control to MPS or other disease affected patients’ urine samples.215,216 

Specifically, there have been no studies on the molecular weight distributions, GAG 

compositions, or on the sequence of the GAGs present in healthy human urine. A high-

sensitivity, information-rich analytical technique is required for such detailed structural analysis. 

Separation is also paramount to adequately investigate complex biological samples, such as 

urinary GAGs. High resolution SEC method can also achieve a robust separation efficiency and 
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resolution.217 Due to the highly ionic nature of sulfated GAGs, capillary zone electrophoresis 

(CZE) is ideally suited for separation of these molecules as it separates based on size, charge, 

and molecular shape.218–221 Coupling CZE to MS provides high sensitivity and selectivity for 

structural characterization of sulfated GAGs.222–226 Decades of research have been performed on 

sulfated GAGs using various mass spectrometry fragmentation techniques.57,227–231 In particular, 

electron based activation, such as electron detachment dissociation (EDD) and negative electron 

transfer dissociation (NETD), has provided more informative fragment ions to determine 

sequence coverage.161–163 Combining NETD with online CZE-MS simplifies complex GAG 

samples should provide sequence information for the GAG species present. 

MPS and other disease related urinary GAGs have been extensively studied by various 

method in the past several years, including LC-MS, CE-LIF and other advanced analytical 

instrumentation.213,214,235 But none of these studies have reported a profile of the GAGs present 

in healthy human urine. Furthermore, there have been no detailed structural and compositional 

studies on either the GAGs present in human urine from healthy individuals or MPS patients. 

Herein we report the first molecular weight compositional analysis on the urinary GAGs of 

healthy males and females isolated using gel permeation chromatography (GPC). HS and CS/DS 

components ranging from disaccharides to nonasaccharides are found with a range of sulfation 

patterns. The ten most abundant GAG saccharides observed by CZE-MS were fragmented using 

NETD MS/MS to determine modification location and structural assignments. 
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5.3  Material and Methods 

5.3.1 Materials 

All chemicals and reagents were obtained from commercial sources and used as received 

unless otherwise specified. Health human Urine samples from healthy males and six healthy 

females were purchased from BioreclamationIVT (Westbury, NY) (Table 15). No information 

on protection of human subjects was required for this study based on NIH guidelines, as 

unidentified biospecimens from living individuals obtained from a commercial provider are not 

considered human subjects research.  Seventeen unsaturated HA, HS and CS disaccharide 

standards purchased from Iduron, Cheshire, UK. Actinase E was from KaKen Biochemicals 

(Tokyo, Japan). Recombinant Flavobacterium heparinum heparin lyases I, II, and III, and 

Proteus vulgaris chondroitin lyase ABC and keratanase 2 were expressed in Escherichia coli and 

purified in our laboratory as previously described. Keratanase 1 from Pseudomonas sp. was 

obtained from Sigma (St. Louis, MO). TSK gel 3000 SWxl and 4000 SWxl were from Tosoh 

Bioscience (King of Prussia, PA). BFS capillaries (360 µm o.d. × 50 µm i.d.) were purchased 

from PolyMicro Technologies (Phoenix, AZ), and coated electrospray emitters (1.0 mm OD × 

0.75 mm ID, E-BS-CC1-750-1000–10 µ-B30) were obtained from CMP Scientific (Brooklyn, 

NY). Coating reagent N-(6-aminohexyl) aminomethyltriethoxysilane (AHS, Gelest, Morrisville, 

PA) was prepared in toluene and applied to the capillary as previously described.91  Dialysis 

membranes were from Spectrum Chemical (New Brunswick, NJ).   
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Table 15: Urine samples collected from healthy human donors. 

