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A B S T R A C T   

N-acetyl-D-neuraminic acid (Neu5Ac) is a sialic acid endogenously produced in higher vertebrates including 
humans. Its significant physiological, nutritional and clinical importance have been revealed over the past de-
cades and recently European Commission has approved its regulatory inclusion as a nutrition additive in com-
mercial food products. Therefore, assay of Neu5Ac in various types of samples has potential interest. However, 
the state of the art of Neu5Ac assay is suffering from complex-multistep methods, costly biochemicals, sophis-
ticated expensive instruments or long analysis time. This work presents a proof of concept for developing a 
single-step, robust and economic electrochemical method based on a chemoreceptor viz. ferroceneboronic acid 
(FcBA) for rapid assay of Neu5Ac in the linear dynamic range 0.1-5.5 mM with a limit of detection up to 30 µM 
avoiding interference from other saccharides. Density functional theory calculations provided a valuable insight 
into the most thermodynamically stable geometry of the FcBA-Neu5Ac complex and its higher stability relative to 
the corresponding FcBA complexes of diol viz. glucose and α-hydroxy acid viz. lactic acid.   

1. Introduction 

The nonulosonic acid monosaccharide N-acetyl-D-neuraminic acid 
(Neu5Ac) is an important member in the family of sialic acids. It is 
endogenously produced in higher vertebrates and it participates in a 
variety of physio- and pathological activities in humans [1–3]. It is now 
evident that Neu5Ac present in human milk is not only responsible for 
the neurocognitive development of the human brain and alteration of 
gut-microbiota of gut-brain axis at an early stage of life, but it also 
participates in a neuroprotective mechanism for some neurodegenera-
tive diseases at later stages of life [4–6]. The concentration of total 
Neu5Ac in human milk in the colostrum, transition, one and three 
month(s) maturity stages for full-term (pre-term) groups of mothers was 
reported as 5.04 ± 0.21 (5.76 ± 0.19), 3.46 ± 0.14 (4.27 ± 0.24), 1.98 
± 0.08 (2.56 ± 0.15) and 1.04 ± 0.06 (1.30 ± 0.13) mM, respectively 
[7], which depends on the pre-pregnancy body-mass-index, maternal 
age and mode of delivery [8], but may not be affected by mother’s diet 
[9]. Commercial pre-term (0.63 ± 0.12 mM) and follow-on (0.43 ±
0.03 mM) infant formulas are unable to meet that level of Neu5Ac [7]. 
Thus, the European Commission has recently approved the regulatory 
inclusion of Neu5Ac⋅2H2O in commercial food products as a nutrition 

additive [10]. 
On the other hand, Neu5Ac contributes to the acidity of zona- 

pellucida and controls the oocyte maturation process. A positive corre-
lation between the follicular fluid total Neu5Ac (~2.8 mM) and imma-
ture oocytes has been found during in vitro fertilisation studies [11]. The 
total serum Neu5Ac (~0.8 mM) is a potential postnatal biomarker for 
acute placental inflammatory lesions and is useful to predict the severity 
of intrauterine infection in preterm infants [12]. It also takes part in the 
glycan mediated B-cell suppression establishing fetomaternal tolerance 
and enables antibody protection against intracellular infection.[13,14] 
It is also a potential biomarker for the diagnosis and risk stratification of 
acute coronary syndrome [15], and development of tumours [16]. 

Therefore, the assay of Neu5Ac in commercial food, biological and 
clinical matrices is of interest. It is evident from a state of the art review 
[1] and some latest reports [16–19], that most of the assay methods rely 
on either expensive multiple enzymes, unstable fluorophore tag mole-
cules, multi-step biochemical procedures or sophisticated equipment 
such as high performance liquid chromatography mass spectrometry 
and multiple sample preparation steps followed by sufficiently long 
analysis time (>2 h). On the other hand, the commercially available 
assay kits based on the multi-step enzymatic reactions or periodate 
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oxidation followed by colourimetric/fluorometric measurements can 
produce a linear dynamic range (LDR) of 0.02/0.005-1.0 mM by col-
ourimetry and 0.005/0.0005-0.100 mM by fluorimetry methods with 
minimum 60 min assay time [1]. This LDR is insufficient for the assay of 
Neu5Ac in the cases discussed above. 

