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A B S T R A C T   

BDDE substituted HA hydrogels remain the most commonly used HA product in the biomedical field. The 
physical and biochemical properties of the hydrogels are dependent on the degree of modification and substi-
tution patterns/positions, thus, characterizing their fine structure is of great importance for quality assurance. In 
this study, we developed novel LC-MS methods for accurate determination of MoD as well as in-depth charac-
terization of the linkage network. Fragments resulted from enzymatic depolymerization were resolved by a 
porous graphitic carbon column followed by online tandem-MS for determining the modification site/residue. 
With high-resolution separation, two types of previously unknown structures were detected in the cross-linked 
fragments of 2-B-2 and 4-B-2. Based on the feature of resistance to NaBH4 reduction, these structures contain 
a GlcNAc residue modified at OH1. This special sugar unit likely derived from reducing end of the native 
polysaccharide could be a signature to discriminate subtle batch to batch variations.   

1. Introduction 

Hyaluronic acid (HA) is a linear polysaccharide ubiquitously 
expressed in connective tissues of all vertebrates, as main constituent of 
the extracellular matrix (Sudha & Rose, 2014). It consists of repeating 
disaccharides of D-glucuronic acid (GlcA) and N-acetyl-d-glucosamine 
(GlcNAc) linked by alternating 1 → 4 and 1 → 3 glycosidic bonds 
(-4GlcAβ1-3GlcNAcβ1-, Fig. 1a). The primary structure of HA is 
conserved, with variable molecular weight (105–107 Da) and poly-
dispersity across species. HA is involved in multiple biological activities 
in different organs. Apart from being as a major constitutes in tissues, 
HA also mediates cell behaviors during morphogenesis, tissue remod-
eling, and inflammation (Dicker et al., 2014). Based on the unique 
properties, the biological functions of HA have been explored for diverse 
biomaterial applications, the most used form is hydrogels that have been 
extensively applied for medical, aesthetical, and biotechnological 

purposes (Jia & Kiick, 2009; Xu et al., 2012), owing to its outstanding 
water holding capacity, viscoelasticity, and biocompatibility. 

One major limitation of HA based biomaterials is its rapid turnover 
rate in vivo (Fraser et al., 1997) due to the presence of abundant 
endogenous hyaluronidases. Chemical modification of HA reduces its 
accessibility to the degradation enzymes and extends half-life. For this 
purpose, cross-linking techniques have been broadly used. Common 
cross linking reagents include methacrylamide, hydrazide, carbodii-
mide, divinyl sulfone, 1,4-butanediol diglycidyl ether (BDDE), and poly 
diglycidyl ether (Fidalgo et al., 2018; La Gatta et al., 2013; Prestwich 
et al., 1998; Segura et al., 2005), among which BDDE is currently the 
most frequently used. Under alkaline conditions, nucleophilic groups of 
HA react with the epoxide groups of BDDE, leading to the formation of 
stable covalent ether linkages between HA and the cross-linker. As a 
result, one or both ends of BDDE molecule could connect with HA and 
generate mono- or cross-linked 1,4-butanediol di-(propan-2,3-diolyl) 
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ether (BDPE) (Fig. 1B). Deprotonated hydroxyls are more nucleophilic 
than anionic carboxylic group and amide, hence are more likely to react 
with the BDDE molecule (Kenne et al., 2013). Theoretically, the hy-
droxyl linked to C2 and C3 of GlcA, and C4 and C6 of GlcNAc could all 
react with BDDE (Fig. 1A). Under rare circumstances, e.g., when the 
GlcA or GlcNAc residue is at the reducing end (RE) of polysaccharide 
chain, hydroxyl linked to C1 of the sugar units could also form ester 
linkage with BDDE. The degree of modification (MoD), percentage of 
cross-linked BDPE, and the substitution position/pattern determine the 
physical and biochemical properties of the hydrogel. 