Age (y) Race Label 
23 Caucasian         Male 1* (M1*) 
25 Caucasian Male 2* (M2*) 
24 Caucasian Male 3* (M3*) 
24 Caucasian Female 1* (F1*) 
23 Caucasian Female 2* (F2*) 
23 Caucasian Female 3* (F3*) 
35 Caucasian Male 1 (M1) 
39 Caucasian Male 2 (M2) 
39 Hispanic Male 3 (M3) 
45 Caucasian Female 1 (F1) 
38 Caucasian Female 2 (F2) 
35 Caucasian Female 3 (F3) 

 

5.3.2 Sample Preparation 

Urine samples were defrosted at 4°C and mixed well using a vortex mixer. Aliquots 80 

mL of each sample was used for GAG preparation. Small molecules and salts were removed by 

dialysis (molecular weight cut-off (MWCO) 500−1000 Da) against distilled water and then 

freeze-dried to recover the crude GAGs. All lyophilized crude urinary GAGs were suspended in 

10 mL of water, proteolyzed at 55 °C with 10 mg/mL actinase E for 24 h, and the mixture was 

then lyophilized. The lyophilized samples were dissolved in 5 mL of a solution of denaturing 

buffer (8 M urea containing 2 wt. % CHAPS), bound to a Vivapure Q Maxi H spin column, 

washed twice with 10 mL of denaturing buffer, and washed three-times with 10 mL of 0.2 M 

NaCl. The GAG components were then eluted from the spin column with three 10 mL volumes 

of 16% NaCl, and the salt in these fractions was removed by exhaustive dialysis (MWCO 

500−1000 Da) against distilled water and freeze-dried to recover the purified GAGs. 
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5.3.3 Disaccharides Analysis 

Purified urinary GAGs (approximately 5 μg) were dissolved in 300 μL of digestion buffer 

(50 mM ammonium acetate, 2 mM calcium chloride). Recombinant heparin lyase I, II, and III; 

chondroitin lyase ABC; and keratanase I and II (10 mU of each enzyme) were then added to the 

reaction buffer and placed in a 37 °C incubator overnight. The disaccharide products were 

recovered by passing through a 3000 Da MWCO spin column. The filter unit was washed twice 

with 200 μL of distilled water, and the combined fractions were finally lyophilized. The dried 

samples were labeled with 2-aminoacridone (AMAC) by adding 10 μL of 0.1 M 2-

aminoacridone in dimethyl sulfoxide/acetic acid (17/3, v/v) incubating at room temperature for 

10 min, followed by adding 10 μL of 1 M aqueous sodium cyanoborohydride and incubating for 

1 h at 45 °C. The resulting samples were centrifuged at 13,200 rpm for 20 min. Supernatant was 

collected and analyzed by HPLC-MS on an Agilent 1200 LC/MSD instrument (Agilent 

Technologies, Inc. Wilmington, DE) equipped with a 6300 ion-trap and a binary pump. The 

column used was a Poroshell 120 C18 column (3.0 × 50 mm, 2.7 μm, Agilent, USA) at 45 °C. 

Eluent A was 50 mM ammonium acetate solution, and eluent B was methanol. The mobile phase 

passed through the column at a flow rate of 250 μL/min with 10 min linear gradients of 10−35% 

solution B. The electrospray interface was set in negative ionization mode with a skimmer 

potential of −40.0 V, a capillary exit of −40.0 V, and a source temperature of 350 °C, to obtain 

the maximum abundance of the ions in a full-scan spectrum (300−850 Da). Nitrogen (8 L/min, 

40 psi) was used as a drying and nebulizing gas. 
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5.3.4 Molecular Weight Distribution of Urinary GAGs using Polyacrylamide 

Gel Electrophoresis (PAGE) 

PAGE was used to determine the molecular weight distribution of GAGs. The purified 

urinary GAGs were separated by a 15% total acrylamide, which containing 14.08% (w/v) 

acrylamide, 0.92% (w/v) N,N-methylene-bis-acrylamide, and 5% (w/v) sucrose. The acrylamide 

monomer solutions were prepared in resolving buffer (0.1 M boric acid, 0.1 M Tris, 0.01 M 

disodium EDTA, pH 8.3). Stacking gel monomer solution was prepared in resolving buffer, 

containing 4.75% (w/v) acrylamide and 0.25% (w/v) N,N-methylene- bis-acrylamide and the pH 

adjusted to 6.3 using HCl. A 10 cm × 7 mm diameter resolving gel column was cast from 4 mL 

of 15% resolving gel solution containing 4 μL of tetramethylethylenediamine and 12 μL of 10% 

ammonium persulfate. A stacking gel was cast from 1 mL of stacking gel monomer solution 

containing 1 μL of tetramethylethylenediamine and 30 μL of 10% ammonium persulfate. Phenol 

red dye was added to the sample for visualization of the ion front during electrophoresis. In each 

lane, ∼5 μg of sample was subjected to electrophoresis. A standard composed mixture of heparin 

oligosaccharides with known molecular weights was prepared enzymatically from bovine lung 

heparin.236 The gel was visualized with alcian blue staining and then digitized with UN-Scan-it 

to estimate molecular weight. 