Neu5Ac has both diol functional group at C-7/8,9 and α-hydroxy 
carboxylic acid functional group at C-1,2 as shown in Fig. 1[A]. Thus 
Neu5Ac has shown a special chemical affinity towards various boronic 
acid functionalised molecules [1]. Hence, a boronic acid functional 
group containing redox molecule was thought to be a suitable redox 
probe as well as chemoreceptor of Neu5Ac and from this perspective 
ferroceneboronic acid (FcBA) (Fig. 1B) was proposed as the most 
promising redox active chemoreceptor for Neu5Ac towards the objective 
of this study. 

It is well known that FcBA and other boronic acids form stable bor-
onate ester(s) (E) with the ligand (L) in the form of both di-/poly-ol 
[20–30,30–47] or α-hydroxy carboxylic acid [48] by following the re-
action as shown in Scheme 1. The saccharides and α-hydroxy acids are 
not electroactive in water, but possess diol and hydroxy-acid functional 
groups, respectively, which can form boronate esters with either sp2 (i. 
e., -B(OH)2) or sp3 (i.e., -B(OH)3) hybridised boron (B) of a boronic acid 
functional group anchored to an electroactive molecule such as FcBA, 
although sugars and α-hydroxy acids show different chemical affinities 
to boronic acid.[1,33,42]. 

However, to the best of our knowledge, no electrochemical study of 
FcBA with Neu5Ac is reported in the literature considering the question 
of selectivity of this important nonulosonic acid compared to other 
sugars. Hence, this work has the ambition to present a proof of concept 
to develop a single-step, robust, economic and rapid electroanalytical 
assay of Neu5Ac even in the presence of biologically and commercially 
relevant sugars and sugar alcohols. 

2. Experimental 

2.1. Materials 

Ferroceneboronic acid (FcBA), N-acetyl-D-neuraminic acid 
(Neu5Ac), N-glycolyl-D-neuraminic acid (Neu5Gc), D(+)-glucose, D 
(-)-fructose, D(+)-galactose, D(+)-xylose, maltose, sucrose, lactose, D 
(-)-xylitol, D(-)-mannitol, D(-)-sorbitol, sodium L(+)-lactate, bovine 
serum albumin (BSA), anhydrous sodium acetate and glacial acetic acid 
of analytical grades were used in this work without any further treat-
ment. All aqueous solutions were prepared with ultrapure Milli-Q Mil-
lipore water (18.2  MΩ cm). 

2.2. Electrochemical experiments 

The cyclic and square wave voltammetry experiments were carried 
out at room temperature (22 ± 2 ◦C) in an electrochemical glass cell 
consisting of a glassy carbon working electrode of diameter 3 mm 
(CHI104), platinum wire counter electrode (CHI115) and Ag/AgCl(3M 
KCl) reference electrode (CHI111) by using CHI660E electrochemical 
workstation. Before and between the electrochemical experiments, the 
working electrode was polished on a polishing pad containing slurry of 
1 µm monocrystalline diamond suspension and thoroughly washed with 
Millipore water and 5 mL of test solutions were purged with high purity 
nitrogen for 10 min. Electrochemical experiments were carried out in 
triplicate and a very stable and robust electrochemical response was 
recorded from the same electrode for months. The pH of the solution was 
measured by a calibrated Jenway 550 pH meter. 

2.3. Computational methods 

All geometry optimisations were carried out with the ORCA 5.0.2 
program package [49]. All calculations utilised the second-order Dou-
glas-Kroll-Hess Hamiltonian to incorporate scalar relativistic effects 
[50–52]. The compounds were optimised at the DFT level of theory 
using the TPSSh functional with D3(BJ) dispersion corrections and the 
DKH-def2-TZVP(–f) basis set on all atoms [53–59]. Tight convergence 
and optimisation criteria (TightSCF, TightOpt) and a finer grid (def-
grid3) were used. To speed up the calculations the RIJCOSX approxi-
mation was used in conjunction with the SARC/J fitting basis set 
[60–65]. Thermal and entropic corrections (T = 298.15 K, p = 1. 00 atm) 
to the energy were obtained from calculation of the analytical Hessian 
matrix. Final single point energies were calculated on the optimised 
geometries and by replacing the above basis set by the larger 
dhk-def2-tzvpp basis set. The effect of bulk solvent (water) was 

Fig. 1. The molecular structure of [A] N-acetyl-D-neuraminic acid (Neu5Ac) 
and [B] ferroceneboronic acid (FcBA). 

