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Abstract

N-Acetyl neuraminic acid (sialic acid) is a monosaccharide generally found as the terminating
unit on glycans, which in turn are found on the surface of cells and glycoproteins. These
glycans aid in a variety of biological functions such as cell interactions and immune response.
Sialic acid has been identified as a biomarker for cardiovascular disease, diabetes and a range
of other inflammatory and degenerative conditions. It has also been identified as a marker for
different types of cancer. Sialic acid levels vary depending on the level of inflammation
present during the course of an inflammatory disease and it is overexpressed by tumours as a
shield against the immune system. Since the discovery of sialic acid, numerous assays have
been developed for the identification and quantification of different sialic acid derivative
monosaccharides and these assays fall into four main groups: colorimetric, fluorometric,
enzymatic and chromatographic/mass spectrometric, with much overlap between these.
Given the importance of sialic acids in biological pathways, this review article critically
appraises assays that are used to detect and quantify sialic acid and its derivatives. Thus it
details the method, sensitivity, specificity and wider scope of a range of assays, and
concludes by suggesting some future directions for assay development and application. In
this way, insight is provided into assays that allow for the accurate quantitation of sialic acid
in biological samples, which may facilitate identification of the roles of sialic acid in healthy
and disease pathways.



1. Introduction

N-Acetyl neuraminic acid (figure 1), also known as sialic acid, is an acetylated derivative of
the acidic sugar neuraminic acid. It is one of a family of over 50 different neuraminic acids
(sialic acids)* which includes members with different functional group at the 5-position, for
example an N-acetyl group, an N-glycol group, a hydroxyl group (KDN) or, in the case of
neuraminic acid itself, an unsubstituted amine group. Further differences can be found in the
position and number of hydroxyl group substituents (for example acetyl, methyl, lactyl,
phosphate, sulfate).? Additional diversity in sialic acids result due to the opportunity for
different glycosidic linkages between the 2-position on sialic acid and other carbohydrate
frameworks. Sialic acids are generally found as the terminating unit on glycans, but can also

be found as free molecules, especially in the form of N-acetyl neuraminic acid.®

Figure 1: N-Acetyl neuraminic acid
Sialic acid is important for many different biological processes and for normal cell function.
It exhibits a negative charge under physiological conditions which is subsequently associated
with cells due to sialic acid being found at the cell surface. This negative charge aids in the
aggregation of cells and positively charged species, and the repulsion of other cells.* This is
especially important for erythrocytes as this charge aids in preventing aggregation and
clotting. Sialic acid is also important for recognition by receptors which will not function
without the presence of sialic acid, one such example is the influenza virus which cannot
propagate without sialic acid.>® In contrast, sialic acid also helps to block the action of other
receptors, in the case of the immune system, where it can act as a biological mask to prevent
attack and clearance by the immune system.” This is utilised by both host cells and foreign
bodies. Hypersialylation in cancer is especially prevalent as this assists the cancer cells in
evading the immune system, proliferating and metastasising, resisting cancer therapies and

subsequent cell death, and promoting angiogenesis.®

Analysis of sialic acid is critical due to its identification as a marker of various disease states.
Thus sialic acid, whether naturally found as the monosaccharide or artificially released via
chemical or enzymatic means, has previously been identified as a marker for general

cardiovascular (CVD) risk and associated diseases such as coronary artery disease (CAD)?,



stroke!® and diabetes!?, as well as different cancers'?>*°. Sialic acid is overexpressed during
the pathogenesis of these diseases and, as such, sialic acid can be indicative of the presence of
the disease. Identification and quantification of sialic acid could therefore help in validating
sialic acid as a marker for these diseases aiding in diagnosis and more rapid treatment. For
example, Table 1 illustrates how the levels of serum sialic acid vary in healthy volunteers and
patients with CAD, CVD, diabetes and cancer.

N (Number of | Mean serum | Healthy volunteer/disease state Ref
volunteers) TSA (mmol/L)

138 2.17 Healthy 16
60 2.17 Healthy 17
24 2.14 Healthy 18
20 1.98 Healthy 19
20 1.94 Healthy 20
92 2.26 CAD 18
97 2.95 CVvD 2
411 2.63 CAD and Type 2 diabetes 2
540 2.61 Prostate cancer 2z
242 2.46 Colorectal cancer 24

Table 1: Levels of serum Total sialic acid (TSA) in healthy volunteers and patients with CVD, diabetes or

cancer

The history of sialic acid, its biological functions, and a brief overview of the development of
assays for the identification and quantification of sialic acid have previously been reviewed
by Schauer et al.?® The review presented herein builds on this earlier report and broadens the
perspective in order to include a wider range of approaches that are used to detect and
quantify sialic acid and its derivatives, with a focus on the method, sensitivity, specificity and
wider scope of the strategy. Advantages and disadvantages of both historical and modern
methods are provided, allowing the reader to make an informed decision on the optimum

assay that meets the needs of their particular research programme.
2. Colorimetric methods for quantification of sialic acid

Colorimetric methods for the analysis of sialic acid and its derivatives were some of the first
methods developed for quantifying sialic acids in biological samples. These methods
generally involve the release of bound sialic acids from proteins and lipids with mild acid
hydrolysis. This is then followed by the formation of an intermediate compound that can be



reacted with the main reagent to give a chromophore, wherein the absorbance can be

measured to quantify any sialic acids present.

Some early methods developed for colorimetric analysis of sialic acids were not particularly
successful. These utilised reagents such as diphenylamine?® and
dimethylaminobenzaldehyde.?” to form chromophores. Sulfuric acid/acetic acid,?® HCI,?®
ethanoic acid/sulfonic acid®® were also utilised to form humin, which in turn, could be
detected and used for quantitation. These suffered from poor specificity for sialic acid.
Hexoses, pentoses, deoxy sugars and ketohexoses can also react under many of the assay
conditions, resulting in generally inflated measurements for sialic acid content in samples,
which is not favourable. They also suffered from poor sensitivity and as such were not
particularly well suited for analysis of sialic acids. The methods outlined below, while still
suffering from specificity and sensitivity issues, were better and more well suited to the
analyses required at the time. The following methods, with the exception of the MBTH assay,
could only be utilised for the analysis of total quantity of sialic acids in a sample due to their
inability to distinguish between different sialic acid derivatives. In contrast, the MBTH assay

was utilised to analyse the degree of 8 and 9-O acetylation in the sample.