5.3.5 Molecular Weight Distribution of Urinary GAGs Using GPC 

Oligosaccharides separated by size exclusion column (Tosoh Bioscience TSKgel 

G3000SWxl and TSKgel G4000SWxl columns) with online differential refraction detector. 

Mobile phase was 50 mM ammonium acetate at 0.5 mL/min. GAGs were extracted by 

performing dialysis and treatment with actinase E to remove proteins on a mini Q cation column. 
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Recovered GAGs were subjected to GPC to obtain low molecular weight oligosaccharides before 

reconstituting in water for CZE-MS analysis. 

5.3.6 CZE-MS/MS of Oligosaccharides 

CZE separations were performed on an Agilent HP 3D CE instrument using a cation-

coated capillary with a -30 kV potential applied. Ammonium acetate (25 mM in 70% methanol) 

was used as the background electrolyte and sheath liquid to provide reproducible separations and 

optimal spray stability. Conditions and parameters were consistent with previously reported 

literature used for purified GAG standards.213 Samples were injected for 9 s at 950 mbar 

followed by a BGE injection for 10 s at 10 mbar.  

An EMASS-II (CMP Scientific, Brooklyn, NY) CE-MS interface was employed to 

couple the CE with a Thermo Scientific Velos Orbitrap Elite mass spectrometer (Bremen, 

Germany).48,232 The etched capillary outlet was nested inside of a cation coated glass emitter tip 

with a 30 µm tip orifice. The etched capillary was positioned 0.3–0.5 mm from the tip of the 

emitter orifice to create a mixing volume of ~15 nL which was filled with sheath liquid. Nano-

electrospray ionization (nESI) voltage was applied by an external power supply ranging from 

−1.85 to −1.9 kV to the emitter. 

MS detection was performed in negative-ion mode, and multiply-deprotonated anions 

were observed for each species. Sucrose octasulfate was utilized prior to CZE-MS experiments 

to perform a semi-automatic optimization of source parameters. This improved sensitivity of 

sulfated GAGs and decreased sulfate loss during MS analysis. The Orbitrap was scanned from 

m/z 150–2000 for GAG oligosaccharides with a specified resolution of 120,000 for MS and 

MS/MS experiments. Tandem mass spectrometry experiments were performed using negative 

electron transfer dissociation (NETD) MS/MS with fluoranthene as the reagent cation for 
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activation. Mass selection of the precursors occurred in the dual linear ion trap. Activation with 

fluoranthene for doubly and triply charged precursors was ~125 ms and ~50 ms, respectively. 

Each peak from the electropherogram was averaged to obtain a tandem mass spectrum with mass 

accuracy of 10 ppm or better. Data analysis was performed using Glycoworkbench237 and in-lab 

developed software.238 Fragments were assigned based on the Domon-Costello nomenclature.239 

5.4 Results and Discussion 

5.4.1 Isolation and Quantification of Total GAGs in Human Urine 

Two sets of healthy male and female donors were selected, six young adults (23-25 years 

of age) and adults (35-45 years of age) (Table 15).  Samples were first dialyzed using controlled 

pore dialysis membranes (MWCO 150-500 Da and 500-1000 Da) to remove salt, urea, and other 

small molecules in the urine samples without loss of GAGs or GAG oligosaccharides.  Control 

studies using GAG disaccharide standards showed little or no disaccharide loss through MWCO 

150-500 Da even after extensive dialysis. After digestion with actinase E to degrade 

proteins/peptides, urinary GAGs were purified through strong anion exchange Vivapure Q Maxi 

H spin column.  

Total GAG amounts for each urine sample were measured by disaccharide analysis based 

on carbazole assay and MS-MRM. The results were normalized based on creatinine 

concentration to normalize the hydration levels of the individual donors (Table 16).  The values 

determined by carbazole assay showed a higher level of variation (including negative 

concentrations) due to the interference of this colorimetric assay due to urine color. Thus, the 

total GAG present as determined by GAG disaccharide analysis based on MRM-MS was used to 

compound GAG content, which ranged from 7-70 µg/mL (Figure 52).  MRM-MS analysis 
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showed the total GAG was comprised solely of HS and CS/DS with no HA or KS observed. 

