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Review 

Exploration and exploitation of the uncommon pH profile of the dynamic 
covalent interactions between boronic acids and N-acetylneuraminic acids 
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A B S T R A C T   

In this review, the chemical mechanisms behind the interactions between boronic acids and N-acetylneuraminic 
acids, which have been widely utilized in biomedicine in recent decades, will be examined. It will also be 
highlighted that the affinity of boronic acids for N-acetylneuraminic acids is dependent on pH and is comple
mentary to their affinity for other common monosaccharides found in glycocalyces. Through various examples 
from the literature, the unique pH profile of the boronic – N-acetylneuraminic acids acid interaction and its uses 
in biomedicine will be illustrated.   

1. Introduction 

All vertebrate cells are covered by a glycocalyx, a dense layer of 
glycoproteins and glycolipids, in which the distal parts of the glycans are 
often terminated by a non-reducing α-linked sialic acid unit [1–3]. Sialic 
acids (Sias) belong to a family of many differently substituted neu
raminic acids. In humans, N-acetylneuraminic acid (Neu5Ac) is the most 
predominant Sia. Its N-glycolyl analog (Neu5Gc) is found in most non- 
human mammals but is absent in normal human cells [4]. From a 
structural point of view, Neu5Ac is an outlier among the mono
saccharides that commonly constitute the polysaccharide chains of the 
glycocalyx because it has a C9 rather than a C5 or C6 backbone (see 
Fig. 1) [5]. Since it is the only monosaccharide with an exocyclic glyc
erol side chain and in addition has an acetamide group, and a negatively 
charged carboxylate under physiological conditions, it is well suited to 
function as a target in a myriad of biological processes including cell 

recognition, cell–cell contact, and structural and protecting effects [6]. 
The carboxylate groups of terminal Neu5Ac on the glycocalyces of 
erythrocytes give these a negative zeta potential and thus repulsion 
between these cells. A decrease in Neu5Ac density during in vivo aging 
has been suggested to trigger their removal from the circulation through 
phagocytosis [7]. Epithelial surfaces in the eyes, airways, and the 
gastrointestinal and urogenital tracts are protected by mucins, which are 
gels composed of highly sialylated glycoproteins. 

Diseases are commonly accompanied by alterations in the expression 
of Sias in glycocalyces. For example, tumor cells often show much higher 
levels of sialylation than healthy cells due to increased sialyltransferase 
activity [8–15]. Sia units seem to mask the tumor cells for the immune 
system [16,17]. An abnormal degree of sialylation of cancerous cells 
may be associated with aggressiveness and metastatic activity [16–21]. 
Recently, it was shown that the removal of Neu5Ac in a tumorous 
environment by an antibody-sialidase conjugate enhances anti-tumor 
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immunity and halts tumor progression in a mouse model [22]. 
Although Neu5Gc is absent in healthy human cells, high levels of it 

have been observed in various cancers (ovarian, breast, colon, lung, and 
prostate) [2,23]. Diseases may also be reflected in abnormal levels of 
free Neu5Ac in serum, which has been demonstrated for several types of 
cancer, rheumatoid arthritis, cirrhosis, Crohn’s disease, type 2 diabetes, 
and alcohol abuse [2,21,24–30]. The blood-circulating glycoprotein 
fetuin also has a terminal Neu5Ac group and abnormal levels of fetuin 
are indicative of various diseases [31]. Sias probably play an important 
role in viral infections. For example, mono-sialylated glycolipids have 
been suggested to facilitate the entry of corona virus 2 (SARS-CoV-2) 
[32,33]. 

It can be concluded that both bound and free Neu5Ac are potentially 
good biomarkers for various diseases and therefore, probes with effi
cient targeting moieties for Neu5Ac are highly desirable. In nature, 
immunoglobulin-like lectins (siglecs) are the receptors for sialylated 
glycans [19,34]. In the human immune system, 13 of these siglecs are 
found, each differing in selectivity for a distinctive Neu5Ac-containing 
glycan epitope. The association constants of siglec-Neu5Ac binding are 
very high, typically log Kass-values in the range 2.5–4 M− 1 have been 
reported [35,36]. However, these proteins are less suitable for applica
tion as Neu5Ac probes because their availability is limited and modifi
cation is difficult. Moreover, their stability in vivo is usually poor, and 
they may exhibit immunogenicity. Synthetic Neu5Ac-receptors may be 
more appropriate in this respect. 

Boronic acids are attractive synthetic lectins because they form 
reversible covalent esters with carbohydrates and are most likely 
metabolized in the liver by oxidative de-borylation under formation of 
boronic acid, which has low toxicity. [37]. Boric acid derivatives are on 
the rise for pharmaceutical applications. Currently, B-based drugs 
approved for clinical use are Velcade and Ixazomib (for multiple 
myeloma), Vaborbactam (an antifungal drug), Tavaborale (an antibac
terial drug), and Crisaborole (for psoriasis) (For structures, see Fig. 2) 
[38,39]. Many other boronic acid derivatives are in clinical trials, 
including the promising 4-boronophenylalanine for boron neutron- 
capture therapy (BNCT) [39]. 

There are many reviews on the interactions of boronic acids and diols 
and their applications in medicine [19,40–46], but the interactions be
tween boronic acids and α-hydroxycarboxylic acids as in Neu5Ac are 
usually not discussed, particularly not in a quantitative way. In the 
present review applications of boronic acids as probes for Neu5Ac, both 
free and bound in a glycocalyx are discussed with an emphasis on the 
chemical aspects of the interactions between the functional groups that 
play a role in the recognition. From fitting of binding data reported 
during the last decades to the binding model, the stepwise stability 
constants are estimated and applied to calculate the speciations of the 
various boronic and boronate esters as a function of the pH. Various 
possible ways applied to increase the affinity of boronic acids for 
Neu5Ac and applications of the unique pH profile of boronic acid – 
Neu5Ac interactions are included. 