Since the cross-linking reactions are often unpredictable, a detailed 
assessment of the product structures is critical for both functions and 
quality control. LC-MS and LC-MS/MS based approaches have been 
established for structural characterization of diverse hydrogels (Hotel-
ing et al., 2018; McGill et al., 2017; Wende et al., 2019; Xie et al., 2016). 
Broad analytical methods have also been established to specifically 
analyze molecular structures of HA hydrogel modified with BDDE 
(Guarise et al., 2012; Kenne et al., 2013; Wende et al., 2016; Wende 
et al., 2017; Yang et al., 2015). The procedure usually starts with 
enzymatic degradation followed by alkaline hydrolysis to depolymerize 
HA chains into oligosaccharides that are more soluble and easier to 
characterize. Size exclusion chromatography coupling mass spectrom-
etry (Kenne et al., 2013) and NMR (Wende et al., 2016; Wende et al., 
2017) based approaches have been used for identification and quanti-
fication of HA oligosaccharides linked with BDPE, through which the 
degree of modification and substitution positions of mono-linked frag-
ments are determined. However, so far there is no method capable of 
distinguishing the substitution position and pattern of the cross-linked 
fragments (eg, 2-B-2 and 4-B-2) that are of the major populations 
resulted from enzyme degradation. In this work, an amide 
chromatography-high resolution (HR)-MS approach is first established 
for mapping and precisely quantifying the oligosaccharides obtained 
through HAase-B degradation of BDPE modified HA-hydrogel. The most 
abundant BDDE linked species, particularly 2-B-2 and 4-B-2, were 
reduced with NaBH4 and separated by a porous graphitic carbon (PGC) 
column for structural identification. From the proportion of each peak, 
we can depict the linkage network in BDDE modified HA hydrogel. This 
robust method enables finger-printing analysis of chemically modified 
HA structure, accordingly to facilitate investigation of structure- 
function correlation. Elucidating the fine structures may also assist to 
guide designed-production of HA-based biomedical products. Identifi-
cation of the rare sugar moiety should contribute to establishment of 
quality control standard for HA-products. 

2. Materials and methods 

2.1. Materials 

BDDE substituted HA hydrogels analyzed in this work were produced 

in our lab. Briefly, crosslinking agent (BDDE) was added to aqueous 
phase of HA at the ratio of 1:50 or 1:100 (by weight) in alkaline media 
for 24 h at 30 ◦C. The reaction was then stopped by dilution with an 
aqueous solution. Hyaluronidase B (HAase-B) from Bacillus sp. A50 was 
provided by R&D department of Bloomagebiotech (Jinan, China). LC 
grade acetonitrile, water, ammonium acetate and ammonium formate 
were obtained from Fisher Scientific (Fair Lawn, NJ, USA). 

2.2. Enzymatic digestion of BDDE cross-linked HA hydrogels 

The hydrogel (10 mg) prepared as above was digested with 10 kU of 
HAase-B in 5 mL buffer of sodium dihydrogen phosphate and disodium 
hydrogen phosphate, pH 6 for 24 h at 42 ◦C. Digestion mixture was 
centrifuged at 5000 ×g in a 10 kDa cut-off filter tube (Amicon, MERCK) 
to remove the enzyme. Digested HA in the flowthrough was then 
collected. 

2.3. NaBH4 reduction of HA oligomers 

The digested product (4 mL, 2 mg/mL) from 2.2 was transferred to a 
15 mL glass vial (Thermo Scientific), and 0.6 mL of freshly prepared 0.5 
M NaBH4 solution was slowly added. The reaction was incubated in a 
42 ◦C water bath for 2 h (with gentle shake every 20 min), and 
neutralized with 0.6 mL of 0.5 M acetic acid. After passing through 0.22 
μm membrane, the filtrate was lyophilized, and re-dissolved in 400 μl of 
H2O. 

2.4. Liquid chromatography separation 

The digested product (2 mg/mL) from 2.2 was further diluted by a 
ratio of 1:1 or 1:200 (final concentrations 1 mg/mL and 0.005 mg/mL, 
respectively), and then applied to a BEH Amide column (1.7 μm 150 ×
2.1 mm, Waters) that was coupled to an Accela 1250 Ultra High Per-
formance LC (UHPLC) system. Solvent A was 5 mM ammonium acetate 
in water, and solvent B was 5 mM ammonium acetate in 90 % aqueous 
acetonitrile. The gradient was 0 % to 0 % A in 3 min, 0 %–35 % A in 45 
min, 35 %–35 % A in 50 min, 35 %–100 % A in 60 min, and 100 %–100 
% A in 70 min. The flow rate was 0.2 mL min− 1. 

For separation of reduced oligosaccharides, 3 μl sample from 2.3 was 
applied to a PGC column (5 μm 150 × 4.6 mm, Thermo) coupled to an 
Accela 1250 UHPLC system. Solvent A was 5 mM ammonium formate in 
water, pH = 3, and solvent B was 5 mM ammonium formate in 90 % 
aqueous acetonitrile, pH = 3. The samples were eluted by a gradient of 
95 % to 78 % A in 3 min, 78 %–45 % A in 100 min, 45 %–0 % A in 105 
min, 0 %–0 % A in 115 min. The flow rate was 0.2 mL min− 1. Eluates 
from 0 to 18 min were introduced to waste for precluding the salt peak. 