Scheme 1. The esterification reaction between the L (di-/poly-ol or α-hydroxy acid) and FcBA.  
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modelled using the conductor-like polarizable continuum model 
(CPCM) in combination with the SMD approximation [66]. The initial 
guess structures were prepared and the optimised structures were ana-
lysed by using ChemCraft 1.8 software [67]. The Gibbs Free Energy of 
formation (ΔGf) of ester as shown in Scheme 1 was calculated from the 
Free Energy (G) of the solvated ester (GE), water (GW), FcBA (GFcBA) and 
ligand (GL) (as listed in Table S3) by the following equation (Eq. 1): 

ΔGf = GE + 2GW − GFcBA − GL (1)  

3. Results and discussion 

Fig. 2A shows the cyclic voltammograms (CVs) of 1 mM FcBA in 0.1 
M acetate buffer (pH 4.5) in the absence (blue line) and presence (red 
line) of 2 mM Neu5Ac on a glassy carbon electrode at a scan rate (ν) of 
1.000 V s− 1. FcBA showed anodic and cathodic peak current of 44.1 µA 
(Ia1

p ) at 0.323 V (Ea1
p ) and -45.1 µA (Ic1

p ) at 0.210 V (Ec1
p ), respectively. In 

the presence of 2 mM Neu5Ac under similar condition, Ia1
p and Ic1

p were 
decreased to 35.5 µA and -33.6 µA, respectively, although Ea1

p and Ec1
p 

did not change. Furthermore, an additional pair of anodic and cathodic 
peak current of 6.9 µA (Ia2

p ) at 0.064 V (Ea2
p ) and -22.2 µA (Ic2

p ) at -0.015 V 
(Ec2

p ), respectively, appeared as a redox representation of FcBA-Neu5Ac 
ester. The diffusion coefficient of FcBA in 0.1 M acetate buffer (pH 4.5) 
was calculated as 5.3 × 10− 6 cm2 s− 1 from the slope of the plot of Ia1

p vs. 
ν0.5 (Inset of Fig. 2A) by using the Randles–Sevcik equation and all the 
CVs for ν = 0.025-3.000 V s− 1 are shown in Fig. S1A-C. The log(Ia1

p or Ic1
p ) 

vs. log(ν) plots showed straight lines of slope 0.49 or 0.41 and 0.46 or 
0.51 in the absence and presence of Neu5Ac, respectively (Fig. S1D) 
indicating an electrochemical reaction controlled by diffusion controlled 
mass transfer to the electrode (theoretically it should be 0.5). However, 
log(Ia2

p or Ic2
p r) vs. log(ν) plots showed straight lines of slope 0.97 (up to 

1.000 V s− 1) or 0.27 (>1.000 V s− 1) due to the change of the shapes of 
CVs at high ν (Fig. S1E). The shape of peak a2 became more prominent at 
high ν (with little change >1000 V s− 1) where a reverse trend was 
observed for peak c2, however Ea1

p , Ec1
p , Ea2

p , and Ec2
p did not have 

noticeable change with ν (Fig. S1F). The formal reduction potential (E,
0) 

of FcBA in the absence (E
’(1)
0 ) and presence (E

’(1)
0 ) of Neu5Ac was 

calculated as 0.267 ± 0.002 V and 0.265 ± 0.006 V, respectively, 
whereas that of FcBA-Neu5Ac ester (E

’(2)
0 ) was calculated as 0.027 ±

0.005 V. The shift of E,
0 of FcBA-Neu5Ac to a less positive value 

compared to FcBA indicated that the Neu5Ac boronate ester group 
provided more electron density to the electroactive iron metal centre 
compared to the free boronic acid functionality. Fig. 2B shows that the 
formation of the FcBA-Neu5Ac ester in 0.1 M acetate buffer (pH 4.5) was 
very fast such that signal stability was achieved within 300 s from the 
time of addition of 2 mM Neu5Ac in 1 mM FcBA. However, to get more 
reliable data, we provided a minimum 600 s of incubation period for all 
experiments. 