2. The structure of N-acetylneuraminic acid 

Neu5Ac is a nonulosonic acid, an α-keto sugar acid with a C9-back
bone. An NMR study of the 13C-labeled compound has shown that in an 
aqueous solution at pH 8, it exists as an equilibrium of the anomeric α- 
and β-pyranose forms (7.5 and 92.1 %, respectively) and the acyclic 
keto-forms (0.4 %), see Fig. 3a [47]. At pH < 6, the amount of acyclic 
anomers slightly increases to 3 % acyclic compounds with decreasing 
pH, and then in addition to the keto-form, the corresponding enol and 
hydrated derivatives have been observed. A furanose form is not 
possible because of the absence of a 5-OH group. The mutarotation rate 
is slow in D2O at 298 K and pD 5.4 (t½ = 80 min) but very fast at pD 1.3 
and 11.7 (t½ < 1 min), which indicates that the anomerization is acid- 
and base-catalyzed [48–50]. The pKa of the α- and β-pyranose carbox
ylate function has been determined to be 2.5 and 2.6, respectively. 
Therefore, the carboxylic acid function is dissociated under physiolog
ical conditions. 

In glycocalyces, Neu5Ac is usually an exposed end group of a glycan 
chain, occurring exclusively in the α-pyranose form and commonly 
connected through an α-glycosidic linkage to either the 3- or the 6-OH of 
a galactose unit [51]. An α-2,3 glycosidic linkage is for example present 
in the blood-type tetrasaccharide, sialyl Lewis x (sLex), which is an end 
group of glycoproteins and glycolipids of leukocytes and that is also 
frequently overexpressed at tumors (see Fig. 3b). It is a common ligand 
of the three selectins, L-selectin, E-selectin and P-selectin [52]. In pol
ysialic acid (poly-Sia), α-2,8 glycosidic bonds are present between its 
Neu5Ac units (see Fig. 3c). This highly negatively charged epitope is 

Fig. 1. Monosaccharides occurring in the mammal glycocalyx with their abbreviations.  

Fig. 2. Chemical structures of clinically applied boronic acid-based 
therapeutics. 
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commonly found in the glycocalyces of tumor cells [53]. 
The negative charge of the carboxylate of Neu5Ac plays a crucial role 

in the binding to its receptors commonly through a salt bridge between 
the negatively charged carboxylate and a positively charged arginine 
unit in the receptor. The OH and amide functions provide various pos
sibilities for H-bridge formation with the receptor and hydrophobic in
teractions involving the N-CH3 may reinforce the ligand-receptor 
binding. This is, for example, illustrated by the crystal structure of a 
complex between a recombinant fragment of sialoadhesin (a member of 
the siglec family) and 3′-N-acetylneuraminyl-D-lactose, which exhibits 

each of these modes of interaction (see Fig. 4) [54]. Furthermore, a study 
of 13C NMR spin–lattice relaxation times has shown that 2-O-methyl- 
Neu5Ac in an aqueous solution is stabilized by various intramolecular H- 
bonds [55]. 

3. Interactions between boronic acids and (poly)hydroxy- 
carboxylic acids 

In an aqueous solution, boronic acids and boronates can covalently 
and reversibly chelate 1,2- or 1,3-diols under the formation of 5- and 6- 
membered boronic and/or boronate esters, respectively (hereinafter, 
collectively referred to as B-esters) [46,56]. Boronic esters are neutral 
species with a planar trigonal sp2-hybridized B-atom (Btri), whereas 
boronate esters are negatively charged with a tetrahedral sp3-hybridized 
B-atom (Btet), see Fig. 5. The transition from a neutral Btri species to a 
negatively charged Btet is generally reflected in an increase in hydro
philicity. An α-hydroxycarboxylic acid function contains in its undisso
ciated state also a 1,2-diol function that may form B-esters as well [57]. 
The possible equilibria involved in the interaction between a boronic 
acid and a polyhydroxy carboxylic acid (L) are schematically illustrated 
in Fig. 5. It should be noted that in the presence of endogenous anions 
such as phosphates and citrate, a more complex situation can arise due 
to the formation of ternary complexes with the B-esters [45]. These ef
fects will be disregarded in the following discussion. The tetrahedral B- 
atoms in boronate esters at the carboxylic and diol groups (BtetLac and 
BtetLdiol, respectively) are chiral and therefore, these esters may occur in 
diastereomeric forms if the ligand in question is chiral as well. For the 
parent boric acid (Fig. 5, R = OH), an additional set of esters with 1:2 
stoichiometry (BL2) is possible. With compounds having at least three 
hydroxy functions, boric acids can also form 1:1 esters with the substrate 
bound in a tridentate fashion, provided that the B-atom can span the 
respective hydroxy O-atoms [58]. It should be noted that pathways 
through addition to trigonal boronic acids (Btri) rather than that through 
substitution of a hydroxyl ion in the tetrahedral boronate anions (Btet) 
are preferred kinetically [59–62]. 

Several trends emerge from the reported data on the stability of es
ters of boronic acids and diols (or polyols) and (poly)hydroxycarbox
ylates [46]. Generally, the stability constants of esters with 
phenylboronic acid (R = Ph) are slightly larger than those of 1:1 esters 
with the parent boric acid (R = OH) [63]. The stabilities of the esters 
depend on the charge densities at the central B-atom and the same holds 
for the acidities of the boronic acids. This is nicely demonstrated by 
linearity in Hammett-type relations for the stability constants of these 
esters [64]. The electronic properties of both the boronic acid and the 
diol influence this [65]. Angular strain and steric strain appear also to 
play a role in determining the stabilities. In the equilibrium between a 
boronic ester of a 1,2-diol and the corresponding boronate ester (for 
example, Fig. 5, BtriLdiol ⇄ BtetLdiol), the tension in the 5-membered 
dioxaborolane ring in the tetrahedral form (BtetLdiol) is generally lower 
than in the trigonal form (BtriLdiol) and therefore the stability of the 
trigonal compound is usually relatively low, while the opposite is true 
for esters of 1,3-diols, which have 6-membered dioxaborolane rings. 

The stabilities of B-esters of alditols and sugars are also mainly 
governed by the steric strains induced in the concerning dioxaborolane 
ring. In other words, the extent of pre-organization for B-ester formation 
in the constituting diols largely determines the stabilities of the pro
duced esters. In line with this, the following trends in the order of local 
stabilities of borate esters (R = OH) of diol functions in acyclic alditols 
have been observed: threo-1,2 > erythro-1,2 and syn-1,3 > anti-1,3. In 
saccharides, the order of local stabilities is cis-vic-diol furanoses ≫ cis- 
vic-diol pyranoses ≫ trans-vic-diol pyranoses [57,66–68]. The magni
tudes of local stabilities of cis-vic-diols pyranoses are comparable with 
those of acyclic vic-diols. Boronic esters with high stabilities have been 
observed for glycolic acid and lactic acid under acidic conditions [57]. 
Based on these findings, the highest stabilities of B-esters at the common 
monosaccharide units present in glycocalyces are expected to be the 

Fig. 3. (a) The anomeric equilibrium of Neu5Ac. (b) The molecular structure of 
a sLex group. (c) The molecular structure of a poly-Sia group. R is a glycoprotein 
or a glycolipid. 