Fig. 1. Structures of HA (a) and BDDE modified HA (b).  
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2.5. ESI-MS and tandem MS analysis 

Eluates from the columns (2.4) were directly introduced to the ESI- 
MS interface of a Thermo LTQ-Orbitrap VELOS PRO mass spectrom-
eter (Thermo Scientific, San Jose, CA, USA). Negative ion mode was 
applied with sheath gas flow rate at 15 arb; aux gas flow rate at 3 arb; I 
spray voltage at 3.5 KV; capillary temp at 275 ◦C, and S-Lens RF Level at 
50 % V. For MS/MS or MS/MS/MS analysis, the fragmentation param-
eters were set as following: Iso width (m/z), 3.0; normalized collision 
energy, 28 for CID, 60 for HCD. 

2.6. NMR analysis 

NMR experiments were carried out with a Bruker ASCENDTM 800 
spectrometer with a Quadruple inverse 5 mm CPQCI cryo-probehead (H- 
P/C/N) probe. The spectrum was recorded by the topspin3.1 software. 
1H NMR was performed using the following optimized parameters: pulse 
width set at 30◦; sweep width set at 9615 Hz; O1P set at 6 ppm; relax-
ation delay 5 s. The number of scans was 512. Temperature of probe was 
maintained at 296 K. Filter band width was 125,000.00 Hz. Spectrum 
data points were 64 k. 1D 13C NMR spectra were obtained with exper-
iment zgpg30 from the Bruker pulse sequence library using a recycle 
delay of 2 s and 8000 scans. HSQC NMR spectra were obtained with 
experiment hsqcetgpsisp2.2 from the Bruker pulse sequence and recor-
ded with 1 K data points in F2 and 256 in F1, using a minimum of 32 
scans per increment and a relaxation delay of 1.5 s. 

3. Results 

3.1. Determination of MoD through a UPLC-HRMS method 

The macromolecular BDDE substituted HA hydrogel was first sub-
jected to degradation with Bacillus sp. A50 derived hyaluronidase B 
(Yang et al., 2015). The procedure was optimized to ensure the enzy-
matic digestion was complete at the end of reaction. The generated 

oligosaccharides were then separated and quantitated by a UPLC-amide 
column coupled with a HR mass spectrometer. Fragments of different 
sizes, ranging from unsaturated 2-mer to 8-B-6-B, were detected 
(Table S1). In the following description of x-B-x, x indicates the number 
of sugar units, while B indicates the BDPE linker. To accurately deter-
mine the relative abundance of each species, m/z corresponding to 
different adducts and charge states of the same species were extracted 
(Table S1), peak area obtained from each EIC chromatogram was then 
added up for its quantification. Additionally, as each species has distinct 
isotope distribution, the monoisotopic peak was first integrated, fol-
lowed by conversion to the area of total isotopes according to proportion 
of the monoisotopic peak (Table S1). Further, serial dilutions of the 
enzymatic digest from 2.2 were analyzed to check whether the MS 
response of each species was within the linear range. Unsaturated 2-mer 
and 2-B exhibited linearity of R2 > 0.99 from HA oligo concentrations of 
0–0.01 mg/mL, while other species exhibited linearity of R2 > 0.99 from 
0 to 1 mg/mL. Thus, 1:200 diluted enzymatic digest from 2.2 (final 
concentration 0.005 mg/mL) was analyzed for acquiring peak areas of 2- 
mer and 2-B, and the proportion of these species were then converted 
back according to the dilution ratio. As expected, unsaturated 2-mer was 
the most abundant species, followed by 2-B, 4-B, 4-B-2 and 2-B-2 (Fig. 2, 
Table S2). MoD of the hydrogel could be determined as the stoichio-
metric ratio between the sum of mono- and cross-linked BDPE residues 
and HA disaccharide units (Kenne et al., 2013). Similarly, the cross- 
linking ratio (CrR) could be calculated through dividing the mono- 
linked BDPE by the sum of mono- and cross-linked BDPE (Kenne 
et al., 2013). 

3.2. Characterization of linkage network of the BDDE-linked HA hydrogel 

To elucidate the substitution position and pattern of the cross-linked 
HA hydrogel, the enzymatic digests were reduced with NaBH4 to elim-
inate α and β anomers (Fig. S1). The reduction efficiency was estimated 
to be over 99.99 % based on the ratio of reduced and non-reduced un-
saturated 2-mer. The reduced samples were then resolved on a PGC 