When samples from males and females were compared (Figure 53), on average female urine 

showed higher levels of heparan sulfate than male urine at 75.7% as compared to 68.1%, 

respectively.  In contrast male urine showed higher average composition of CS than female 

urine, 31% as compared to 24%, respectively. Both sexes, however, displayed a smaller 

percentage of urinary CS than HS. Despite the differences in average values, these differences 

were not significant.  Since an individual’s age can have an impact on excreted GAGs,182 we 

split the urine samples into two sets, M1-3*/F1-3* (young adults) and M1-3/F1-3 (adults) and 

compared the percentage of HS and CS in these two groups.  Based on age, the urine from young 

adults showed a higher average percentage of HS and a lower average percentage of CS than 

their adult urine counterparts (Figure 54).  These differences based on an individual’s age were 

just barely significant. 

Table 16. Total GAG concentration in urine samples.  

 Total GAGs (µg/mL) Normalized Total GAGs (µg/mL) 
 MRM Carbozole Creatinine MRM Carbozole 

M1 24 2 12.65 19 2 
M2 29 46 5.2 55 88 
M3 3 8 3.6 7 23 
F1 19 39 5.89 33 65 
F2 2 (-26) 2.6 7 �-100� 
F3 33 171 14.37 23 119 

M1* 40 195 15.82 25 123 
M2* 21 303 4.79 44 633 
M3* 44 118 13.01 34 91 
F1* 4.7 13 2.23 21 59 
F2* 48.99 125.2 6.83 72 183 
F3* 31.65 48.1 13.48 23 36 
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Figure 52: Total GAG amount in urine sample determined through disaccharide analysis using MRM and 
normalized based on creatinine levels. 

 

 
Figure 53: Comparison of HS and CS composition differences by gender in urine samples obtained from 

healthy male and female volunteers. 
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Figure 54: Comparison of HS and CS composition differences by age in urine samples obtained from young 

adults (23-25 y) and adults (35-45 y). 

 

5.4.2 Disaccharide Compositional Analysis of GAGs in Healthy Human Urine 

The disaccharide composition of the HS and CS in each sample following enzymatic 

depolymerization was next determined (Table 17). These data show that 0S was the most 

abundant disaccharide in the urinary HS of both males and females and in both age groups. After 

0S, both male and female samples showed decreasing amounts of NS, NS2S, 6S and NS6S and 

TriS, respectively. Again, it should be noted that the urine from females had higher average 

amounts of HS disaccharides than the urine from males. The HS disaccharide composition of the 

urine from young adults showed a higher percentage of 0S than that from the adult group. There 

was less uniformity between the sexes in the disaccharide composition of CS. Female urine 

showed higher percentages 4S and 6S of CS disaccharides. CS of urine from young adults 

showed higher levels of 4S than from the urine of adults, this trend was also reflected in 4S6S, 

2S4S and TriS CS disaccharides. This observation is consistent with an understanding that 

cartilage (comprised primarily of chondroitin 6S) breakdown increases with an individual’s 

age.240 In both age groups, 4S showed the highest levels, followed by 6S. There is a general 
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higher sulfation level in the CS from urine samples obtained from adults compared to young 

adults. This is also consistent with the increased sulfation of cartilage CS with age.241 The high 

level of variability in the disaccharide composition in individuals makes it difficult to draw 

strong conclusions as to the overall significance of these observed differences. 

Table 17: HS and CS compositional analysis.  