Fig. 4. Schematic representation of the interactions between the Neu5Ac unit 
of 3′-N-acetylneuraminyl-D-lactose and the N-Terminal Domain of sialoadhesin 
as observed in the crystal structure. Adapted from ref. [54]. Hydrogen bonds 
are marked in green, the hydrophobic interaction in orange, and the Coulomb 
interaction in purple. 
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exocyclic glycerol tail of Neu5Ac, the 3,4-cis-diol groups of Gal, GalNAc, 
or Fuc, and the 2,3-cis-dol group of Man (see Fig. 1). The other mono
saccharide units have only trans-vic-diol groups, which have much lower 
affinities for boronic acids. The affinity of free monosaccharides depends 
on both their anomeric distribution and the above-mentioned orienta
tion of the hydroxyl groups in the various anomers. Generally, the order 
is Fru > Gal > Man > Glc [66,69]. 

The overall stability of the complexes between a boronic acid and a 
hydroxycarboxylic acid at a particular pH can be expressed as the pH- 
dependent conditional stability constant KC defined in Eq (1). The ab
breviations of the species involved are given in Fig. 5. For a better un
derstanding of the speciation and comparison of stabilities among 
different ligands, it is more convenient to use pH-independent stepwise 
stability constants of esters (Eqs (5)–(9). With these stability constants 
and the pKa values of the boronic acid and the hydroxycarboxylic acid, 
the speciation as a function of the pH can be calculated. The second pKa 
of the hydroxycarboxylic acid (pKa,L− , Eq (4)) is included because, after 

dissociation of one of the hydroxyl groups, the formation of boronate 
esters of the resulting dianionic species (L2− ) becomes less likely due to 
the destabilizing anionic repulsion. 

KC =
[BLtot]

[Bfree][Lfree]
=

[BtriLac]+[BtetLac− ] + [BtriLdiol] + [BtriLdiol− ]+ [BtetLdiol2− ]

([Btri] + [Btet])([L] + [L− ] + [L2− ])

(1)  

Ka,Btri =
[Btet][H+]

[Btri]
(2)  

Ka,L =
[L− ][H+]

[L]
(3)  

Ka,L− =
[L2− ][H+]

[L− ]
(4) 

Fig. 5. Possible equilibria in aqueous solutions of a boronic acid and a hydroxycarboxylic acid. The trigonal coordinated B-atoms are in blue and the tetrahedral ones 
are in red. 
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KBtriLac =
[BtriLac]

[Btri][L]
(5)  

KBtetLac− =
[BtetLac− ]

[Btri][L− ]
(6)  

KBtriLdiol =
[BtriLdiol]

[Btri][L]
(7)  

KBtriLdiol− =
[BtriLdiol− ]

[Btri][L− ]
(8)  

KBtetLdiol2− =
[BtetLdiol2− ]

[Btet][L− ]
(9) 

Qualitatively, the speciation as a function of the pH can conveniently 
be predicted from the charges of the individual species involved: the 
maximum amount of esters of bor(on)ic acid or bor(on)ate occur at the 
pH, where the sum of the charges of the free esterifying species is equal 
to the charge of the B-ester [57]. This rule of thumb has been mathe
matically substantiated using the concerning equilibrium equations and 
mass balances [64]. Generally, the order of magnitude of the pKas is pKa, 

L < pKa,Btri < pKa,L− . Then, three pH regions where the species displayed 
in Fig. 5 reach their maximum concentrations can be predicted to be (1) 
pH < pKa,L: BtriLac and BtriLdiol (B-esters with net charge 0), (2) pKa,L <

pH < pKa,Btri: BtriLdiol– and BtetLac– (B-esters with net charge-1), (3) pKa, 

Btri < pH < pKa,L− : BtetLdiol 2- (B-esters with net charge − 2). 
It may be noted that the pH regions in which the concentrations of 

bor(on)ate esters of α-hydroxycarboxyl and vic-diol functions are 
maximal are complementary, the border between these two regions is 
approximately where the pH is about equal to the pKa of the bor(on)ic 
acid concerned (pKa,Btri). As a result, B-esters are formed with poly
hydroxycarboxylates, including sugar acids, over the whole pH range up 
to about pH 12, while polyols such as carbohydrates and alditols form in 
aqueous solution only stable esters at pH values approximately above 
the pKa of the bor(on)ic acid (pKa,Btri). 

Due to the high electrophilicity of trigonal boron, the neutral boronic 
esters of diol functions (BtriLac, BtriLdiol, and BtriLdiol− ) are usually not 
very stable in protic solvents under neutral or basic conditions, they 
usually hydrolyze rapidly to their tetrahedral conjugated bases. How
ever, in aprotic solvents, these esters are generally stable and can be 
isolated. For example, the clinically applied Velcade (see Fig. 2) is 
commercially available in the solid form as the Man ester with a trigonal 
B-atom (BtriLdiol). 

Another situation arises when the boronic acid or hydroxycarboxylic 
ligand has additional electron-donating functional groups (such as 
amino or alcohol groups) that are close enough to interact intramolec
ularly with the trigonal B-atom to form a dative bond. Such an inter
action can convert a trigonal B-atom into a tetrahedral atom without 
changing the overall charge of the molecule. Those types of interactions 
exist, for example, in the o-(N,N-dialkylaminomethyl)phenyl and o- 
(hydroxymethyl)phenylboronic acid (which gives BzBA, see Fig. 6) [70]. 
A detailed study of species occurring in esters of the methylamino 

derivatives has shown that in protic solvents also water insertion be
tween the B- and N-atoms can convert a trigonal sp2 boron into a 
tetrahedral sp3 boron [71]. 