Fig. 2. Major BDPE linked fragments resulted from enzymatic degradation. Note that other substitution positions could be present in each species.  
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column with chromatographic conditions described in 2.4. As shown in 
the extracted ion chromatography (Fig. 3), multiple isomer peaks were 
detected in each species. The isomers could result from different sub-
stitution positions, as well as the absolute configuration of the BDPE 
molecule (Wende et al., 2016). Notably, two types of reduced 2-B-2 
structures were detected, with m/z 963.3675 (z = 1) and 961.3518 (z 
= 1), respectively. The m/z 963.3518 corresponded to the structure in 
which both GlcNAc residues were reduced (Fig. 4a), while the m/z 
961.3518 represented the structure in which one GlcNAc had intact ring 
structure, although the reduction efficiency was over 99.99 %. To 
confirm this, the sample was reduced again by the same procedure, 
which did not change the peak patterns. Thus, it can be deduced that the 
m/z 961.3518 represented a structure in which one GlcNAc was modi-
fied by BDPE at the hydroxyl group linked to C1 (-OH1), hence resistant 
to NaBH4 (Fig. 4b). This structure likely originated from the reducing 
end of original polysaccharide chain. Similarly, two types of reduced 4- 
B-2 structures were detected, with m/z 670.7358 (z = 2) (Fig. 4c) and 
669.7280 (z = 2) (Fig. 4d), respectively. 

3.3. Structural identification of the 2-B and 4-B fragments 

Five peaks were detected in the 2-B species (2-B peak 1 to 2-B peak 5, 
Fig. 3), and online LC-MS/MS experiments were performed to locate the 
substitution positions. The CID mode (using helium as collision gas) or 
HCD mode (using nitrogen as collision gas) was applied to obtain 
structurally informative daughter ions. Peaks 1–3 of 2-B exhibited 
diagnostic ion of 442.22 (Y1) in the CID mode, indicating that the sub-
stitution occurred at the GlcNAc residue (Fig. 5a). Peaks 2-B peak 1 and 
2-B peak 2 displayed very similar spectrum (Fig. 5), while the presence 
of 279.14 (0,4A2) in 2-B peak 3 suggested that GlcNAc was modified at 
-OH6 (Fig. 5). The peaks 2-B peak 1 and 2-B peak 2 were both modified 
at -OH4 of GlcNAc and the structural difference very likely resided in the 
absolute configuration of the BDPE molecule. It was noted that the ratio 

of Y1 (442.22) to Z1 (424.21) was much higher in 2-B (-OH4) (approx-
imately 15:1) than in 2-B (-OH6) (approximately 2:1), likely because the 
BDPE molecule at -OH4 prevented adjacent glycosidic bond rupture. 
The ratio of Y1/Z1 could thus be used to distinguish -OH4 and -OH6 
substitution of GlcNAc. Peaks 4–5 of 2-B showed almost identical MS/ 
MS spectrum in the HCD mode, with daughter ion 377.14 (B1) indicating 
that the substitution occurred at the GlcA residue (Fig. 5). Additionally, 
the diagnostic ion of 115.00 (0,2A1) suggested that the GlcA residues 
were modified at the -OH2 position instead of -OH3 (Fig. 5). 

Three peaks were observed in the 4-B species (4-B peak 1 to 4-B peak 
3, Fig. 3), online LC-MS/MS experiments were performed with CID mode 
to locate the BDPE molecules. Fragmentation of 4-B peak 1 and 4-B peak 
3 lead to basically identical MS/MS spectrum, with 442.22 indicating 
the modification site at the reducing end GlcNAc residue (Fig. 6a). 
Fragmentation of 4-B peak 2 lead to distinct spectrum. 600.25 (Z2) 
indicated the modification site at the reducing end GlcNAc or the GlcA in 
the middle, while 377.14 (Z2/B3) confirmed BDPE at the GlcA residue 
(Fig. 6a). To figure out the exact modification site on each residue, 
600.25 (Z2) was further fragmented with CID (for 4-B peak 1 to 4-B peak 
3) or HCD mode (for 4-B-2). As shown in Fig. 6b, MS3@979.36@600.25 
for 4-B peak 1 and 4-B peak 3 resulted in very similar spectrum 
compared to MS2 for 2-B peak 1 and 2-B peak 2 (Fig. 5), including the 
ratio of Y1 (442.22) to Z1 (424.21). The substitution position of 4-B peak 
1 and 4-B peak 3 was then determined to be -OH4 of the reducing end 
GlcNAc. On the other hand, MS3@979.36@600.25 for 4-B peak 2 lead 
to different spectrum from MS2 for 2-B peak 4 and 2-B peak 5 (Fig. 5), 
while diagnostic ion 115.00 for GlcA-OH2 was not present (Fig. 6b). 
Hence, substitution position of 4-B peak 2 was then determined to be 
-OH3 of GlcA in the middle. See Table 1 for resolved 2-B and 4-B 
structures. 