The above mentioned observations could be explained by a square- 
scheme reaction as shown in Scheme 2. [31]. The equilibrium con-
stant of the chemical reaction of Neu5Ac in the oxidised and reduced 
form of FcBA are represented by KO and KR, respectively Eqs. (2) and (3). 
The equilibrium constant of the overall chemical reaction is Keq (Eq. (4). 

Hence; KO =
[FcBA − Neu5Ac]+eq

[FcBA]
+

eq[Neu5Ac]eq
(2)  

KR =
[FcBA − Neu5Ac]eq

[FcBA]eq[Neu5Ac]eq
(3)  

Keq =
KR

KO
= exp

[
F

RT

{
E

′
(1)

0 − E
′
(2)

0

}]

(4) 

From the experimental data as discussed above, the value of Keq was 
calculated as 1.15 × 104, which suggested that Neu5Ac preferred the 
complex formation with FcBA (i.e., reduced form) compared to FcBA+ (i. 

e., oxidised form). Hence, the low value of I
a2
p

Ic2
p 

(0.02 at ν = 0.025 V s− 1 to 

0.31 at ν = 1.000 V s− 1 (as shown in Fig. S2) was attributed to the high 

Fig. 2. CVs of 0.1 M acetate buffer (pH 4.5) (dotted line), 1 mM FcBA in 0.1 M acetate buffer (pH 4.5) in the absence (blue line) and presence (red line) of 2 mM 
Neu5Ac on glassy carbon electrode at ν = 1.000 V s− 1. Inset: ia1

p vs. ν0.5 for ν = 0.025-3.000 V s− 1. [B] CVs of 1 mM FcBA in 0.1 M acetate buffer (pH 4.5) recorded 
before and after adding 2 mM Neu5Ac at different time of incubation; ν = 1.000 V s− 1. 

Scheme 2. The square scheme mechanism of the electrochemical and chemical 
reactions of FcBA and Neu5Ac. The molecule of water is not considered here as 
the reaction happened in an aqueous solution of FcBA and Neu5Ac. 
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Fig. 3. CVs of 1 mM FcBA in 0.1 M acetate buffer (pH 4.5) in the absence and presence of 0.1-5.5 mM Neu5Ac on glassy carbon electrode at ν = [A] 0.100 and [B] 
1.000 V s− 1. (C) Ic1

p and Ic2
p as a function of Neu5Ac concentration in 1 mM FcBA in 0.1 M acetate buffer (pH 4.5). [D] Plot of ic2

p /ic1
p vs. concentration of Neu5Ac at ν =

(i) 0.100 and (ii) 1.000 V s− 1. 

Fig. 4. [A] SWVs of 0.1 M acetate buffer (pH 4.5) (dotted line), 1 mM FcBA in 0.1 M acetate buffer (pH 4.5) in the absence (blue line) and presence (red line) of 2 mM 
Neu5Ac on glassy carbon electrode (f = 100 Hz, ΔE = 0.050 V). (B) Cathodic and (C) anodic SWVs of 1 mM FcBA in 0.1 M acetate buffer (pH 4.5) in the absence and 
presence of 0.1-5.5 mM Neu5Ac. (D) ic2

p /ic1
p vs. Neu5Ac concentration. Inset: ic1

p and ic2
p vs. Neu5Ac concentration. 
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value of Keq. 
The CVs of 1 mM FcBA in the absence and presence of 0.1-5.5 mM 

Neu5Ac at ν = 0.100 V s− 1 and 1.000 V s− 1 are shown in Fig. 3A and 
Fig. 3B, respectively. The Ic1

p decreased, but Ic2
p increased with increasing 

concentration of Neu5Ac for a fixed concentration of FcBA. The non- 
linear variation of Ic1

p and Ic2
p with Neu5Ac concentration is smaller in 

magnitude at 0.100 V s− 1 compared to that at 1.000 V s− 1. The Ic1
p and Ic2

p 

crossed over each other ~1 mM (for 0.100 V s− 1) and ~4 mM (for 1.000 
V s− 1) of Neu5Ac (Fig. 3C). The ratiometric plot of ic2

p /ic1
p vs. Neu5Ac 

concentration showed two linear dynamic ranges (Fig. 3D). The sensi-
tivities 0.508 and 0.310 mM− 1 at 0.100 V s− 1 (i) was found to be higher 
compared to those 0.192 and 0.141 mM− 1 at 1.000 V s− 1 (ii). The limit 

of detection (LOD, S/N=3) and limit of quantification (LOQ, S/N=10) of 
Neu5Ac by CV at ν = 0.100 V s− 1 were calculated as 0.05 and 0.17 mM, 
respectively. 