pH-potentiometry cannot discriminate between the individual spe
cies BtriLdiol– and BtetLac− in the above-mentioned pH range (2), thus at 
pKa,L < pH < pKa,Btri. In those cases, spectroscopic techniques may 
provide additional details. The 11B NMR chemical shift ranges for 
tetrahedral and trigonal B nuclei differ significantly [72,73]. The reso
nances for Btet in bor(on)ate, and bor(on)ate esters with 6-membered 
boroxolane rings are typically found between 1.2 and 3.5 ppm relative 
to BF3O(C2H5)2. The Btet nuclei incorporated in 5-membered boroxolane 
rings of bor(on)ate esters of 1,2-diols typically have chemical shifts 
around 10 ppm. This probably reflects the relatively large ring strain 
compared to that of Btet in a 6-membered ring. Btri in bor(on)ic acids 
usually has chemical shifts of 17–19 ppm. However, Btri in phenyl
boronic acids (PBAs) has considerably higher chemical shifts (28 ppm), 
possibly due to the overlap of the Btri sp2 orbital with the aromatic ring 
orbitals. Some typical chemical shift ranges are compiled in Table 1. It is 
noticeable that the exchange between trigonal and tetrahedral B-species 
often is fast on the NMR time scale when an acid-base equilibrium is 
involved (rows in Fig. 5) while it is slow when chelation is involved 
(columns in Fig. 5). It should also be noted that the transverse NMR 
relaxation is dominated by the quadrupolar mechanism and that 
consequently, the linewidths of the 11B resonances depend on the 
rotational correlation time and the electric field gradient asymmetry, 
which is almost zero for an ideal tetrahedral structure as in B(OH)4

- and 
increases strongly when the symmetry deviates from tetrahedral [74]. 
Consequently, esters with 5-membered boroxolane rings have larger line 
widths than those with 6-membered ones [67]. 

4. Interactions between free N-acetylneuraminic acids and 
boronic acids 

Each of the anomers of Neu5Ac contains two potential binding sites 
for bor(on)ates in aqueous media: an α-hydroxycarboxyl group and an 
exocyclic glycerol chain. The orientation of the latter group is compa
rable with that of D-erythronic acid (EA). Such an orientation offers 
bidentate binding capabilities as five-membered boroxolane at the 
exocyclic erythro vic-diol C-7, C-8 and the exocyclic terminal vic-diol C-8, 
C-9. Moreover, binding through a 6-membered ring is possible at the 
1,3-diol function C-7, C-9. Each of these diol groups can in principle 
form both boronic (sp2 B-atom) and boronate (sp3 B-atom) esters. In 
addition, the latter have a chiral B-atom, so that for each functional 
group two diastereomeric isomers exist. A total of 24 B-esters of Neu5Ac 
can be considered for the PBA-Neu5Ac system if the acyclic anomer is 
not taken into account. An 11B and 13C NMR study on 4-vinyl-PBA in 
DMSO combined with DFT measurements has suggested that the most 
stable B-esters of this compound are formed with the β-anomer of 
Neu5Ac [80]. 

In Fig. 7, the pH profiles of the conditional stability constants (KC, see 
Eq, 1) of the B-esters of PBA and Neu5Ac in aqueous solutions as 
computed from the integrals in 11B NMR spectra [81,82] are compared 
with those of glycolic acid (GA) and EA. These KC data and the corre
sponding 11B NMR chemical shift and integral data were simultaneously 
fitted to the model displayed in Fig. 5 (Eqs (1)-(9)). The concentrations 
of the various types of B-esters are assumed to be weighted averages for 
the anomers and isomers. Good fits were obtained with the best-fit pa
rameters compiled in Table 2. In the 11B NMR spectra (14.1 T), two 
resonances for B-ester species were observed: one at 7.7 ppm between 
pH 1.6 and 9.1 and another at 6.2 ppm at pH > 6.3 [82]. These chemical 
shifts are typical for esters containing tetrahedral B-atoms while reso
nances for esters with trigonal B-atoms (species BtriLac and BtriLdiol) can 
be expected at 25–40 ppm. At pH > 3, the carboxylic groups are 
dissociated and thus the concentrations BtriLac and BtriLdiol are expected 
to be very low. Accordingly, both KBtriLac and KBtriLdiol were not required 
to afford a good fit of the data of the B-esters of EA and Neu5Ac. Fig. 6. Molecular structures of boronic acids discussed.  
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However, the resonance for the B-esters of GA at pH 2.2 is about 4 ppm 
downfield relative to the resonances observed at higher pH values 
(9.0–9.5 ppm). This may be attributed to fast exchange with a very small 
contribution of BtriLac, which based on literature data is expected to have 
a chemical shift of about 38.6 ppm [67,73,75]. For the systems of PBA 
with EA or Neu5Ac, species BtriLdiol− and BtetLac− are both expected to 
reach their maximum concentration at pH = 0.5(pKa,L + pKa,Btri) ≈ 6.0 
and therefore, discrimination between these two species based on the pH 
dependency of KC alone is impossible. Consequently, the fittings gave 
best fit values for KBtetLac− + KBtriLdiol− . But, the 11B chemical shift at pH 
6 of the B-esters in each of these systems is in the range 6–8 ppm (see also 
Fig. 8), which suggests that the values of KBtriLdiol− and hence also the 
concentrations of BtriLdiol− are negligible and that these resonances can 
be attributed to BtetLac− . 

For the B-esters in the system PBA - Neu5Ac, also a single resonance 
was observed at 7.7 ppm between pH 2 and 6 (see Fig. 8). In this case, an 
alternative explanation could be that BtriLdiol− is converted into a species 
with a tetrahedral B-atom by a bonding interaction with the N-acetyl 
group (such a species is denoted as B*Ldiol− hereafter) as suggested by 
Otsuka et al. for the PAPBA-Neu5Ac ester [83] (see below). However, 
this is contradicted by the 11B NMR spectrum of 2-α-O-methyl derivative 
of Neu5Ac in which the formation of the B-esters at 1,2-position of 
Neu5Ac (BtriLac and BtetLac) is blocked. These spectra did not show any 
resonances for B-esters at pH < 8 [81]. Only at pH > 8, a resonance at 
about 9 ppm became visible, which can be assigned to boronate esters at 
the glycerol tail (BtetLdiol2− ). A very similar result has been reported for 

the system 4-vinyl-PBA and Neu5Ac in DMSO as the solvent, which also 
showed an 11B NMR resonance at 8.3 ppm that was not present in the 
corresponding spectrum with the methyl ester of Neu5Ac where the 
carboxylate is blocked for B-ester formation [80]. The latter spectrum 
showed only a resonance for free 4-vinyl-PBA at 28.3 ppm with a very 
small shoulder at 20 ppm. 