Fig. 3. LC-MS analysis of BDDE-substituted HA hydrogel. BDDE-substituted HA hydrogel was digested with HAase-B, reduced with NaBH4 and applied to LC-MS 
analysis. Extracted ion chromatogram of 2-B, 4-B, 2-B-2, and 4-B-2 were shown in each panel. 
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3.4. Structural identification of the 2-B-2 fragments 

Eighteen peaks in the 2-B-2 species had a m/z of 963.3675 (z = 1) 
(Fig. 3), in which both GlcNAc residues were reduced by NaBH4 
(Fig. 4a). Online LC-MS/MS experiments were performed with CID 

mode to characterize the linkage pattern. A diagnostic ion 647.32 was 
observed, which corresponded to the fragment in which both GlcA 
residues were ruptured. As 647.32 was present in peaks 1–5, 7 and 9 
(Fig. 7a), GlcNAc residues in these peaks were bridged by the BDPE 
linker. Another diagnostic ion 582.24, representing a structure of GlcA 

Fig. 4. Representative structures of 2-B-2 and 4-B-2 after NaBH4 reduction. Note that other substitution positions could be present in each species.  

Fig. 5. Structural identification of the 2-B oligosaccharides. 2-B peaks 1–5 were fragmented with either CID or HCD mode as indicated in each panel. Key diagnostic 
ions were labeled in Bold. 
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linked to GlcNAc, was found as fragment of peaks 6, 8 and 10–13 
(Fig. 7a). The linkage pattern of these peaks was determined to be 
GlcNAc-B-GlcA. Fragmentation of the rest of peaks (peaks 14–18) lead to 
distinct fragments than peaks 1–13, neither 647.32 nor 582.24 was 
observed. Their linkage pattern was thus deduced as GlcA-B-GlcA. This 
is also verified by the observation that 805.34, another daughter ion of 
which one GlcA was removed, was found as fragment of peaks 1–13, but 
not peaks 14–18 (Fig. 7a). 

Fifteen major peaks in the 2-B-2 species had a m/z of 961.3518 (z =

1) (Fig. 3), in which one GlcNAc residue was reduced by NaBH4, while 
the other was not (Fig. 4b). Based on the resistance to NaBH4 reduction, 
we interpreted one of the modification sites in these peaks to be GlcNAc- 
OH1 (Section 3.2, Fig. 4b). Online LC-MS/MS analysis was performed 
with CID mode to characterize the linkage pattern. A diagnostic ion 
738.24 was present in MS/MS spectrum of peaks 1–4, indicating that the 
GlcNAc-OH1 was connected to the GlcA residue of the other 2-mer by 
BDPE (Fig. 7b). On the other hand, the occurrence of 442.22 and 424.21 
in MS/MS spectrum of peaks 5–15 revealed that the GlcNAc-OH1 was 

Fig. 6. Structural identification of the 4-B oligosaccharides. a) 4-B peak 1 to 4-B peak 3 were fragmented with CID mode, key diagnostic ions were labeled in Bold. b) 
600.25 resulted from a) was further fragmented with the CID or HCD mode as indicated. 
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connected to the GlcNAc residue of the other 2-mer by BDPE (Fig. 7b). It 
worth noticing that 442.22 and 424.21 were basically mutually exclu-
sive in the MS/MS spectrum of each peak. Considering the fragmenta-
tion pattern of GlcA-GlcNAc (-OH4) (peaks 2-B-1 and 2-B-2) and GlcA- 
GlcNAc (-OH6) (peak 2-B-3), the presence of 442.22 likely indicates 
GlcNAc-OH4 substitution, while the presence of 424.21 indicates 
GlcNAc-OH6 substitution. However, considering the number of peaks 
detected, we cannot rule out the probability that BDDE substitution 
occurs at the acetyl group of the reduced GlcNAc residue in some peaks. 
The resolved 2-B-2 structures are listed in Table 1. 

3.5. Structural identification of the 4-B-2 fragments 

As in the case of 2-B-2, two types of structures were observed in 4-B- 
2. In the first type, both GlcNAc residues at the reducing end of the 4-mer 
and 2-mer were reduced by NaBH4, giving the signal of m/z = 670.7358 
(z = 2) (Figs. 3, 4c). In the second type, one GlcNAc at the reducing end 
of the oligomer was reduced while the other was modified by BDPE at 
-OH1, generating the structure of m/z = 669.7280 (z = 2) (Fig. 3). The 
second type of 4-B-2 could be further divided into two sub-types, 4 (RE 
GlcNAc-OH1)-B-2 and 2 (GlcNAc-OH1)-B-4 (Fig. 4d). Linkage patterns 
of the 4-B-2 oligosaccharides were investigated by online LC-MS/MS 
experiments as before. 