 

           5.4.3 Molecular Weight Determination of Urinary GAGS 

The molecular weight properties of the 12 urinary GAG samples were next examined by 

electrophoresis on 15% polyacrylamide gels (Figure 55 A & B).  These gels qualitatively show 

similar molecular distributions for all 12 samples that can be broken into three major 

components, high molecular weight (top third of each lane above the degree of polymerization 

HS disaccharide composition (mole %) 

Disaccharide TriS NS6S NS2S NS 2S6S 6S 2S 0S 

Range (µg/mL) 0-
0.35 

0.11-
2.66 

0.14-
3.06 

0.37-
6.47 

0-
0.02 

0.16-
2.64 

0-
0.21 

2.94-
30.57 

Mean (µg/mL) 0.14 0.68 0.91 2.39 0 0.92 0.05 13.17 

Std. dev. 0.11 0.83 0.80 1.90 0.01 0.71 0.06 9.58 

CS disaccharide composition (mole %) 

Disaccharide TriS 2S4S 2S6S 4S6S 4S 6S 2S 0S 

Range (µg/mL) 0-
2.28 

0.13-
2.14 

0.08-
0.85 

0.12-
4.01 

3.37-
27.36 

0.54-
13.96 

0.01-
1.52 

0.22-
2.86 

Mean (µg/mL) 0.20 0.73 0.42 1.21 11.46 2.85 0.27 1.12 

Std. dev. 0.66 0.59 0.27 1.10 8.51 3.75 0.42 0.93 
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(dp)~20 standard), intermediate molecular weight (middle third at the dp~20 standard) and low 

molecular weight (lower third at and below the dp~10 standard). Nearly all of the urine samples 

show a band between the dp~20 and dp~10 bands.  The sharpness and relative intensity of this 

band suggests that it may not be a GAG or GAG oligosaccharide but rather a highly charged 

metabolite (such as sulfated steroids) or xenobiotic generally present in urine.  Two 

representative samples, M2* and F2*, containing sufficiently high levels of GAGs for analytical 

and preparative GPC, were used to more quantitatively examine molecular weight distributions 

by gel permeation chromatography (GPC) using refractive index detection and are shown in 

Figure 56. The high molecular weight components are shown in the void volume by the small 

peak at 17-20 min.  The intermediate molecular weight components at 25-32 min, corresponding 

to the size of heparin (MWavg 19 kDa), can be observed as a small broad peak.   The low 

molecular weight components at 33-40 min, corresponding to (or smaller than) a low molecular 

weigh heparin (MWavg 4-5 kDa) can be observed as a large broad peak.  These major low 

molecular weight components were analyzed by CZE-MS/MS. 
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A. 

 

B. 

 
Figure 55: Molecular weight distribution of human urinary GAGs. A. & B. show PAGE results on 15% gel 

stained with alcian blue and imaged with Biorad gel imaging software. Samples were from young adults 
(M1*, M2*, M3*, F1*, F2*, F3*) in gel A and samples from young adults (M1, M2, M3, F1, F2, F3) in gel B. 
Standards run in each gel include a ladder of oligosaccharides prepared from the partial digestion of bovine 

lung heparin (Edens et al. 1992). The dp~10 (MWavg 3,325) and dp~20 (MWavg 6,650) standards were 
prepared by fractionating bovine lung heparin oligosaccharides by low pressure GPC (Edens et al. 1992). 

 

 



 

137 

 
Figure 56: GPC analysis using refractive index detection of two urine samples M2* (blue trace) and F2* 

(green trace).  A mixture of unfractionated heparin (MWavg 19,000) and enoxaparin (a low molecular weight 
heparin, MWavg 4,500) are shown as standards (red trace). 

 

5.4.4 CZE-MS Analysis of Low Molecular Weight Human Urinary GAGs 

The high sensitivity of CZE-MS allows detection and separation of GAGs at low 

concentrations to determine various GAG compositions in urine. The low molecular weight 

components (MW < 5 kDa) recovered by GPC from two of the urine samples, M2* and F2*, 

were analyzed using CZE-MS/MS. After reconstituting these low molecular weight GAG 

components from the GPC fractions in 30 µL of water they were separated by CZE-MS.  A 
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variety of compositions were determined by extracting the m/z and charge of the ions and using 

in-lab automated software developed for assignment.238 

 

A  

 

B. 

 
Figure 57: Comparison of the sulfated GAGs recovered from urine coming from a healthy, young adult male 
(M2*) and female (F2*) individual. A. Composition matches of varying chain lengths containing both HS and 

CS/DS. B. Amount of isomers detected for each degree of polymerization. 

 

The majority of the species identified in the M2* and F2* samples were similar, with 

GAG chains ranging in size from dp 2-9 containing both HS and CS/DS components (Figure 57). 