The values of KC of PBA esters of Neu5Ac are considerably higher 
than those of GA and EA (see Fig. 7), and the stepwise stability constants 
(Table 2) suggest that both the ester formations at the α-hydrox
ycarboxylate and the glycerol site contribute. Fig. 8 shows the pH profile 
of the speciation of the PBA-Neu5Ac system calculated from data ob
tained by fitting the stepwise stability constants in Table 2 together with 
the corresponding observed 11B chemical shifts to the model presented 
in Fig. 5. The signal for 11B NMR B-ester resonance that was observed at 
pH > 6.3 at 6.2 ppm increased in intensity at the expense of the intensity 
of the resonance at 7.7 ppm (see Fig. 8a and Table 2). The species 
concerned is dominating at pH > 9 and can be attributed to BtetLdiol2− . 
Its chemical shift is suggesting that the boronate of this species is bound 
to a vic-diol unit of the glycerol tail of Neu5Ac forming a 5-membered 
boroxalane ring (compare Table 1). The value of KBtetLdiol2− is much 
higher than that of other hydroxycarboxylates suggesting that addi
tional stabilizing occurs in this species such as hydrogen bonding(s) or 
Coulomb interactions. 

In the 1H and 13C NMR spectra of an aqueous sample of PBA and 
Neu5Ac (59 and 47 mM) at pH 4.7 two sets of 11 resonances were 
observed, one corresponding to free PBA and the other to the corre
sponding B-ester (BtetLac− ) [82]. Since the tetrahedral B-atom in this 
ester is chiral two diastereomers can be expected for each anomer of 
Neu5Ac. Apparently, only one species is present, most likely one of the 
diastereomers of the β-anomer. However, at high pH, the number of 
resonances in the spectra increased. For example, at least three N-CH3 
resonances were observed in the 13C NMR spectrum and five in the 1H 
NMR spectrum next to the corresponding signals for free Neu5Ac. This 
indicates that at high pH, the different modes of binding of PBA to the 
glycerol tail of Neu5Ac coexist in BtetLac− . 

Accordingly, resonances for the various possible manners of binding 
the boronic acids to the glycerol tail of Neu5Ac are all found in the 11B 
NMR spectrum of a mixture of 2α-O-methyl Neu5Ac and B(OH)3 (1:3 M 
ratio) in D2O at pH 11. Two major resonances for the borate esters were 
observed with chemical shifts at 4.9, and 0.7 ppm and a third minor 
resonance as a shoulder on the former peak at 5.1 ppm (see Fig. 9). The 
peaks at 4.9 and 5.1 ppm are typical in the range for a borate group 
bound to vic-diol groups in a bidentate fashion, whereas that at 0.7 ppm 
is typical for binding of 1,3-diol groups (compare Table 1). From in
tegrals in the deconvoluted spectrum, the corresponding stability con
stants KBtetLdiol2− were calculated to be 1.2, 4.1, and 2.1 M− 1 for the 
peaks at 5.1, 4.9, and 0.7 ppm, respectively. Stepwise stability constants 
of this order of magnitude are normally found for borate esters of polyol 
compounds [67]. Molecular modeling with the MM + force field 

Fig. 7. Comparison of the pH dependence of KC of PBA-esters of GA (◆), EA 
(■) in methanol-H2O (2:1, v/v, 10% D2O) [81], and of Neu5Ac (●) in H2O 
(10% D2O) as determined from integrals of the resonances in the 11B NMR 
spectra [82]. 

Table 1 
Characteristic 11B chemical shift ranges for selected bor(on)ic and bor(on)ates and their esters with diols in ppm using Et2O-BF3 as a reference.a  

B-compound Btri Btet Ref. 

B(OH)3 18.8 1.2 [67] 
Esters of B(OH)3 and 1,2-diols 18–18.1b 3.9–6.2 [67,75] 
Esters of B(OH)3 and 1,3-diols 18.1–18.9b 0.2–0.8 [67,75] 
Tridentate ester of B(OH)3 and 1,2,3-triols − − − 0.6–0.7 [67] 
Esters of B(OH)3 and α-hydroxycarboxylic acids 19.2 6.0–6.9 [57] 
PhB(OH)2 28.4–28.8 3.2 [73,75] 
Esters of PhB(OH)2 and 1,2-diols 29–34 5.7–6.9 [75–77] 
Esters of PhB(OH)2 and 1,3-diols 26–31 1.0–3.2 [75–77] 
Esters of PhB(OH)3 and α-hydroxycarboxylic acids 35–36  [75] 
Dative N → B in boronic esters  14–16 [71,78] 
O → B in boronic 3,6-di-acetamidoPBA  4.1 [79] 
O → B in ethylene glycol ester of boronic 3,6-di-acetamidoPBA  8.6 [79]  

a Chemical shifts reported relative to boric acid were converted by adding 18.8 ppm. 
b Esters of RO-B(OH)2 where R is an alkyl group. 
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suggested that the order of the affinities of the glycerol-binding sites for 
borate is: C8-C9 > C7-C9 > C7-C8 [81]. 

Kataoka and coworkers have developed a variety of diagnostic tools 
and therapeutic agents based on specific Neu5Ac recognition by boronic 
acids [83–93]. The recognition of Neu5Ac by the 3-propionamido de
rivative of PBA (PAPBA, see Fig. 6) as a monomeric model for many of 
these high-molecular-weight systems has been investigated by NMR 

spectroscopy [83]. The binding sites of Neu5Ac for PAPBA were inves
tigated by 1H, 13C, 11B, and 15N NMR [83]. In DMSO‑d6 medium, only B- 
esters of the β-anomer of Neu5Ac were detected. Two isomers were 
observed, both with minor PAPBA-induced 1H and 13C NMR shifts of the 
pyranose ring and relatively large induced shifts in and around the 
glycerol tail suggesting that in that medium the interaction mainly takes 
place at the glycerol tail. The amide 15N-resonance of Neu5Ac in the 
major B-ester species showed an upfield shift of 0.31 ppm, and the 11B 
resonance of both isomers shifted also upfield from 27.6 ppm to 7.7–8.5 
ppm. It was concluded that the PBA binds to C7-C8 (major isomer) and 
C8-C9 (minor isomer) and that the major B-ester is stabilized by an 
interaction between the B-atom and the amide function of Neu5Ac [83]. 
However, the 11B shifts indicate that the B-atoms in both B-esters are 
tetrahedral (see Table 2) whereas esters of the types BtetLdiol− and 
BtetLdiol2− are unlikely in the neutral DMSO medium applied. These 

Table 2 
Local stability constants (in M− 1), acidity constants, and 11B NMR chemical shifts (in ppm with respect to BF3OEt2) of boron species in aqueous mixtures of boronic 
acids and α-hydroxycarboxylic acids as obtained by fitting the conditional stability constants and 11B NMR chemical shifts as a function of the pH to the model given in 
Fig. 5.  