Ten major peaks in the 4-B-2 species had a m/z of 670.7358 (z = 2) 
(Fig. 3). When fragmented with the CID mode, all of the ten peaks 
generated a daughter ion of 805.34 (Fig. 8a), which consisted of 2 
reduced GlcNAc residue and 1 unsaturated GlcA linked by BDPE. 
Accordingly, 3 linkage patterns might exist in these peaks, 4 (RE 

GlcNAc)-B-2 (GlcNAc), 4 (RE GlcNAc)-B-2 (GlcA) and 4 (middle GlcA)- 
B-2 (GlcNAc). The diagnostic ion 647.32, representing the fragment in 
which two reduced GlcNAc residues were connected by BDPE, was 
observed in the MS/MS spectrum of peaks 1, 3, 5, 7 and 8 (Fig. 8a). The 
structures of these peaks were thus determined to be 4 (RE-GlcNAc)-B-2 
(GlcNAc). Another diagnostic ion 1026.43 represented the fragment in 
which 2 unsaturated GlcA residues were ruptured. Its occurrence in the 
MS/MS spectrum of peaks 1–5, 7 and 8 (Fig. 8a) precluded the possi-
bility that these peaks were linked as 4 (RE GlcNAc)-B-2 (GlcA). 
Consequently, the linkage pattern of peaks 2 and 4 were deduced as 4 
(middle GlcA)-B-2 (GlcNAc). Fragmentation of peaks 6, 9 and 10 
generated neither 647.32 nor 1026.43, indicating that those peaks were 
linked as 4 (RE GlcNAc)-B-2 (GlcA). The resolved 4-B-2 structures are 
listed in Table 1. 

Seven major peaks in the 4-B-2 species had a m/z of 669.7280 (z = 2) 
(Fig. 3). The presence of 558.17 (loss of a reduced GlcNAc) and 959.33 
(loss of a reduced GlcNAc and an unsaturated GlcA) in the MS/MS 
spectrum (Fig. 8b) further confirmed their structures to be 4 (RE 
GlcNAc-OH1)-B-2 or 2 (GlcNAc-OH1)-B-4. However, due to high struc-
tural similarity of these sub-types, we were not able to identify the 
linkage patterns through tandem MS. 

3.6. Comparative analysis of HA hydrogels 

Apart from the sample (hydrogel 1) that has been extensively studied 
in this work, two more samples were manufactured and compared. 
Hydrogel 2 was from a different batch, but was prepared through the 
same procedure as hydrogel 1, with the ratio of BDDE/HA (1/100) 
under the same reaction conditions. Hydrogel 3 was from the same batch 
as hydrogel 2, but was prepared using a higher BDDE/HA ratio (1/50). 
All three hydrogel samples were analyzed in parallel using the ap-
proaches described above to discriminate subtle structural variations. 
The results show that the MoD of hydrogels 1 and 2 were approximately 
3 %, while the MoD of hydrogel 3 was approximately 6 %, which agreed 
with the BDDE/HA ratio used during manufacturing. Regarding the 
substitution position/pattern, all three products exhibited overall very 
similar spectra of the detected species except for 2-B-2 (961.3518) 
(Figs. S2–S3). Although the MoD of hydrogel 2 was analogous to 
hydrogel 1, peak pattern of 2-B-2 (961.3518) in hydrogel 2 was more 
comparable to hydrogel 3. Peak 8 and the peak labeled with asterisk 
(GlcNAc (-OH1)-GlcNAc) were the most abundant 2-B-2 (961.3518) 
structures in hydrogels 2 and 3. Although the MoD of hydrogel 2 was 
analogous to hydrogel 1, peak pattern of 2-B-2 (961.3518) in hydrogel 2 
was more comparable to hydrogel 3. Peak 8 and the peak labeled with 
asterisk (GlcNAc (-OH1)-GlcNAc) were the most abundant 2-B-2 
(961.3518) structures in hydrogels 2 and 3. This result indicates that 
the relative abundance of BDDE substituted HA oligosaccharides, espe-
cially the cross-linked fragments, could be used to disclose batch-to- 
batch variations. 

3.7. MoD determination and structural characterization of the cross- 
linked fragments by NMR 

NMR has been shown to be a powerful tool for elucidating the 
structure of BDDE-linked HA hydrogels. Utilizing the method reported 
by Kenne et al. (2013), MoD of hydrogel 3 was determined from the 1H 
NMR spectrum. Two singlets at δ 2.05 ppm and δ 1.63 ppm were 
assigned as N-acetyl group from hyaluronic acid and methylenes from 
BDPE, respectively (Fig. S4). In consideration of the proton numbers in 
each group, MoD value was calculated as 6.3 % according to the 
following equation: 

MoD (%) =
(
Imethylene/4

)/(
IN-acetyl/3

)* 100% 

This was in good agreement with the result obtained from the LC-MS 
approach established in this work (6 % MoD for hydrogel 3). 

Table 1 
Structures of the HA oligosaccharides.  