2.1 Orcinol

This method, developed by Klenk et al. for the analysis of sialic acid, was reported in 1941.%!
It involves the use of a mild acid to cleave sialic acid from its glyosidic bonds followed by
reaction of the liberated sialic acids with Bial’s reagent (40.7 mL conc. HCI, 0.1 g orcinol, 1
mL 1% FeClz and 50 mL water). The liberated sialic acid is boiled at 100°C in the Bials
reagent to give reactive intermediate ketone 2 (scheme 1), which reacts with orcinol to give a
chromogen 3 that can be extracted from aqueous solution using isoamyl alcohol to give a
chromophore 5. This chromophore has a maximum absorbance at 572 nm. This method is
limited however as it can suffer from interference from hexoses, pentoses and uronic acids
and as such does not have very good specificity and results may not be very accurate. This is
because under the conditions utilised for the orcinol assay the hexoses and pentoses form
furfural and hydroxymethylfurfural, while uronic acids form 2-furancarboxylic acid and 5-
formyl-2-furancarboxylic acid (Figure 1).32 These compounds react with orcinol in a similar
way to compound 2 to form a variety of chromophores. Scheme 1 illustrates the conversion
of sialic acid into the reactive intermediate®® that will react with orcinol to give the
chromophore as illustrated in scheme 2.2
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Scheme 1: Conversion of sialic acid to reactive intermediate 2 via reaction with strong acid

2.3 Resorcinol

This method, which builds on the orcinol method, was first reported by Svennerholm et al in
1947. Free sialic acids are reacted with the resorcinol reagent and this solution was produced
by taking 10 mL of a solution containing 2 g resorcinol in 100 mL water and adding this to
80 mL of conc. HCI containing 0.25 mL of 0.1 M copper sulphate solution. This solution was
then made up to 100 mL using water. Heating at 110°C for 15 minutes allowed the sialic acid
to reach maximum absorbency and eliminate as much interference as possible from other
hexoses that also react with the resorcinol. Copper ions are used in HCI to give the reactive
intermediate 2. This then reacts with resorcinol to give a chromogen 4 (scheme 1) that can be
extracted into amyl alcohol to give chromophore 5. The resulting chromophore absorbs at
450 nm and gives a blue colour that is unique to sialic acid, all other sugars give a different
colour allowing for determination of sialic acid when other ketohexoses are present. Some
interference from ketohexoses was still observed but this could be overcome by recording
absorbance at a second maximum of 580 nm. The authors still indicated that between 2-8% of
the absorbance being measured was not from sialic acid when measuring at 580 nm, this was
considered to be due to interference from pentoses, uronic acids and 2-deoxy sugars.3*3

There have been many improvements developed for this method, to potentially solve some of



the above issues. The first is the use of an acetate ion exchange resin to separate the sialic
acid from other compounds that could interfere with the assay. The sialic acid, deprotonated
by the acetate ions, bind to the ion exchange resin while all other compounds are eluted with
water. The sialic acid can then be collected using acetic acid as an eluant to give a sample
containing only sialic acid which can then be measured using the resorcinol method. A
further improvement in the method involved changing the extraction solvent from butan-1-ol
to a mixture of isoamyl alcohol and butyl acetate 15:85.%” This solvent system has better
specificity towards the sialic acid chromogen, increasing the specificity of the method by
elimination of unwanted chromophores. Finally, Jourdian et al. found that including a
periodic acid oxidation step before the acid hydrolysis allowed sialic acid to be oxidised and
produce a chromophore with absorbance at 625 nm. This method reportedly removed
interference from other monosaccharides and as such increased specificity of the method.*

2.4 Periodic acid/thiobarbiturate

This method was reported by both Warren®® and Aminoff.*° Both methods use periodic acid
dissolved in an acidic solution for oxidation of sialic acid to give aldehyde 6. The Warren
method uses stronger acidic conditions, 9 M phosphoric acid versus 0.125 M sulfuric acid for
the Aminoff method. Excess periodate is reduced with sodium arsenite, following this an
acidic solution of thiobarbituric acid is added to give a chromophore 7 (scheme 2). The
Warren method extracts the chromophore into cyclohexanone, Aminoff extracted into
acidified butanol to give chromophore that can be read in a spectrophotometer at 550 nm.
Other studies have used solvents such as methylcellulose,** acetone/HCI*? and DMSO.* As
with other colorimetric methods, this method suffers from interference from other compounds.
Interference is evident from 2-deoxyribose these can also form formyl pyruvic acid and thus
can subsequently react with thiobarbituric acid. One such way to reduce interference is to
measure at 532 nm which is the absorbance for deoxyribose allowing for it to be quantified
and hence subtracted from the total obtained measurement.*’ Furthermore, as shown with the
resorcinol method, ion exchange resins can be used to isolate sialic acid from compounds that
may interfere, but these increase the time to result.** One final improvement established that
using glucose as an inhibitor can reduce interference from deoxyribose,* as it acts as a
competitor for oxidation by periodic acid and forms different products, giving formaldehyde

and formic acid. Thus, the glucose chromophore formed is entirely different from that of



compound 7 and its absorbance does not overlap with that of the sialic acid chromophore

giving more accurate results.

Y N AN
o] - NH i. HIO H
|, OH I 4 O N AR X N
1, B —_— OH — >
HO™ ™ s OH OH OH
on° ii. H* 100°C % 100°C HO X0

Scheme 2: Oxidation of sialic acid to give formylpyruvic acid and subsequent reaction with thiobarbituric acid