Boronic acid PBA PBA B(OH)3 PBA PAPBA PicBA PicBA 

Ligand GA EA 2α-OMe Neu5Ac Neu5Ac Neu5Ac Neu5Ac Neu5Ac-Me 
Solvent MeOH-H2Oa MeOH-H2Oa D2O H2Oa H2O H2O H2O 
pKa,Btri 9.5 9.7 9.0b 9.0 8.3d 4.2d 4.2b 

pKa,L 4.0 3.6 2.5b 2.9 2.5b 2.5b 2.5b 

pKa,L− 13.8b 12.6b 14.1b 12.1 14.1b 14.1b 14.1b 

KBtetLac− 2.1 4.4e – 13.1 39.7e 1.89 × 104 – 
KB*Ldiol− – –f  4.5 × 103c 4.5 × 103 

KBtetLdiol2− – 6.3 1.2, 4.1, 2.1 67.1 18.6 117.0 55.3 
KBtriLdiol 0.0 0.0 0.0 0.0 0.0 0.0 0.0b 

δ Btri 28.5 28.6 –f 28.5 –f –f –f 

δ Btet 2.8 3.4 –f 2.5 –f –f –f 

δ BtetLac- 9.0 10.7 –f 7.7 –f –f –f 

δ BtetLdiol2- – 8.4 4.6, 5.1, 0.7 6.2 –f –f –f 

δ BtriLdiol- – 30.0b –f –f –f –f –f  

a With 10% D2O for frequency locking. bFixed value in the fitting. cFixed at the value of the corresponding methyl ester. dDetermined independently by 11B NMR 
chemical shifts of free boronic acid in water as a function of the pH [84]. eSum of KBtetLac- and KB*Ldiol− . KB*Ldiol− is the borate ester with a tetrahedral B- atom formed by 
intramolecular interaction of BtriLdiol- and an O- or N-atom of Neu5Ac (see text). fNot determined. 

Fig. 8. a)11B NMR chemical shifts of solutions of 0.54 mM PBA and 0.49 mM 
Neu5Ac in water (10% D2O). b) Corresponding diagram of the speciation of the 
B-esters calculated with the parameters given in Table 2. 

Fig. 9. 11B NMR of a solution of 2α-O-methyl-Neu5Ac (74.8 mM) and H3BO3 
(0.22 M) in D2O at pH 11. Redrawn from ref. [81], electronic supporting in
formation. The peak at 4.9 ppm has a small shoulder at 5.1 ppm. The chemical 
shifts which were reported relative to boric acid were converted into the 
BF3(OEt)2 referencing system by adding 18.8 ppm. 
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phenomena are reminiscent of the investigations on intramolecular N–B 
interactions in o-aminomethylarylboronic esters system by Anslyn and 
coworkers in which B-ester species were found with N → B dative bonds 
and also with water molecules inserted between the N and B-atoms 
[71,94]. The NMR spectra of Neu5Ac-PAPBA in water as the solvent 
suggested that similar species occur in DMSO [83]. Fluorescence mea
surements on the interaction of the conjugate of 3-amino-PBA and a 
block polymer of PEG and poly-L-glutamic acid with 2-α-O-methyl- 
Neu5Ac showed an increase in KC from 3.4 to 6.0 M− 1 with a decrease of 
the pH from 7.4 to 6.5, also indicating the involvement of BtriLdiol−

possibly stabilized with a dative bond to a neighboring O- or N-atom 
(B*Ldiol) in this case (see Fig. 10) [90]. 

More recently, these studies have been extended to a group of 3-pyr
idylboronic acids (for instance 3-pyridylboronic acid and 5-boronopi
colic acid (PicBA). Several members of this series had a much higher 
affinity for Neu5Ac than PAPBA [84]. Remarkably, the KC values for the 
interaction between Neu5Ac with PAPBA or the pyridine derivatives 
decreased with pH over the range 5–8, while those for PBA with Neu5Ac 
or the hydroxycarboxylic acids showed the opposite trend (Compare 
Figs. 7, 11, and 12). Although only a few data points in the pH range 5–8 
are available, we fitted these data to Eqs (1)-(9) to provide some insight 
into the pH-dependent speciation distributions of these systems. The 
obtained best-fit values of the stepwise stability constants for PicBA/ 
Neu5Ac, and PicBA/Me-ester of Neu5Ac are included in Table 2 and 
simulated pH dependences of KC and the species distributions are pre
sented in Fig. 11. Caution is needed with the interpretation of these 
results because the fittings are based on a few data points over a small 
pH range. The 11B resonances for the B esters were always found be
tween 2 and 8 ppm over the entire range studied, which indicates that 
here again exclusively esters with tetrahedral sp3 B-atoms are observed. 
The reported value of KC for the interaction of the methyl ester of 
Neu5Ac with PicBA is much lower than that of the interaction with the 
acid Neu5Ac but esters with a tetrahedral B-atom are still present over 
the whole pH range studied [84]. This indicates that in the system 
Neu5Ac/PicBA next to BtetLac− another ester with a tetrahedral B-atom 
(B*Ldiol− ) is formed by a dative interaction of BtriLdiol− with an N- or O- 
atom. It may be concluded that in Neu5Ac/PicBA and possibly also in 
Neu5Ac/PAPBA both BtetLac− and B*Ldiol− are present in significant 
amounts, whereas in the system Neu5Ac/PBA the amount B*Ldiol−

seems to be insignificant. 
The high KC values of the B-esters of PAPBA and the pyridine de

rivatives compared to parent PBA can be attributed to various effects. 
The local pKa of the boronic acid function of PAPBA, and the pyridine 
derivatives are lower than that of PBA [61,84,95], which probably can 
mainly be explained by the electron-withdrawing effects of the propio
namido and pyridine group that increase the positive charge density at 
the B-atoms of these compounds relative to PBA. This effect is very large 
for the pyridineboronic acids, in which the N-atom is protonated at 

physiological pH (pKa,N ≈ 8) [61,95]. The electron-withdrawing effects 
will not only lower the pKa of the boronic acid (Btri), but also those of its 
boronic esters (BtriLac, BtriLdiol

, and BtriLdiol− ) albeit to a lesser extent. 
From Eqs (1)-(9) can be deduced that KBtriLdiol− /KBtetLdiol2– = pKa,BtriL

diol2- − pKa,Btri. This implies that the electron-withdrawing effects will 
increase pKa,BtriLdiol2– − pKa,Btri and thus increase the stability of 
BtriLdiol− compared to BtetLdiol2–. When BtriLdiol− can form a dative bond 
to afford B*Ldiol− , this effect will be reinforced. 