Peaks Structure/Linkage 
pattern 

Diagnostic ion/Fragmentation mode 

2-B Peak 1 △GlcA-GlcNAc 
(reduced, -OH4) 

Y1 (m/z = 442.22), CID MS2@600.25 

2-B Peak 2 △GlcA-GlcNAc 
(reduced, -OH4) 

Y1 (m/z = 442.22), CID MS2@600.25 

2-B Peak 3 △GlcA-GlcNAc 
(reduced, -OH6) 

Y1 (m/z = 442.22), 0,4A2 (m/z =
279.14), CID MS2@600.25 

2-B Peak 4 △GlcA (-OH2)- 
GlcNAc (reduced) 

B1 (m/z = 337.14), 0,2A1 (m/z =
115.00), HCD MS2@600.25 

2-B Peak 5 △GlcA (-OH2)- 
GlcNAc (reduced) 

B1 (m/z = 337.14), 0,2A1 (m/z =
115.00), HCD MS2@600.25 

4-B Peak 1 △GlcA-GlcNAc- 
GlcA-GlcNAc 
(reduced, -OH4) 

Y1 (m/z = 442.22), CID MS2@600.25; 
ratio of Y1 (m/z = 442.22) to Z1 

(424.21), CID/HCD 
MS3@979.36@600.25 

4-B Peak 2 △GlcA-GlcNAc- 
GlcA (-OH3)- 
GlcNAc (reduced) 

Z1 (m/z = 600.25), Z2/B3 (m/z =
377.14), CID MS2 

4-B Peak 3 △GlcA-GlcNAc- 
GlcA-GlcNAc 
(reduced, -OH4) 

Y1 (m/z = 442.22), CID MS2@600.25; 
ratio of Y1 (m/z = 442.22) to Z1 

(424.21), CID/HCD 
MS3@979.36@600.25 

2-B-2 (963.3675) 
peaks 1–5, 7, 9 

GlcNAc-B-GlcNAc m/z = 647.32, CID MS2 

2-B-2 (963.3675) 
peaks 6, 8, 
10–13, 17 

GlcNAc-B-GlcA m/z = 582.24, CID MS2 

2-B-2 (963.7536) 
peaks 14–18 

GlcA-B-GlcA The absence of 647.32, 582.24 and 
805.34, CID MS2 

2-B-2 (961.3518) 
peaks 1–4 

GlcNAc (-OH1)-B- 
GlcA 

m/z = 738.24, CID MS2 

2-B-2 (961.3518) 
peaks 5–15 

GlcNAc (-OH1)-B- 
GlcNAc 

m/z = 442.22, m/z = 424.21, CID MS2 

4-B-2 (670.7358) 
peaks 1, 3, 5, 7, 
8 

4 (RE GlcNAc)-B-2 
(GlcNAc) 

m/z = 805.34, m/z = 647.32, CID MS2 

4-B-2 (670.7358) 
peaks 2, 4 

4 (middle GlcA)-B- 
2 (GlcNAc) 

m/z = 1026.43, CID MS2 

4-B-2 (670.7358) 
peaks 6, 9, 10 

4 (RE GlcNAc)-B-2 
(GlcA) 

The absence of 805.34 and 1026.43, 
CID MS2  
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The LC-MS/MS based approach was capable of elucidating the 
linkage pattern of the cross-linked fragments. However, due to low 
signal intensity and the lack of diagnostic ions, BDDE substitution po-
sitions were not assigned, except for the -OH1 modifications. Thus, the 
2-B-2 and 4-B-2 fragments were separated by size exclusion chroma-
tography and subjected to NMR analysis for broad characterization of 
where the cross-linking occurred, as described previously (Wende et al., 
2016). Fig. 9 exhibited the 1H NMR spectrum of the cross-linked frag-
ments. In 2-B-2 (Fig. 9a), the signal at δ 5.30 ppm was assigned as H1 of 
△GlcA-OH2, while the signals at δ 5.08 ppm and δ 4.64 ppm were 

attributed to the α, β anomers of GlcNAc-OH4. The peak at δ 4.69 ppm 
demonstrated BDDE attachment at GlcNAc-OH6. Tiny amount of 
△GlcA-OH3 substitution was also observed in the 2-B-2 fragment. The 
spectrum of 4-B-2 (Fig. 9b) was very similar to that of 2-B-2. HSQC 
experiments were performed to confirm the 1H NMR result (Fig. S5). 
BDDE substitution at GlcNAc-OH1 was identified by LC-MS analysis. 
However, the 1H NMR signals of GlcNAc-OH1 substituted structures 
were likely covered by other peaks, including peaks at δ 5.08 and δ 4.59 
ppm. Possible H1 signals resulted from GlcNAc-OH1 substitution were 
assigned in the HSQC spectrum (Fig. S5). 