2.5 Periodic acid/Methyl-3-benzothiazolinone-2-hydrazone (MBTH)

Massamiri et al. reported this method in 1978 for the measurement of bound sialic acid
directly without performing an acid hydrolysis step to first liberate bound sialic acid.*® 4’ This
is possible by the direct release of formaldehyde 8 from bound sialic acid by the action of
periodic acid in phosphate-buffered saline. The formaldehyde containing solution is reacted
with zinc sulfate and 1 M NaOH followed by MBTH reagent in dilute HCI and FeCls
(scheme 3). This reaction creates a bright green chromophore 9 that absorbs at 625 nm. As
this method avoids the need for an acid hydrolysis step, it requires less time to carry out than
previously discussed methods. Formaldehyde can react with membrane surface amino groups
to give Schiff bases, or diffuse into cells; the authors took this into account and determined
that formaldehyde was not lost through these mechanisms during this analysis. Not
mentioned in the article however is that formaldehyde is an endogenous molecule which
could cause overestimation of sialic acid content. This assay was also utilised by Varki et al.
for the determination of 9-O acetylation of sialic acid*® because these derivatives are not
oxidised to formaldehyde. Comparing the fluorescence intensity before and after an O-
deacetylation step allowed measurement of the total 9-acetylation of sialic acid present. This
was questioned by Shukla et al., however, when they utilised this method alongside an
acetylacetone assay and this indicated that the values determined were rather variable and as
such were unreliable.*® It was posited that this was due to interfering compounds that may

also form formaldehyde under periodate oxidation conditions.
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Scheme 3: Reaction of formylpyruvic acid and MBTH

Colorimetric methods (table 1) are often quick to perform and can generally be carried out in

one pot reactions that do not require specialist facilities. These methods however may not be

particularly sensitive or specific as hexoses, pentoses, deoxy sugars and ketohexoses are

found to react with the reagents used alongside sialic acid. This culminates in the formation

of multiple chromophores per reaction hence resulting in inaccurate quantitation. Some of

these problems were overcome in later years but these advances resulted in more

cumbersome procedures that could not fully mitigate all interferences. Moreover, the limit of

detection of these methods is relatively high when compared to various other methods

developed subsequently.

Assay Reagents Advantages Disadvantages Possible Limitof | Ref
interferences | detection
Orcinol Orcinol, iron Can measure Not specific for Hexoses, Not 30-
(1) ions, HCI | both free and sialic acid pentoses, available | 33
bound sialic uronic acids
acid
Resorcinol Resorcinol, Can measure Not specific for Ketohexoses, | Not 34-
Copper (1) both free and sialic acid pentoses, 2- available | 38
ions, HCI bound sialic deoxyhexoses
acid
Thiobarbiturate Periodic acid, | Can measure Not specific for 2- 50 pg 39-
thiobarbituric | both free and sialic acid Deoxyribose, 45
acid bound sialic hexoses
acid without a
hydrolysis step.
Interference can
be reduced
through method
development
Methyl-3- Periodic acid, | Can measure Not specific for 2- Not 46-
benzothiazolinone- | MBTH free and bound sialic acid Deoxyribose, | available | 49
2-hydrazone sialic acid hexoses
without

hydrolysis step.




Table 2: Summary of colorimetric assays for sialic acid

3. Fluorometric methods for the quantification of sialic acid

Fluorometric methods for the analysis of sialic acid and its derivatives generally involve the
reaction of sialic acid with an oxidant or acid whereupon the resulting compounds are reacted
further to form a fluorophore. This is then excited, and the emission measured to determine
the quantity of sialic acid present in a sample. Alternative complementary methods have also
been developed wherein sialic acid is labelled with a fluorescent tag, forming a newly
fluorescent compound. These methods were effective for the measurement of sialic acid but
were notable to resolve different types of sialic acid from each other given that any
derivatives of sialic acid are likely to form fluorophores that emit at the same maximum as

sialic acid itself.
3.1 3,5-Diaminobenzoic acid

One of the first methods developed for the fluorometric analysis of sialic acid was reported
by Hess and Rolde.?® 3,5-diaminobenzoic acid is use a fluorescent tag to analyse sialic acid.
This tag has previously been used as a fluorescent tag for the analysis of DNA,* and also
reacts with 2-deoxy sugars, aldehydes and hexoses to give fluorescent compounds. After
considerable method development by the authors, the interference from other compounds,
especially hexoses, was reduced to 1.6% by molar weight. This was achieved by adjusting the
labelling reaction conditions based on the observations that in high concentrations of acid
with heat, hexoses react to form compounds that react with 3,5-diaminobenzoic acid, and
sialic acid is labile in hot dilute acid. As such, the authors undertook a search for conditions
that would hydrolyse sialic acid and have a minimal effect on hexoses. The final reaction
conditions involved the reduction of the concentration of 3,5-diaminobenzoic acid from 1 M
to 0.005 M, HCI from 4 M to 0.125 M and increasing the reaction time under heating from
1.5 to 16 hours. This had an effect wherein sialic acid was hydrolysed and successfully
labelled, while a minimum quantity of interfering compounds reacted with the 3-5-
diaminobenzoic acid. The label could effectively be used to label 5 umol of sialic acid per
100 uL of 3,5-diaminobenzoic acid solution, any amount of sialic acid above this requires
more labelling reagent or some labelling efficacy is lost resulting in inaccurate results. This
method is highly specific for sialic acid and therefore provides accurate results in the
quantification of sialic acids in human samples, and in this case specifically brain

gangliosides.



3.2 Thiobarbiturate method

A slight modification for the thiobarbiturate method discussed in the previous section was
identified that allowed for fluorometric rather than colorimetric analysis of sialic acid.>! The
method is initially the same, wherein sialic acids are released from glycans using mild acid
hydrolysis and then reacted with thiobarbituric acid, in this case a fluorogen is formed rather
than a chromogen. This fluorogen, when extracted into acidified butanol, gives a fluorophore
that can be excited at 550 nm, giving an emission at 570 nm. This method was found to be
more sensitive than the traditional thiobarbiturate method by a factor of 500, allowing for
analysis of sialic acid in the picomole range. Although more sensitive for sialic acid, this
approach still suffers from the same issues as the colorimetric thiobarbiturate method, with
interference from numerous other compounds, giving inaccurate results and indicating poor

specificity for sialic acid.
3.3 Pyridoxamine

This method was developed by Murayama and colleagues as a more sensitive method for
sialic acid analysis that could determine sialic acid in quantities as low as 0.1 pg.°?
Pyridoxamine dihydrochloride 9 in the presence of zinc acetate and pyridine in methanol
heated at 70°C for 45 minutes reacts with a-keto acid resulting from ring opening of sialic
acid to give a fluorophore 12 (scheme 4). The authors report that the method could be utilised
to determine amounts of sialic acid between 1-10 pg using 250 pg of pyridoxamine,
incomplete labelling was seen in amounts of sialic acid above 10 pg. Due to the nature of this
reaction, it cannot react with sialic acids substituted at the 2-position, as such bound sialic
acid must be first released via acid hydrolysis or enzymatic action. As such, this method is
specific for free sialic acid, but bound sialic acid can also be measured by performing a prior
acid release step. This method does suffer from interference from a-keto acids which will
react with pyridoxamine in a 1:1 ratio. As such, care must be taken to remove these from a

sample prior to analysis which can in some cases be either difficult or not possible.
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Scheme 4: Reaction of formylpyruvic acid with pyridoxamine in the presence of zinc ions