With the decrease of the pKa of the boronic acids going from PBA to 
PAPBA to PicBA the maximum concentration of (BtetLac− + B*Ldiol− ) 
shifts to lower pH (see Figs. 8 and 11) [46]. At the same time the ratio 
KBtriLdiol–/KBtetLdiol2– increases. As a result, the total amount of boric acid 
bound by Neu5Ac increases relatively steeply as the pH decreases from 
physiological value to that of the more acidic hypoxic microenviron
ment of tumors (typically in the range of pH 6.4–7). This behavior is 
unique for Neu5Ac, the other common saccharides show generally only 
significant interaction with boronic acids at pH > 9). This gives these 
boric acid esters potential for targeting tumors in diagnostic and ther
apeutic applications. 

Wellington et al. have reported that the system isoquinoline-4- 
boronic acid – Neu5Ac in the presence of phosphate at pH 3 has a KC 
value that is a factor 65 greater than at pH 7 [96]. Based on the presence 
of a resonance at 19.8 ppm in the 11B NMR spectrum, these authors 
suggested that the formation of a ternary complex with phosphate is 
mediating the high stability. However, it cannot be excluded that this 
resonance is due to the presence of a B-N dative bond in the B-esters (see 
Table 2). Unfortunately, no comparison with data for the system in the 
absence of phosphate was reported. 

5. Interactions between boronic acids and N-acetylneuraminic 
acid end groups in glycocalyces 

From Figs. 7 and 8, it can be concluded that boronic acids producing 
high concentrations of BtetLac− + B*Ldiol− in the presence of free Neu5Ac 
around physiological pH are favorable if high sensitivity is desired. 
Fortunately, the maximum concentration of these species is reached at 
pH = 0.5(pKa,L + pKa,Btri), which is generally at pH < 7. Since the intra- 
tumoral pH often is slightly acidic (pH 6.7–7.1) [97], the B-esters may 
reach their maximal concentration in the vicinity of tumors. However, 
the anomeric hydroxyl group of Neu5Ac on cell surfaces is always 
connected to a D-galactose or another monosaccharide and therefore the 
hydroxy carboxylate group is not available for B-ester formation, only 
the glycerol tail (forming B*Ldiol− ) remains available for that purpose. 
The affinity of boric acids for glycerol is rather low and comparable with 
that for other diol groups on monosaccharides [63,67], particularly at 
physiological pH. Moreover, Neu5Ac in a glycocalyx is fixed into the 
α-anomeric pyranose form, which is less favorable than the β-anomer for 
B-ester formation [80]. 

Compounds with a blocked hydroxycarboxylate, 2-α-OMe-Neu5Ac 
[81] and the Me-ester of Neu5Ac [43], have been used as low-molecular- 
weight (low-MW) models to study the interactions with PBA and PicBA, 
respectively (see above). Although these Neu5Ac derivatives only have 
the exocyclic glycerol chain available for B-ester formation, they have 
still a considerable affinity for boronic esters, particularly at pH < 7, see 
Table 2 and Fig. 11. Generally, polyhydroxy compounds such as glycerol 
have almost no affinity for boric acids at low pH, underscoring the 
importance of stabilization of BtriLdiol esters by interaction with the 5- 
NHAc function to form tetrahedral esters (B*Ldiol) of Neu5Ac in glyco
calyces. This is confirmed by many examples of B-ester formation on cell 
surfaces with Neu5Ac-terminated glycocalyces. The pH dependence of 
the affinity of PBA-Neu5Ac has also been demonstrated on a sub- 
micrometer resolution by atomic force microscopy (AFM) of the 
blood-circulating glycoproteins fetuin and asialofetuin using a canti
lever installed with PBA through PEG-linkers [98]. The force curves 
revealed that the strength of interaction depends on the amount of 
(bound) Neu5Ac in the substrate and increased with decreasing pH 

Fig. 10. Molecular model of a B*Ldiol− ester of PBA on the 7,9-diol function of 
Neu5Ac having a dative B-N bond. Since the tetrahedral B-atom is chiral, two 
diastereomers are possible, the one with an R-B-atom is shown. C, gray; O, red; 
N blue, B, yellow; hydrogen atoms are hidden for clarity. 
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between 7.4 and 5.5. This technique allowed the mapping of Neu5Ac on 
the surface of MCF7 and NHDF cell lines. 

6. Competition to B-ester formation of N-acetylneuraminic acids 
by other endogenous compounds 

As mentioned above, relatively high stabilities of B-esters at mono
saccharide units other than Neu5Ac may be expected at the 3,4-cis-diol 
groups of Gal, GalNAc, or Fuc, and the 2,3-cis-diol group of Man (see 
Fig. 1). The other monosaccharide units have only trans vic-diol groups, 
which have much lower affinities for boronic acids. Due to a stabilizing 
effect through its 5-N-Ac function, Neu5Ac is the only monosaccharide 
unit that shows optimal binding affinity at physiological pH. All other 
monosaccharides only form significant amounts of B-esters under basic 
conditions (at pH > pKa,Btri). 

However, in the blood and serum of healthy humans, the total 
amount of Neu5Ac (free and bound) is 1.58–2.22 mmol L− 1 and free 

Neu5Ac is only 0.5–3 μmol L− 1 [28]. Free Glc, glucosamine, and Fru are 
dominant sugars with concentrations of 3.3–5.6 mmol L− 1 (serum after 
fasting), 4.2–6.2 mmol L− 1 (serum, plasma), and 0.03–0.3 mmol L− 1 

(whole blood) [99], respectively, and can therefore compete with 
Neu5Ac (free or in a glycocalyx) for binding to boronic acids. The free 
monosaccharides all have furanose anomers, which are well- 
preorganized for B-ester formation. Fortunately, these mono
saccharides form almost exclusively BtetLdiol esters with a maximal 
concentration at pH = 0.5(pKa,Btri + pKa,Ldiol), which is usually at pH >
8. Therefore, the concentrations of their B-esters are relatively low at 
physiological pH compared to those of Neu5Ac. Table 3 compares the 
conditional stability constants (KCs) of the B-esters of some mono
saccharides under physiological conditions. The KCs of B-esters of 
Neu5Ac increase with decreasing pH, whereas those of other mono
saccharides show the opposite trend. Fig. 12 illustrates that for the 
interaction of PicBA with Neu5Ac and glucose [84]. The same trend in 
the pH-dependent interaction of PicBA has also been observed with 
pancreatic epithelioid carcinoma cells (PANC 1); when pH was 
decreased from 7.4 to 6.5, the labeling of the cells with PicBA increased 
significantly [84]. 