The M2* sample was at a higher concentration and resulted in detection of 81 different 
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compositions while the lower amount of the F2* contained only 28 compositions. The variability 

between the compositions comprising the M2* and F2* samples is shown in Figure 57A. 

Pentasaccharides were the most abundant chain lengths with 17 different compositions for M2* 

and 7 for F2*. Urine is a complex biological sample with a multitude of GAGs present. Thus, 

after composition analysis, each GAG precursor was manually interrogated to determine the 

number of isomers present in the samples (Figure 57B). As expected based on the compositional 

information, the number of isomers was higher for M2* (158) than for F2* (60) sample with dp 

4-6 representing the largest number of isomers present for both sexes. The composition and 

isomer components are provided in Table 18. 
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Table 18: Composition and isomer components. 

adp: degree of polymerization. *Structure Notation: [∆HexA, HexA, HexN, Ac, SO3]. 
¥ Number of isomers: dash (-) indicates not present in sample; 0 indicates only one species detected for that molecular weight.

dpa 
Molecular 

Weight 
Structure 
Notation* 

Isomers¥ 
dpa 

Molecular 
Weight 

Structure 
Notation* 

Isomers¥ 
dpa 

Molecular 
Weight 

Structure 
Notation* 

Isomers¥ 
Male Female Male Female Male Female 

2 417.057 [1,0,1,0,1] 1 - 4 1153.938 [1,1,2,0,6] 1 1 6 1631.02 [0,3,3,1,7] 1 - 
2 477.078 [0,1,1,1,1] 1 - 4 1171.949 [0,2,2,0,6] 2 2 6 1632.945 [0,3,3,0,7] 0 - 
2 497.014 [1,0,1,0,2] 1 - 5 1212.068 [1,2,2,1,4] 1 - 6 1635.08 [0,3,3,3,6] - 1 
2 576.968 [1,0,1,0,3] 0 0 5 1219.179 [0,2,3,3,3] 5 4 6 1650.952 [1,2,3,0,8] 0 3 
2 594.976 [0,1,1,1,3] 2 - 5 1250.016 [1,2,2,0,5] 1 - 6 1668.965 [0,3,3,0,8] 2 - 
3 676.091 [0,1,2,0,2] 1 - 5 1257.137 [0,2,3,2,4] 2 - 6 1730.912 [1,2,3,0,9] 1 - 
3 718.101 [0,1,2,1,2] 2 - 5 1295.072 [0,2,3,1,5] 6 - 6 1748.92 [0,3,3,0,9] 2 - 
3 753.001 [1,1,1,0,3] 2 - 5 1299.136 [0,2,3,3,4] 3 6 7 1572.16 [1,2,4,0,5] - 1 
3 756.048 [0,1,2,0,3] 3 - 5 1315.008 [1,1,3,0,6] 2 - 7 1598.293 [0,3,4,4,3] 4 3 
3 798.059 [0,1,2,1,3] 1 - 5 1329.972 [1,2,2,0,6] 1 - 7 1678.244 [0,3,4,4,4] 5 3 
3 817.994 [1,0,2,0,4] 2 - 5 1333.018 [0,2,3,0,6] 5 - 7 1716.204 [0,3,4,3,5] 3 - 
3 832.958 [1,1,1,0,4] 2 - 5 1375.029 [0,2,3,1,6] 3 3 7 1758.204 [0,3,4,4,5] 3 0 
3 835.996 [0,1,2,0,4] 3 1 5 1379.093 [0,2,3,3,5] 1 2 7 1838.161 [0,3,4,4,6] 2 3 
3 850.968 [0,2,1,0,4] 2 - 5 1394.966 [1,1,3,0,7] 1 2 7 1891.98 [1,2,4,0,9] 2 - 
3 878.015 [0,1,2,1,4] 3 - 5 1412.973 [0,2,3,0,7] 3 4 7 2103.956 [1,2,4,4,9] 0 - 
3 915.962 [0,1,2,0,5] 1 1 5 1454.002 [0,3,2,2,6] 0 - 8 1752.248 [1,3,4,2,4] 0 - 
3 995.916 [0,1,2,0,6] 1 - 5 1492.931 [0,2,3,0,8] 1 1 8 1774.325 [0,4,4,4,3] 3 - 
4 834.113 [1,1,2,0,2] 1 - 5 1511.96 [0,3,2,2,7] 1 - 8 1854.281 [0,4,4,4,4] 3 - 
4 936.145 [0,2,2,2,2] 3 - 5 1572.892 [0,2,3,0,9] 1 - 8 1934.238 [0,4,4,4,5] 1 - 
4 974.092 [0,2,2,1,3] 4 - 6 1377.2 [1,2,3,3,3] - 3 8 2012.056 [0,4,4,1,7] 0 - 
4 994.024 [1,1,2,0,4] 4 1 6 1395.213 [0,3,3,3,3] 4 - 8 2030.066 [1,3,4,1,8] 2 - 
4 1012.038 [0,2,2,0,4] 4 - 6 1453.091 [1,2,3,1,5] 0 - 8 2110.023 [1,3,4,1,9] 1 - 
4 1016.1 [0,2,2,2,3] - 3 6 1475.17 [0,3,3,3,4] - 4 8 2138.011 [1,3,4,2,8] 1 - 
4 1036.039 [1,1,2,1,4] 3 - 6 1491.042 [1,2,3,0,6] 2 - 9 1791.358 [1,3,5,1,3] 2 - 
4 1054.049 [0,2,2,1,4] 4 - 6 1533.048 [1,2,3,1,6] 0 - 9 1871.307 [1,3,5,1,4] 2 - 
4 1073.981 [1,1,2,0,5] 3 3 6 1552.984 [0,3,3,0,6] 0 - 9 1977.395 [0,4,5,5,3] 5 - 
4 1091.992 [0,2,2,0,5] 3 - 6 1555.13 [0,3,3,3,5] - 1 9 2057.36 [0,4,5,5,4] 2 - 
4 1096.06 [0,2,2,2,4] 1 1 6 1570.995 [1,2,3,0,7] 0 - 9 2137.315 [0,4,5,5,5] 3 3 
4 1115.995 [1,1,2,1,5] 1 - 6 1613.006 [1,2,3,1,7] 0 0 9 2175.272 [0,4,5,4,6] 3 - 
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Of particular interest are the structures found in peaks 1, 3, 4 and 5 (Figure 58) as these 