3.4 Acetylacetone/Periodic acid

This method involves the oxidation of bound sialic acid with periodic acid to form
formaldehyde 8, which when reacted with an acetylacetone 13 solution (acetylacetone,
ammonium acetate, glacial acetic acid and distilled water) at 60°C for 10 minutes gives a
fluorescent compound 14 (scheme 5) that emits at 510 nm.*® This method was found to be as
sensitive as the previously mentioned thiobarbiturate method modification and the
pyridoxamine method, being able to measure roughly 0.1 pg of sialic acid requiring 300 puL
of labelling solution taken from a stock solution (200 pL acetylacetone, 15 g ammonium
acetate, 300 uL glacial acetic acid, 99.5 mL water). It was observed that for free sialic acid
this method was comparable to that of the orcinol and thiobarbituric assays. The authors also
noted an excellent use for this assay, in that it could be used to quantify O-acetylated sialic
acid. 4-O Acetylated sialic acids are oxidised under the conditions utilised by the authors
whilst 8 and 9-O acetylated and 8, 9-di-O acetylated sialic acid do not react, as they are not
oxidised by periodic acid and therefore do not react with acetylacetone to give a fluorophore.
The amount of 8 and 9 O-acetylation present can be determined by subjecting the sample to
an O-deacetylation procedure using 0.1 M NaOH prior to derivatising the sialic acid present.
The increase in fluorogenic activity gives the quantity of acetylation present in the sample in
total. In terms of interference, the authors report that endogenous formaldehyde did not
interfere with the reported method. Interferences were found however from other compounds
that give formaldehyde: free monosaccharides and oligosaccharides, and diols. The authors
also stated to avoid the use of tris buffers as this can form formaldehyde, and to use the buffer

stated in the paper to avoid this issue.
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Scheme 5: Reaction of formaldehyde with acetylacetone and ammonia



3.5 Acetoacetanilide/Ammonia

This method was developed much more recently than most other fluorometric methods and
was first reported in 2008 for the analysis of sialic acid bound to glycoproteins.
Formaldehyde 8 is generated by oxidisation of sialic acid with periodic acid. Excess periodate
is neutralised by the addition of sodium thiosulfate as opposed to sodium arsenite due to
concerns regarding its toxicity. This is followed by subsequent formation of a fluorophore 16
(scheme 6) by reaction with acetanilide 15 and ammonium acetate at room temperature for 10
minutes.>® This gives a compound that when excited at 388 nm emits at 471 nm. This method
is extremely sensitive, being able to measure quantities of sialic acid as low as 1 ug and as
high as 90 pg. The authors stated however that amounts of sialic acid above this upper limit
showed incomplete labelling. This method is specific for sialic acid given that the authors
tested the assay on aldohexoses and methyl alpha-D-glucoside which formed a pyranose ring
that did not react with acetoacetinilide. The authors report that linear polyalcohols, such as
sorbitol (derived from gluose), form two units of formaldehyde and therefore react with
acetoacetanilide and show twice the fluorescence of sialic acid. These polyalcohols are not
likely to occur in most analyses unless the sample to analysed is taken from fruits.

OH

0 AU _NH o} H
)[ OH J\ N\n/\n/ NH;
HO™ o ~__OH HH o+ 2 ©/ il
0 rt, 10 mins
o HIO, 4°C
OH Dark, 15 mins

1 8 15 16

Scheme 6: Reaction of formaldehyde with acetanilide and ammonia

3.6 Summary

Fluorometric methods (table 2) offer some advantages over colorimetric methods previously
discussed. Less interference is found with these methods, fewer compounds react with the
selected reagents alongside sialic acid. Higher sensitivity is also found, with methods being
roughly 500 times more sensitive than colorimetric methods. These methods can take a long
time to perform, however, generally requiring hydrolysis and labelling steps that can take up

to 48 hours which is not favourable if a large number of samples needs to be analysed or



there is a time constraint. They are still easy to perform, similar to colorimetric methods,

meaning any laboratory could reasonably utilise these methods without much preparation or

specialist equipment.

Assay Reagents Advantages Disadvantages Possible Limit of | Ref
interferences | detection
3,5- 3,5- Not specific for 2-Deoxy Not 27,
Diaminobenzoic | Diaminobenzoic sialic acid sugars, available | 50
acid acid, HCI (modification of aldehydes,
reaction hexoses
conditions can
overcome this
somewhat)
Thiobarbiturate | Periodic acid, High Not specific for 2- 0.1pg 51
thiobarbituric sensitivity sialic acid Deoxyribose,
acid hexoses
Pyridoxamine Pyridoxamine, High Does not react a-ketoacids 0.1pg 52
zinc acetate and sensitivity with 2-position
pyridine substituted sialic
acids
Acetylacetone Periodic acid, High Highly toxic Endogenous 0.1pg 49
acetylacetone, sensitivity reagents pyruvate
sodium arsenite Can be used
to measure
degree of O-
acetylated
sialic acids.
Acetoacetanilide | Periodic acid, Extremely Endogenous 1ug 53
acetanilide, sensitive. pyruvate
ammonia Very specific
for sialic acid.

Table 3: Summary of fluorometric assays for sialic acid

4. Enzymatic methods for the analysis of sialic acid

Enzymatic methods for the analysis of sialic acid are interesting in that they offer new

methods for analysis as well as methods that complement previously developed methods.

These generally involve the cleavage of sialic acid from glycans and glycoproteins followed

by the transformation of the released sialic acid into other compounds such as pyruvate and

hydrogen peroxide that can subsequently be measured either colorimetrically or by a variety

of other methods. These methods are effective in their measurement of sialic acid present in a

sample, no ability to distinguish between sialic acid and its derivatives was evident in the

literature however.