The square wave voltammograms (SWVs) reflect a superior current 
sampling technique compared to CVs and thus was expected to show 
better electrochemical response for FcBA-Neu5Ac ester. Fig. 4A shows 
anodic and cathodic SWVs of 1 mM FcBA in 0.1 M acetate buffer (pH 
4.5) in the absence (blue line) and presence (red line) of 2 mM Neu5Ac 
on a glassy carbon electrode. FcBA showed an anodic and cathodic peak 
current of 138.1 µA (Ia1

p ) at 280 V (Ea1
p ) and -133.5 µA (Ic1

p ) at 0.260 V 
(Ec1

p ), respectively. In the presence of 2 mM Neu5Ac, Ia1
p and Ic1

p were 
changed to 147.3 µA and -88.9 µA, respectively, although Ea1

p and Ec1
p did 

Fig. 5. Cathodic SWVs of 1 mM FcBA on glassy carbon electrode at pH (i) 2.5, (ii) 4.5, (iii) 7.2, (iv) 9.0 and (v) 12.0 in the absence (A) and presence of 2 mM Neu5Ac 
(B), 10 mM D(+)-glucose (C) and 10 mM L(+)-lactate (D). The peaks corresponding to free FcBA and FcBA ester are marked by orange and violet asterisk, 
respectively. 
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not change. The additional pair of anodic and cathodic peaks of 6.2 µA 
(Ia2

p ) and -54.8 µA (Ic2
p ) of FcBA-Neu5Ac ester appeared at 0.035 (Ea2

p ) 
and 0.030 V (Ec2

p ), respectively. The optimisation studies of the linear 
frequency (f) and potential pulse (ΔE) for SWVs (as shown in Fig. S3A-F) 
led us to use f = 100 Hz and ΔE = 0.050 V for SWV experiments to 
ensure good intensity and resolution of the peaks. The cathodic (Fig. 4B) 
and anodic (Fig. 4C) SWVs of FcBA in the absence and presence of 0.1- 
5.5 mM Neu5Ac revealed that the cathodic SWVs were much more 
sensitive and consistent for quantitative analysis of Neu5Ac. The Ic1

p 

decreased, but Ic2
p increased with increasing concentration of Neu5Ac 

and those crossed over at ~2.5 mM (Inset of Fig. 4D). The ratiometric 
plot of Ic2

p /ic1
p vs Neu5Ac concentration showed a single linear dynamic 

range of sensitivity, LOD and LOQ as 0.411 mM− 1, 0.03 and 0.11 mM, 
respectively (Fig. 4D). 

Fig. 5A shows that cathodic peak of 1 mM FcBA Ec1
p (marked by *) 

was shifted to more cathodic potentials at pH > 9.0 owing to the 
transformation of sp2 hybridised B [i.e., -B(OH)2] to more electron rich 
sp3 hybridised B [i.e. -B(OH)3] [31]. Fig. 5B shows that the cathodic 
peak of FcBA-Neu5Ac Ec2

p (marked by *) only appeared at pH 2.5, 4.5 
and 9.0. This indicates a pH sensitive boronate ester formation for 

Fig. 6. Optimised molecular structures of (A) FcBA-1,2-β-Neu5Ac, (B) FcBA-7,9-β-Neu5Ac, (C) FcBA-8,9-β-Neu5Ac, (D) FcBA-1,2-L(+)-lactic acid, (E) FcBA-4,6-β-D 
(+)-glucose and (F) FcBA-1,2-β-D(+)-glucose in water as obtained by DFT calculation. 
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Neu5Ac. Interestingly, the representative cathodic peak (marked by *) 
of the boronate ester of D(+)-glucose only appeared at pH 9.0 (Fig. 5C), 
but in contrast, the boronate ester of L(+)-lactate appeared only at pH 
2.5, 4.5 and 7.2 (Fig. 5D). This clearly demonstrates that, depending on 
the pH of the aqueous solution, FcBA could form a boronate ester with 
either α-hydroxy carboxylic acid (at C-1,2) or diol (at C-7/8,9) func-
tional unit of Neu5Ac, where the former was preferred at acidic pH. 
Fig. S4[A-D] shows the corresponding CVs at ν = 1.000 V s− 1. 