suggest the presence of an unsaturated (-18 amu) ∆UA residue at the non-reducing end of these 

four HS oligosaccharides.   Such ∆UA residues are commonly observed on the treatment of 

GAGs with a microbial polysaccharide lyase but such enzymes are not found in mammals.80  A 

heparin lyase has been isolated from the human colonic bacterium, Bacillus stercoris,242 

suggesting that these HS oligosaccharides might have a dietary source. 

 

 
Figure 58: Extracted ion electropherograms (EIEs) from the CZE-MS analysis of the ten most abundant 
GAG oligosaccharides recovered from the urine of healthy, young adult donors.  A. EIE of the major low 

molecular weight GAGs recovered from the urine of a female donor, F2*.  B.  EIE of the major low molecular 
weight GAGs recovered from the urine of a male donor, M2*. Structures were determined using NETD 

MS/MS (as shown in Figure 59) are the same for both sexes designated by the peak number. 

 

5.4.5 CZE-MS/MS Analysis of Low Molecular Weight Human Urinary GAGs 

Further investigation into the sample relied on online tandem mass spectrometry 

experiments. By combining negative electron transfer dissociation (NETD) experiments with 

CZE-MS, the top ten most abundant species in both the M2* and F2* samples were structurally 

analyzed. The CZE separations are shown in their extracted ion electropherograms (EIEs) 
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(Figure 58).  The EIEs of both samples are strikingly similar showing the same set of peaks at 

similar relative intensities, but the M2* with a higher concentration showed higher abundance of 

GAGs when using the same conditions and injection volumes. The ten most abundant GAG 

precursor mass values extracted from the low molecular weight GAGs from F2* (Figure 58A) 

and M2* (Figure 58B) urine are identified. The structures provided were determined using 

NETD MS/MS, and they are the same for both sexes designated by the peak number.    

 

 
Figure 59: NETD tandem mass spectrum of peak 2 at 20.89 min (Figure 58) corresponding to a HS 

trisaccharide containing five sulfate groups is shown. The boxes in red indicate the cross-ring cleavages. 