4.1 N-Acetyl-D-mannosamine/Pyruvate

One of the first methods identified for the quantitation of sialic acid via an enzymatic method
utilised the reaction of sialic acid with sialic acid aldolase. This enzyme catalyses the
reversible formation of N-acetyl-D-mannosamine 17 and pyruvate 18 from sialic acid
(scheme 7). This gives two options for determining the sialic acid content of a biological
sample. The first option is monitoring the formation of N-acetyl-D-mannosamine by the
action of sodium tetraborate and 4-dimethylaminobenzaldehyde.>* This gives a chromophore
that emits at 582 nm which can be used to quantify sample sialic acid. This method has a
downside in that it is quite cumbersome to perform, requiring a long time for the formation of
the chromophore, it does not suffer from interference from other compounds however due to
the specificity of the enzyme for sialic acid and the lack of endogenous N-acetyl-D-

mannosamine.
o) Oél\,;‘H
: L HO, -~ OH o
j Ej:':ic:i/ Sialic acid aldolase /O/ ) )H‘/o_
HO™ : OH HO 0
on° : 0
SoH

pH 7.2, 37°C
OH 15 mins

1 17 18
Scheme 7: Reversible reaction of sialic acid to N-acetyl-D-mannosamine

The second option is the formation of pyruvate which can be measured by utilising lactate
dehydrogenase and NADH. NADH is oxidised in this reaction with pyruvate and by
measuring the level of NADH oxidation photometrically at 340 nm, the amount of pyruvate
can be quantified and therefore so can sialic acid.®>® This method can suffer from interference
from endogenous pyruvate, leading to results that are higher than anticipated, this can be
accounted for by creating a standard curve of pyruvate concentrations. One advantage is
found in that this method can be used to accurately quantify sialic acid in large quantities of
sample. In samples containing sialic acid at concentrations of 1 mmol or less the conversion
of sialic acid reaches completion, this is however not usually the case for larger quantities of
sample. The use of NADH and lactate dehydrogenase does however drive the reaction to
completion even for large numbers of samples, allowing for more accurate quantitation. This
method was also performed using enzymes that were immobilised on a polymer support, this
gave good reusability of the enzymes.>®



A similar method to this was devised that avoided pyruvate and long reaction times, wherein
N-acetyl-D-mannosamine was converted to N-acetyl-2-aminomannonic acid by the action of
amine dehydrogenase and NAD", which is reduced to NADH. This change can also be
tracked at 340 nm to give the quantity of sialic acid present.>” This method also offers the
advantage of avoiding interference from other compounds due to the lack of endogenous N-

acetyl-D-mannosamine.
4.2 Pyruvate/Hydrogen Peroxide

A further method for sialic acid analysis that builds on the previous protocol converts the
pyruvate, that is liberated by the action of sialic acid aldolase, into hydrogen peroxide. This is
performed by utilising pyruvate oxidase. Subsequent colorimetric determination of hydrogen
peroxide is then achieved with 4-chlorophenol, 4-aminoantipyrine and peroxidase.*® This has

also been carried out using 4-animoantipyrine and N-ethyl-N-2-hydroxyethyl-3-toluidine.>

The method was markedly improved upon by circumventing the issue of endogenous
pyruvate interference. This was achieved by using sialic acid aldolase, N-acylglucosamine
epimerase, N-acetyl hexosamine oxidase and peroxidase. This converts sialic acid to N-
acetyl-D-mannosamine 17, followed by N-acetyl-D-glucosamine 19 and subsequently
hydrogen peroxide 21 is released (scheme 8). The hydrogen peroxide is then converted to a
colorimetrically active compound via the action of peroxidase.®® This overcomes endogenous
pyruvate interference since hydrogen peroxide is released from N-acetyl hexosamine as
opposed to pyruvate. The method has a disadvantage however in that it is very cumbersome
to perform, involving four enzymes, and requiring a large time commitment compared to
other methods. It will however provide accurate results as it suffers from no interferences

from other compounds present in the sample.
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Scheme 8: Reversible reaction of sialic acid to N-acetyl-D-mannosamine, followed by N-acetyl-D-glucosamine,
finally to release of hydrogen peroxide. This reaction is carried in one-pot at 37°C for 10 minutes in a pH 7.5 tris
buffer.

Both methods utilise colorimetry to determine the concentration of sialic acid, another
method developed much later utilises a biosensor to detect the hydrogen peroxide produced.®
This will be more expensive than other methods to perform, it will however be quicker and

possibly more accurate.
4.3 V. Cholerae sialidase/resorcinol

Sialic acid is generally found as the terminal monosaccharide unit in the oligosaccharide
chain bound by a-2,3 and 0-2,6 linkages.?® As discussed, these can be liberated by the action
of acid or enzyme and are prone to oxidation by reagents such as periodic acid. Some sialic
acid is found however as an o-2,8 linked ‘internal’ sialic acid?® but this is not released either
by the action of acid or enzymes such as aldolases and the a-2,8 linkages are resistant to
oxidation,% which affects quantitation by many methods, especially those using periodic acid
or other oxidising agents such as the resorcinol or thiobarbiturate methods. This was
overcome by releasing the sialic acid by the action of V. cholerae sialidase which breaks
these «-2, 8 linkages and therefore releases all sialic acid in the sample from
glycoconjugates.®® The authors then subjected sialic acid to quantitation by the resorcinol
method. This however suffers from the usual drawbacks of this method leading to poor
results, as such, combining this method with a different method for quantitation is pertinent to

receive accurate results.



4.4 Summary

Enzymatic assays (table 3) for sialic acid are exceptionally specific for sialic acid due to the

specificity of enzymes. Some interference can be found however from compounds that are

themselves products of these enzymatic reactions; pyruvate is one such case. These methods

however can be very cumbersome to perform requiring multiple steps and long reaction and

incubation times. Enzymes can also be expensive to purchase and may only be available in

small quantities. This may allow only a few samples to be analysed at any given time. Overall,

these methods are very useful with the specificity and sensitivity perhaps outweighing the

time commitment required to perform them.