The thermodynamically stable structures of probable esters of FcBA 
with β-Neu5Ac, β-D(+)-glucose and L(+)-lactic acid in water were ob-
tained by density functional theoretical (DFT) calculations and shown in 
Fig. 6A-F and the corresponding coordinats are listed in Table S2. A 
similar method was applied on (A) Neu5Ac, (B) D(+)-glucose, (C) L 
(+)-lactic acid, (D) FcBA and (E) water (H2O) (Fig. S5; Table S1) to 
calculate Gibbs Free Energies (G) of individual optimised components 
and ΔGf of esters by using Eq. (1) (Table S3). The ΔGf decreased in the 
order FcBA-1,2-β-Neu5Ac (Fig. 6A) > FcBA-8,9-β-Neu5Ac (Fig. 6C) >
FcBA-7,9-β-Neu5Ac (Fig. 6[B]) > FcBA-4,6-β-D(+)-glucose (Fig. 6E) >
FcBA-1,2-L(+)-lactic acid (Fig. 6D); whereas the formation of FcBA-1,2- 
β-D(+)-glucose ester (Fig. 6F) was thermodynamically unfavourable 

(Table S3). It indicated that the planar 5-membered ring conformation 
in FcBA-1,2-β-Neu5Ac involving sp2 hybridised C and B formed the most 
stable (ΔGf = -64 kJ mol− 1) ester in water among the studied com-
pounds. The thermodynamic stability of FcBA-1,2-β-Neu5Ac in water 
was higher compared to its α-hydroxy carboxylic acid analogue (FcBA- 
1,2-L(+)- lactic acid; ΔGf = -21 kJ mol− 1). On the other hand, FcBA-8,9- 
β-Neu5Ac (ΔGf = -58 kJ mol− 1) and FcBA-7,9-β-Neu5Ac (ΔGf = -50 kJ 
mol− 1) were more thermodynamically stable in water compared to their 
diol analogue FcBA-4,6-β-D(+)-glucose (ΔGf = -30 kJ mol− 1). Further-
more, the Mulliken atomic charge on iron became more negative for all 
esters compared to free FcBA (Table S3) and it justified the cathodic shift 
of E,

0 of FcBA-esters relative to FcBA. 
The Ic2

p /ic1
p of cathodic SWV of 1 mM FcBA (redox probe, RP) in 0.1 M 

acetate buffer (pH 4.5) on glassy carbon electrode in the presence of 
common monosaccharides, disaccharides, sugar alcohol, lactate and 
Neu5Gc (another clinically important sialic acid) are shown in Fig. 7A 
and corresponding CVs are presented in Fig. S6A-P. No more than 0.8% 
positive bias was observed for D(+)-glucose, D(-)-fructose, D(+)-galac-
tose, D(+)-xylose, maltose, sucrose, lactose, D(-)-xylitol, D(-)-mannitol, 

Fig. 7. [A] Ic2
p /ic1

p of cathodic SWV of 1 mM FcBA (redox probe, RP) in 0.1 M acetate buffer (pH 4.5) on glassy carbon electrode in the presence of selected interfering 
chemicals at specified concentrations. (B) Standard addition plot for recovery analysis of 2.5 mM (expected) Neu5Ac in 0.1 M acetate buffer (pH 4.5) containing 1 
mM FcBA, 10 mM D(+)-glucose and 4% BSA. Inset: Corresponding cathodic SWVs. 
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D(-)-sorbitol and bovine serum albumin (BSA) even at high concentra-
tions compared to that of Neu5Ac. However, the electrochemical re-
sponses of 1 mM Neu5Gc and lactate were found to be slightly less than 
that of 1 mM Neu5Ac under similar experimental conditions. A recovery 
analysis of 2.5 mM (expected) Neu5Ac was performed in 0.1 M acetate 
buffer (pH 4.5) containing 1 mM FcBA, 10 mM D(+)-glucose and 4% 
BSA by the standard addition method and the corresponding cathodic 
SWVs are shown in the inset of Fig. 7B. The overall sensitivity of the 
SWV decreased to 0.115 mM− 1 in the complex analytical mixture, but it 
was sufficient to report 2.7 mM (with 108% recovery) of Neu5Ac 
(Fig. 7B). The slight positive bias is due to a minor but cumulative 
positive interference of D(+)-glucose and 4% BSA in the overall result. 