 

The NETD mass spectrum of a trisaccharide containing five sulfo groups is displayed in 

Figure 59.  This HS trisaccharide is the second GAG to migrate through the capillary (peak 2, 

Figure 59, A&B). The averaged NETD MS/MS spectrum is from M2* at 20.89 min, but the 

corresponding F2* peak 2 mass spectrum looks similar. Fragment ions are depicted using the 

Domon-Costello nomenclature. Glycosidic cleavages are the most abundant fragments aside 

from the neutral losses. The glycosidic cleavages in addition to the mass of the precursor enable 
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assignment of the N-sulfo modification on the hexosamine residues. In addition, the glycosidic 

cleavages indicate the hexosamine residues have two sulfo groups with the uronic acid 

containing a single sulfo group. While it is not possible to determine the stereochemistry of C-5 

on the acidic sugar, it is represented by a white diamond with the sulfate located at the 2-O 

position. There are three cross ring assignments represented by red boxes (1,5X2, 2,5X2, and 

0,2A3). The cross ring assignments occur on the hexosamines, but do not distinguish between 6-O 

and 3-O sulfation on these residues. Thus, the sulfo groups might be in either the 3-O or 6-O 

position and are represented as “S” on the structure in Figure 59.  The structure based on human 

HS biosynthesis most likely corresponds to GlcNS6S (1�4) IdoA2S (1�4) GlcNS6S. The 

remaining GAG species from F2* and M2* can be found in  

From the fragmentation patterns, it was possible to identify which residues contain sites 

of modification, such as sulfation or N-acetylation, for each polysaccharide. Additionally, 

separation and characterization of positional isomers was accomplished on dp7 carbohydrates 

with three different sulfation patterns (Figure 59 A & B, peaks 6-8). The five peaks that migrate 

through the capillary first appear to potentially be HS species based on the number of sulfo 

modifications in addition to the presence of abundant of N-sulfation. The latter five species 

appear to be CS/DS based on the moderate sulfation patterns (one per disaccharide) and number 

of N-acetyl group present. However, this is not confirmed at this time so the hexosamines are 

presented by white squares if they do not contain N-sulfation. Further analysis will be required to 

more completely delineate these structures. 

Although it was not possible to distinguish between 6-O from 3-O sulfation for HS (and 

the 4-O from the 6-O sulfation for CS/DS), the number of sulfo modifications on sugar residues 

was determined for 10 sulfated GAGs. The most abundant GAG species found in both samples 
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was a disaccharide with three sulfo modifications. Overall, the abundance was higher for M2* 

compared to F2*, but both samples had similar profiles and compositions for the 10 most 

abundant GAGs. The variation in the number of compositions and isomers could be a result of 

the concentration difference between the samples. 

5.5 Conclusions 

A detailed structural and compositional GAGs profile of health urinary GAGs has been 

reported in this study. Urinary GAGs collected and purified from individuals of different age 

(young adults under 30 and adults over 30) and from males and females were analyzed in this 

work. The total creatinine-normalized GAG concentrations ranged from 7-70 µg/mL. HS was the 

most prominent urinary GAG followed by CS and no HA and KS were detected.  Disaccharide 

compositional analysis based on LC-MS MRM showed that 0S is the predominant HS 

disaccharide and 4S was the predominant CS disaccharide. Molecular weight analysis suggested 

the presence of intact GAGs as well as GAG oligosaccharides with the majority of urinary GAGs 

being oligosaccharides of chain sizes from dp 2-20.  Urine from males had slightly more CS and 

urine samples collected from young adults have a higher percentage HS. The CZE-MS/MS 

analysis of urinary GAG oligosaccharides from two samples for urine collected from a healthy 

young adult male and female gave similar profiles having the same 10 most abundant GAG 

oligosaccharides. Interestingly, four of these oligosaccharides contain ∆UA residues at their non-

reducing end suggesting they might originate from dietary sources.  Since this study examines 

only a relatively small number of non-diverse individuals who are not controlled for diet, 

hydration level, time of collection, nor individually evaluated for health, the results presented do 

not define the ‘normal’ ranges of GAG concentration and structure but instead represent only 
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typical values in healthy individuals.  Additional well-controlled clinical studies will be required 

to set ‘normal” ranges of GAG concentration and structure.   
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