Assay Reagents Advantages Disadvantages | Possible Limitof | Ref
interferences | detection
N-Acetyl-D- N-Acetyl Highly Cumbersome N/A Not 54
. neuraminic acid specific to perform, available
mannosamine .
aldolase long reaction
measurement times.
NADH N-acetyl neuraminic | Highly Pyruvate Not 36-
acid aldolase, specific. Can available | 37
measurement
lactate measure large
dehydrogenase, quantities of
NADH sialic acid in
samples
NAD* N-acetyl neuraminic | Highly Cumbersome N/A Not 55-
measurement acid aldolase, amine | specific due to the use available | 58
dehydrogenase and of many
NAD* different
enzymes
Hydrogen Peroxide, | N-acetyl neuraminic | Highly Pyruvate Not 58,
colorimetric acid aldolase, specific available | 59
measurement pyruvate oxidase
Hydrogen peroxide, | N-acetyl neuraminic | Incredibly Very N/A Not 60
avoiding acid aldolase, N- specific for cumbersome to available
interference acetylglucosamine sialic acid, no | perform
epimerase, N-acetyl | interference requiring many
hexosamine oxidase | reported enzymes
and peroxidase
Hydrogen peroxide | Same as above, Incredibly Very N/A Not 61
biosensor with an electronic specific for cumbersome to available
biosensor for sialic acid, no | perform
measurement interference requiring many
reported. enzymes
More accurate
due to
electronic
measurement
V. Cholerae V. cholerae, Can measure | Usual N/A Not 62
- . periodic acid, all sialic acid | drawbacks of available
sialidase/resorcinol - . .
resorcinol in a sample, resorcinol
highly method

specific




Table 4: Summary of enzymatic assays for sialic acid

5. Chromatographic and mass spectrometric assays for the determination of sialic

acid

Most recently chromatography has been employed to provide a means for the separation,
identification and subsequent quantification of sialic acids in biological®*® and other
samples such as infant formula®” and milk products.’® For the analysis of sialic acids,
derivatisation is required using fluorescent labels and reverse phase chromatography is
employed to separate the sialic acids from the bulk material and from each other, allowing
closer scrutiny of a variety of sialic acid derivatives in one sample. This separation is then
followed by measurement of the sugars present by use of methods such as UV detection,

mass spectrometry or fluorescence detection.
5.1 Early chromatographic assays

The earliest methods developed for the chromatographic determination of sialic acids utilised
gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS) and high
performance liquid chromatography (HPLC) coupled with UV detection.®®*"* The GC and
HPLC methods proved to not be particularly sensitive, being unable to detect small biological
quantities of sialic acids, and only able to carry out quantification on large quantities of
standard samples. The GC-MS methods are much more sensitive than the GC or HPLC
methods, and are able to measure smaller quantities of sialic acids, 20 pmol, but it is a very
cumbersome method requiring many instruments to carry out the procedure and as such it
may be preferable to utilise a different assay. As such, these methods were generally
overlooked in favour of other methods utilising other HPLC method combinations.

5.2 Combination with colorimetric assays

One such example is the combination of HPLC with the previously discussed thiobarbiturate
method.** The sample is reacted with periodic acid and thiobarbiturate to give chromophores
of sialic acid and other compounds. Combining this with HPLC allows for separation of the
chromophores from one another to give only sialic acid chromophores that can then be
quantified to give more accurate results. This method still suffers from the issue that it is
quite cumbersome, taking a long time to perform, and it utilises highly toxic chemicals such

as sodium arsenite.*°



5.3 Derivatization of sialic acid with fluorescent tags

Another way of analysing sialic acids involves releasing sialic acid from glycans via
hydrolysis to give the reactive species 22 (schemes 9, 10 and 11) and then these are labelled
to give a fluorescently active species. This can then be detected using fluorescent detection.
This has been used previously to analyse total sialic acid, as discussed in the fluorometric
section of this paper, but by combining with HPLC the compounds can be separated and
analysed more readily with less interference from other compounds allowing for

identification and possible quantitation of derivatives of sialic acid.

4-Hydrazino-2-stilbazole is a reagent for a-keto acids (scheme 9). The authors identified that
10 mM of 4-hydrazino-2-stilbazole in 0.5 M ammonium chloride solution gave the most
fluorescent compound 23 after heating 0.1 mL of plasma that had been subjected to acid
hydrolysis at 85°C for 15 minutes in the dark.”> These derivatised compounds were then
applied to an HPLC column to allow for separation. Peaks for Neu5Ac and Neu5Gc could be
identified by the compound’s emission maximum at 550 nm. Other a-keto acids present in
human plasma had a retention time longer than that of sialic acid and as such did not
compromise the efficiency of this method. Pyruvate and two unknown peaks were identified
however, showing that this method is not as highly specific for sialic acid as hoped and has
disadvantages in that the unknown peaks overlap somewhat with the sialic acid peaks on the
HPLC trace causing some inaccuracy in the quantitation of the sialic acid as the peak areas
will be larger than anticipated. The authors also reported that the fluorophore formed is very
unstable, offering only 2 hours of stability in the dark post labelling and is not stable for any
length of time under light.
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Scheme 9: Hydrolysis of sialic acid and reaction with 4-hydrazino-2-stilbazole



Alkaline borate buffers (pH 10) can be used to form sialic acid borate complexes that when
combined with malononitrile give a fluorescent compound.’’# Separation was achieved on a
reverse phase column to give good separation of sialic acids. There were many other
compounds also labelled with the malononitrile however, such as aldoses, ketoses, deoxy
sugars and amino sugars. As such, interference is highly likely. This method offers one major
advantage in that it is very quick to carry out as it can also be performed using post-column
labelling. The sugars are first separated, the HPLC eluant is mixed with malononitrile and
this gives fluorescent compounds that can be quantified while avoiding lengthy labelling and
clean up procedures. This method can be fully automatic, requiring much less time and user
input. Using post-column labelling also aids in the avoidance of interference from non-sialic
acids because the sialic acid borate complexes are retained on the column for longer than
potentially interfering substances.