Fig. 7. Structural identification of the 2-B-2 oligosaccharides. a) 2-B-2 (m/z = 963.3675) were fragmented with CID mode, diagnostic ions were extracted for 
structural identification. b) 2-B-2 (m/z = 961.3518) were fragmented with CID mode, diagnostic ions were extracted for structural identification. Note that the demo 
structures drawn in a) and b) could not represent the modification sites of all the peaks in each panel. 
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4. Discussion 

In this work, an in-depth analysis procedure by LC-HRMS was 
established for structural identification and accurate quantification of 
BDDE-substituted HA oligosaccharides obtained through HAase-B 
degradation. Cross-linked HA is broadly used in biomaterials and cos-
metics for in vivo and in vitro applications (Schanté et al., 2011), as 
cross-linking/modification can significantly alter the structure of HA 
polysaccharide and extend half-life of the product. In addition to 
determination of molecular size, identifying molecular composition is 
critical to assure quality of the products. Degree of modification and 
substitution patterns/positions are the key parameters for comprehen-
sive characterization of cross-linked HA hydrogels, which can be 

determined by MS based approaches. However, MS based quantification 
methods might encounter systematic problems, especially when aiming 
at determining relative abundance of multiple components (ie, for MoD 
analysis). For instance, each component might form different adducts 
during ionization and appear at different charge states (see Table S1). To 
conquer this problem, we optimized the quantification procedure 
through extraction of the m/z for all adducts at every charge state 
derived from one component, followed by combination of their peak 
areas for subsequent MoD measurement. Further, components of 
different molecular weight and element composition exhibit distinct 
isotope distributions (see Table S1), which may lead to unreliable results 
if the mono-isotopic peak is exclusively used for calculating MoD. 
Instead, we quantified all isotopes based on the peak area of the mono- 

Fig. 8. Structural identification of the 4-B-2 oligosaccharides. a) 4-B-2 (m/z = 670.7358) were fragmented with CID mode, diagnostic ions were extracted for 
structural identification. b) 4-B-2 (m/z = 669.7280) were fragmented with CID mode, diagnostic ions were extracted for structural confirmation. Note that the demo 
structures drawn in a) could not represent the modification sites of all the peaks in each panel. 
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isotopic peak and its relative abundance to the total isotopes (see 
Table S1). On the other hand, as the absolute amount of each component 
in the enzymatic digests varies largely, it is important to ensure their MS 
responses are within a linear range. Accordingly, linear curves were 
drawn for each component at various concentrations of serial dilutions. 
This enabled us to accurately quantitate different species at varied 
concentrations, eg. unsaturated 2-mer and 2-B needed to be diluted at 
least 100 times for acquiring a linear response; while other species 
needed no further dilution. Altogether, the optimized data processing 
procedures allowed us to achieve significantly higher accuracy for the 
determination of MoD. 

Since crosslinking methods used are none-specific, modification 
randomly occurs in the sugar units, resulting in extremely heterogenous 
and complicated structures. The oligosaccharides generated by hyal-
uronidase might vary dramatically from products prepared by different 
procedures, even from batch to batch prepared by same approach. 
Among different species of oligosaccharides, isomers in each species are 
of high structural similarity, which further increases the difficulty of 
separation and identification. For instance, more than 15 isomers in the 
2-B-2 (m/z = 961.3518) species were identified. Except for absolute 
configuration of the BDPE molecule and substitution position on 
different hydroxyl groups, other uncommon modification sites (eg, the 
acetyl group) might also contribute to the structural polydispersity. 
Furthermore, discrepancy of the isomers might also be associated with α 
and β conformation of the GlcNAc residue that is linked to BDPE at 
-OH1, or related to so far unrecognized structures. For instance, intra- 
chain linkage by BDDE might lead to strucures that are potentially 
unrecognizable to HAase-B. We have found that presence of ammonium 

salt and proper pH of the mobile phase are the key factors to facilitate 
resolving the isomers. 

It was unexpected that 2 types of structures were detected in the 
cross-linked fragments through NaBH4 reduction and LC-MS analysis. 
One type of the structures was modified at -OH1 of the reducing end 
GlcNAc, thus was very likely derived from the reducing end of the native 
polysaccharide chain (Fig. 4). Meanwhile, structures of 2-B (RE GlcNAc- 
OH1) and 4-B (RE GlcNAc-OH1) were not found in the enzymatic di-
gests, indicating that almost all the BDDE modified sugar units at the 
reducing end of the native polysaccharide chain formed cross-linking 
bonds with other sugar units, possibly owing to the flexibility of the 
polysaccharide end structure. Thus, the ratio of -OH1 substituted oligos 
to the total oligos could be used to roughly estimate the molecular 
weight of the hydrogels. 
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