4. Conclusion 

This preliminary work provides a proof of concept to utilise the pH 
sensitive formation of the more thermodynamically stable five- 
membered boronate ester (FcBA-1,2-β-Neu5Ac) ring of FcBA with 
Neu5Ac compared to other sugars, realising a simple and rapid homo-
geneous electrochemical assay of Neu5Ac in the linear dynamic range of 
0.1-5.5 mM with a LOD of 30 µM. The present method successfully 
avoids interference from common monosaccharides, disaccharides and 
sugar alcohols, but fail to completely overcome the interference from 
α-hydroxy acids. Hence, it opens up a curious door to follow up in-
vestigations on the further improvisation of sensitivity and selectivity of 
the method, a detailed structural and in-depth energy analysis of various 
ester conformers by density functional theory. 
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with diols at aqueous and non-aqueous conditions - signalling and binding abilities 
of an electrochemical probe for saccharides, Electrochim. Acta 153 (2015) 
280–286, https://doi.org/10.1016/j.electacta.2014.12.009. 

[37] M. Saleem, H. Yu, L. Wang, Zain-Ul-Abdin, H. Khalid, M. Akram, N.M. Abbasi, 
Y. Chen, Study on synthesis of ferrocene-based boronic acid derivatives and their 
saccharides sensing properties, J. Electroanal. Chem. 763 (2016) 71–78, https:// 
doi.org/10.1016/j.jelechem.2015.12.028. 

[38] J. Li, Z. Bai, Y. Mao, Q. Sun, X. Ning, J. Zheng, Disposable sandwich-type 
electrochemical sensor for selective detection of glucose based on boronate 
affinity, Electroanalysis 29 (2017) 2307–2315, https://doi.org/10.1002/ 
elan.201700295. 

[39] M.A. Casulli, I. Taurino, T. Hashimoto, S. Carrara, T. Hayashita, Electrochemical 
assay for extremely selective recognition of fructose based on 4-ferrocene-phenyl-
boronic acid probe and β-cyclodextrins supramolecular complex, Small 16 (2020) 
1–10, https://doi.org/10.1002/smll.202003359. 

[40] G.T. Williams, J.L. Kedge, J.S. Fossey, Molecular boronic acid-based saccharide 
sensors, ACS Sens. 6 (2021) 1508–1528, https://doi.org/10.1021/ 
acssensors.1c00462. 

[41] J.C. Norrild, I. Søtofte, Design, synthesis and structure of new potential 
electrochemically active boronic acid-based glucose sensorsThis work was 
supported by the Danish national technical research council (grant 9900690), 
J. Chem. Soc. Perkin Trans. 2 (2002) 303–311, https://doi.org/10.1039/ 
b107457a. 

[42] J. Yan, G. Springsteen, S. Deeter, B. Wang, The relationship among pK a, pH, and 
binding constants in the interactions between boronic acids and diols - It is not as 
simple as it appears, Tetrahedron 60 (2004) 11205–11209, https://doi.org/ 
10.1016/j.tet.2004.08.051. 

[43] L.I. Bosch, T.M. Fyles, T.D. James, Binary and ternary phenylboronic acid 
complexes with saccharides and Lewis bases, Tetrahedron 60 (2004) 
11175–11190, https://doi.org/10.1016/j.tet.2004.08.046. 

[44] K. Ishizuka, S. Takahashi, J.I. Anzai, Phenylboronic acid monolayer-modified 
electrodes sensitive to ribonucleosides, Electrochemistry 74 (2006) 688–690, 
https://doi.org/10.5796/electrochemistry.74.688. 

[45] S. Liu, U. Wollenberger, M. Katterle, F.W. Scheller, Ferroceneboronic acid-based 
amperometric biosensor for glycated hemoglobin, Sens. Actuators, B Chem. 113 
(2006) 623–629, https://doi.org/10.1016/j.snb.2005.07.011. 

[46] T.D. James, M.D. Phillips, S. Shinkai, Boronic Acids in Saccharide Recognition, 
Royal Society of Chemistry, Cambridge, 2006. 
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