Phenyldiamine.2HCI was also identified as a candidate for labelling of sialic acids (scheme
10) giving a fluorophore 25,” this method was found however to take an extremely long time,
48 hours at room temperature, which could be reduced to 16 hours at 37 °C. The authors did
not comment on other compounds that may interfere with this method, they did comment
however on additional peaks found on HPLC traces that did not correspond to sialic acid or
sialic acid derivatives and as such it would appear that this label is not particularly sensitive
for sialic acid.
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Scheme 10: Hydrolysis of sialic acid and reaction with phenyldiamine

1,2-Diamino-4,5-methyleneoxybenzene (DMB) is perhaps the most widely explored and
utilised labelling reagent. Sialic acid and its derivatives that have been liberated from
glycoproteins can be labelled with DMB using mercaptoethanol and sodium hydrosulfite
using water as a solvent by heating for 50°C for 2 hours (scheme 11) to give a fluorophore 27.
Glyosidic bonds and the sialic acids are hydrolysed using a variety of acids at low
concentrations. Sulfuric acid,”®’” 0.1 M TFA, formic acid”® and 2 M acetic acid®® have been
used to perform this hydrolysis using 70-80 °C heat. 2 M acetic acid is the preferable reagent

due to the fact that the other acids can cause cleavage or migration of O-acetyl groups on O-



acetylated sialic acid derivatives. Leaving these intact is preferable as this allows for analysis
of a wider variety of sialic acids. The downside of using acetic acid over any other hydrolysis
agent is the time required for full release of all sialic acids, 3 hours at 80°C compared to times
of 1 hour or less for other stronger acids.
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Scheme 11: Acid hydrolysis of sialic acid followed by DMB labelling

Authors have reported zero interference from compounds other than sialic acid and its
derivatives when labelling with DMB is used. This is due to its high selectivity for the
diketone species formed when sialic acid is hydrolysed under mildly acidic conditions. The
method is very specific and is also highly sensitive with studies reporting detection limits of
sialic acids as low as 12 pg to as high as 0.46 ng.”%788%81 One study reported the lower limit
of detection as 0.3 mg but this appears to be due to the fact that this was the lowest size
standard sample used by the authors and it appears that further validation with smaller sample

quantities could be carried out.”

DMB labelling has one disadvantage in that the derivatized sialic acids are not very stable for
periods over 24 hours; they are only stable for hours at room temperature®? and are sensitive
to UV light. This means that the samples must undergo analysis promptly after derivatisation,
the samples have been shown to be stable for up to 24 hours in the dark at 4°C.”” This can
pose a problem when the samples may be held in an autosampler to be analysed for periods
longer than 24 hours dependent on the run time per sample and number of samples to be
analysed at one time. This has the potential to pose problems of sample stability and as such
could interfere with accurate quantitation of sialic acid and its derivatives when utilising
these methods. One possible method for overcoming this is the utilisation of UHPLC
methods to decrease run time, limiting the amount of time the samples are held in

unfavourable conditions thereby limiting degradation of DMB derivatized sialic acids.

A further major disadvantage of the above methods is the way by which the sialic acids are

identified and quantified. This is performed by using internal standards for identification by



comparing retention times and the creation of standard calibration curves for quantification.
This requires the ability to purchase or synthesise standards of the compounds to be analysed,
Neu5Ac is readily available, with Neu5Gc being available in smaller quantities. There is
however a lack of availability of other derivatives of NeuSAc and Neu5Gc. These must be
synthesised either enzymatically or chemically which can be exceedingly difficult to perform
and may not be possible to carry out on the scale at which it is required for analysis. As such,
analysing Neu5Ac and Neu5Gc may be relatively easy, but it is much more difficult to
analyse and quantify other derivatives, for example O-acetylated sialic acids.

Some work has been carried out in this area however, groups have made use of a reference
panel of different sialic acids mixed together for the purpose of identifying sialic acids in
biological samples by the comparison of retention times of acetylated sialic acid derivatives
extracted from bovine submaxillary mucin. This has been put to good use in analysing the O-
acetylated derivatives present in dried blood spots by DMB analysis.® The usage is limited to
identification of sialic acids however and separate synthesis or extraction of O-acetylated
derivatives from biological samples is required for accurate quantitation.

5.4 Liquid chromatography-mass spectrometry (LC-MS)

Building on these chromatographic methods, is the use of LC-MS of unmodified sugars.?
Sugars are subjected to acid hydrolysis to break glyosidic bonds after which they are applied
to an LC system for separation and these compounds are then introduced into a mass
spectrometry system wherein each compound is profiled, and sialic acids are identified using
internal standards of NeubAc and Neu5Gc. This is a relatively sensitive method, able to
detect quantities as small as 10 ng. There are no interference considerations as all compounds

were shown to be efficiently separated and detected by MS.

More recent advances in LC-MS assays have utilised tandem MS/MS methods both in
isolation®-% and in combination with LC* for the identification and quantification of sialic
acid, sialic acid derivatives® and sialic acid containing oligo and polysaccharides.®#% Not
only can specific structures be elucidated, but the method can also be effective without the
use of internal standards. Internal standards are still required for quantification via these
methods, however.?>°* These methods utilise two mass spectrometers in tandem. The first
instrument ionises the samples and separates ions by mass-to-charge (m/z) ratio. A
predetermined set of ions are then selected for analysis via the second spectrometer wherein

they are fragmented, and the resulting mass data can be analysed.®?



To ensure that sialic acid is efficiently ionised, some steps are required to ensure minimal loss
of sample, sufficient ionisation for analysis and to protect the carboxylic acid groups present
in sialic acid so that they do not form salts with sodium, potassium and ammonium ions
which can affect the measured masses and make identification of sialic acid species difficult.
To overcome these issues, the sialic acids are derivatised in a number of different ways to
protect the carboxylic acid. First among these is protecting the carboxylic acid through non-
linkage specific derivatisation methods, chief and simplest among these is the use of methyl
iodide for methyl protection of the carboxylic acid. Other derivatisations, such as amidation
of the carboxylic acid can be carried out in the presence of an amine and an appropriate
condensing agent.*® This carboxylic acid protection can also be carried by lactonization of
sialic acid by esterification of the carboxylic acid.® Lastly, the sialic acid chains can be
derivatised at the reducing end to then give compounds that can be separated by HPLC
methods and then fed into an MS/MS system for analysis after separation from compounds
not wanted for analysis. This also helps with ionisation of the compounds due to increased

hydrophobicity and therefore ionisation efficiency in the mass spectrometer.®*

This method also boasts the ability to differentiate between different sialic acid linkages by
linkage specific derivatisation. Generally, this is derivatisation of both a-2,3 and a-2,6 sialic
acid followed by lactone formation in only a-2,3 sialic acid giving different masses based on
linkage. This can provide interesting information in the context of the action of certain
viruses which are linkage specific such as flu viruses wherein human flu viruses prefer a-2,6

linkages®® and animal viruses prefer a-2,3 linkages® of sialic acid when binding to cells.
5.5 Summary

Chromatographic methods (table 4) offer many advantages in that interferences are not an
issue with these methods due to the ability to separate sialic acid from other compounds in
biological samples. These methods do require a large time commitment however as with run
times varying between 10-30 minutes, a 96-well plate of samples can require up to 48 hours
for analysis. This time does not include any preparation and labelling time. One other major
disadvantage of these methods is the need for internal standards for the construction of
standard curves for quantification of different derivatives of sialic acids. Finally, the
instrumentation to carry out these analyses can be prohibitively expensive to obtain and as

such may prove out of reach for some researchers attempting analyses of sialic acid.

Assay Reagents Advantages | Disadvantages Possible Limitof | Ref
interference | detection




4-Hydrazino-2- 4-Hydrazino-2- | Allows Pyruvate and Pyruvate and | Not 72
stillbazole stillbazole separation other unknown | as of yet available
from compound unidentified
Neu5Ac interference compounds
Malononitrile Malononitrile, Very quick, | Interference is Not 73,74
borate buffer using post highly likely available
column
labelling
Phenyldiamine.2HCI | Phenyldiamine, | Highly Extremely long | N/A Not 75
NaHSO4 specific for reaction time available
sialic acid Not particularly
sensitive
DMB DMB, sodium Leaves O- Fluorophore is N/A 12 pg— 76-
mercaptoethanol | acetyl not stable under 0.46 ng 83
derivatives standard
intact conditions
Zero
interference
due to highly
selective
fluorescent
tag
LC-MS Relatively N/A Not 84
high available
sensitivity
LC-MS/MS High Expensive N/A Not 85-
sensitivity instrumentation available | 96
and no required
issues
arising from
specificity

Table 5: Summary of chromatographic assays for sialic acid

6. Future Prospects

Development of assays for the detection of sialic acid is by no means a completed area of
research; there is still much possibility for improvement. As discussed in this review, the
most widely used fluorescent tag for sialic acid detection, DMB, is not stable for more than
24 hours in light at room temperature and it must be stored at -20°C in the dark to avoid
degradation. This is neither favourable for the analysis of large batches of samples nor for
long term storage. As such, the discovery, validation and implementation of more stable
fluorescent dyes would be a particularly important step towards facilitating analysis and
quantification of sialic acid. Recent research has identified 4,5-dimethylbenzene-1,2-diamine
(DMBA) as a labelling reagent®—° that is similar to those previously discussed but does not
suffer from the same instability post-derivatisation, whilst offering similar labelling times to
DMB and still offering excellent UV and fluorescent activity for detection and measurement.

Room for improvement can also be found in the length of time required to analyse a batch of




samples. Run times vary based on the affinity of the labelled derivatives for the column
material, the column used (eg particulate size and column length can be varied) and the
mobile phase. These conditions can greatly affect the time it takes to run a sample on HPLC.
If a large batch of samples is to be analysed, a long run time can cause issues with throughput.
Changing the aforementioned variables, and making usage of ultra-high-pressure liquid
chromatography, as compared to HPLC, can significantly reduce run times allowing for
greater throughput and analysis of large batches of samples in a shorter time span.100:10
Another possible improvement is the utilisation of microtiter plate-based assays. Most
previous assays for sialic acid that use DMB and similar dyes utilise screw cap vials to
perform the labelling and other required reactions prior to analysis. Microtiter plates offer a
plausible alternative in that a greater number of samples can be analysed in a shorter span of
time, especially when combined with the use of multi-channel pipettes or liquid handling
robots. This increases throughput by allowing for more than one sample to be prepared at a
time as opposed to vials which need to be handled individually. As a consequence, there is
also a reduction in errors that may occur due to cross-contamination or sample inversion, due
to easier coding of the wells or the use of automated systems. Further to this, replacing the
usage of HPLC equipment with fluorescence-based plate readers could increase the speed of
analysis for sialic acids. This has been used successfully for sialic acid analysis,'%>71% and, as
such, fluorescence detection plate reader sialic acid analysis methods that complement or
even replace the use of HPLC based methods, could now be probed. Finally, further usage of
tandem MS/MS methods especially in conjunction with HPLC methods could be used to
identify and elucidate the structures of not only monosaccharide units of sialic acid but also
sialic acid polysaccharides and sialic acid containing oligosaccharides. This could allow for
expansion of the field to search for changes in sialylation during different disease states such
as cancer and conditions exhibiting inflammation where this hypersialylation is most
prevalent. These analyses could provide data on different derivatisations of sialic acid,
acetylation for example, or different sialic acid linkages that are observed and how these are

caused by or are responsible for a given disease state.
7. Conclusions

The many different assays for sialic acid detection and quantification discussed herein offer a
wide range of options for the quantification and possible identification of sialic acid and its
derivatives in biological samples. Colorimetric and fluorometric methods offer the

advantages of being quick, simple and cheap to perform. These methods do not require many



reagents, and these are themselves readily available, they are also generally one pot reactions
requiring only a handful of hours to carry out the procedure. They are, however, not
particularly specific for sialic acid, with interferences from other sugars present in samples
such as other hexoses, pentoses, ketohexoses and deoxy sugars. They may be preferable
however to enzymatic, chromatographic and mass spectrometric methods which require
expensive reagents and equipment, as well as a large time commitment. The advantage of
these methods however is seen in the specificity and accuracy of the results as well as the
high sensitivity making these excellent candidates for the analysis of sialic acids in biological
samples. The usage of enzymatic, chromatographic and mass spectrometric methods has wide
ranging implications for the analysis of sialic acid in biological samples for biomarker
analysis. It becomes possible to validate sialic acid as a potential biomarker for health
conditions such as cardiovascular disease and cancer, secure in the knowledge that
interferences from other compounds have been eliminated, paving the way for improvements

in early detection and diagnosis of these diseases.
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