These special pH effects were exploited, for example, in the design of 
an HPLC column consisting of silica conjugated with PicBA via a PEG 
linker [106]. At pH 7.5, Glc and Man had long retention times while 
Neu5Ac was immediately eluted. At pH 5.0, the reverse occurred: 

Fig. 11. Simulations of KC (top) and speciation distributions (bottom) as a function of the pH for mixtures of a boronic acid (0.1 M) and either Neu5Ac or its methyl 
ester (0.1 M) in D2O using the parameters given in Table 2. The dots are the experimental data from ref. [84]. Orange curve: BtetLac− + B*Ldiol− , Red curve: BtetLac− , 
green curve: B*Ldiol− , blue curve: BtetLdiol2− , dashed black curve: total of BL-esters. (a) PAPBA/Neu5Ac. (b) PicBA/Neu5Ac. (c) PicBA/Neu5Ac-methyl ester. 

Fig. 12. Conditional stability constants KC of PicBA-esters of Neu5Ac (■) and 
Glc (●) as a function of the pH. Experimental data from [84]. The curves are 
guides to the eye. 

Table 3 
Conditional stability constants (in M− 1) of the esters of some PBA derivatives 
with Neu5Ac and Glc.   

solvent pH Neu5Ac Glc ref. 

PBA H2O 7.4 21 4.6 [100] 
PAPBA H2O 7.4 37.6 5.1 [83] 
BzPA H2O 7.4 160 21 [101] 
2da H2O 7.4 50.4 15.9 [102] 
2ea H2O 7.4 3.3 1.7 [102] 
11b H2O-CH3OH (1:2) 8 200 <10 [103] 
12bb H2O 7.4 151 12.3 [104] 
14b H2O 7.4 135 31 [105]  

a The structures of compounds 2d and 2e are given in Fig. 13. The two boronic 
functions present in the B-esters were regarded as independent and the KC value 
is based on mol boronic acid. 

b The structures of compounds 11–14 are given in Fig. 16. 
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Neu5Ac was retained and Man and Glc eluted immediately. Similar 
behavior was observed with polysaccharides and glycoproteins. 

It should be noted that the above reasoning considers the thermo
dynamically controlled situation. B-ester formation is usually very fast, 
it takes only a few minutes. However, the conversion of one sugar 
anomer to another can be very slow and could kinetically control B-ester 
formation [40,105,107]. Therefore, the formation of highly stable B- 
esters of the furanose anomers probably does not play a significant role 
in vivo. Nevertheless, with the large excess of weakly binding sugars in 
the blood, it is surprising that PBA derivatives are successful in reaching 
tumors and labeling them, as has been shown in several in vivo studies 
[108]. In fact, the PBA derivatives can be temporarily protected by B- 
ester formation with Glc (possibly in the pyranose form). As outlined by 
Deshayes et al., the concentration of Glc in tumors decreases due to the 
enhanced metabolism, and concomitantly the pH decreases [90]. The 
lower pH leads to a decrease in the KC for the B-ester of Glc and an in
crease for that of Neu5Ac. Moreover, the amount of Neu5Ac in for 
example B16F10 melanoma is 1100 nmol/109 cells, which is signifi
cantly more than in erythrocytes (20 nmol/109 cells). Consequently, 
“trans-B-esterification” of the PBA-Glc B-esters into PBA-Neu5Ac B-es
ters can be expected to take place in the intra-tumoral space. 

Ribose is perfectly preorganized for B-ester formation. Accordingly, 
it has a very high affinity to PBA. Although the highest affinity may be 
expected at pH > 9, its KC at pH 7.4 is still high (21 M− 1) and comparable 
with that of Neu5Ac [100]. The ribonucleotide adenosine triphosphate 
(ATP) has a very low extracellular concentration (1–10 nM), but the 
intracellular concentration is orders of magnitude higher (5–10 mM) 
and the extracellular concentration in tumor tissue may also be elevated 
[109–111]. Therefore, ATP can compete with Neu5Ac for B-ester for
mation inside cells and perhaps also in tumorous tissue. 

The competition of Glc, Fru, and other compounds with diol moieties 
that are well-preorganized for B-ester formation can be exploited in trans 
B-esterifications to release Neu5Ac. Thus, Fru by competition reduces 
the labeling capacity of Neu5Ac on the surface of vesicular stomatitis 
virus (VSV) by quantum dots (QDs) with attached PBA targeting groups. 
Consequently, Fru can be applied to release the free virus from this VSV- 
QD adduct [112]. The difference in pH dependence of KC for B-esteri
fication of PBA between Neu5Ac and Glc has been exploited in the 
construction of a dual pH/Glc sensitive cell-capturing system for 
Neu5Ac-overexpressing cells by attaching poly(acrylamidophenylbor
onic acid) to aligned silicon nanowires [113] and by the incorporation of 
PBA groups into an oxime-based PEG hydrogel [114]. In the absence of 
Glc at pH 6.8, Neu5Ac over-expressing cancer cells were effectively 
bound and at pH 7.8 and in the presence of 70 mM Glc they were almost 
completely released. The cycle of switching between binding and release 
was reproducible at least 5 times, while the cells remained their 
viability. 

7. Increasing the affinity and selectivity of boronic probes for N- 
accetylneuraminic acids 

The binding constants of PBA-esters of Neu5Ac (see section 4) are 
very low compared to lectin–oligosaccharide binding, which typically 
has binding constants of 103-104 M− 1 [115]. Therefore, higher binding 
constants are especially desirable for synthetic probes for biomedical 
applications in therapies and diagnosis where Neu5Ac is used as a 
biomarker for disease. 

7.1. Electronic effects on the affinity of the boronic group for N- 
neuraminic acids 

The primary binding of synthetic Neu5Ac probes is the reversible B- 
ester formation. As shown above, an increase in the positive charge 
density at the B-atom by electron-withdrawing substituents is an 
important tool to achieve higher affinities. For example, F substituents 
have been introduced in PBA for this purpose [116–118]. Also the very 

high affinity of PicBA [84] (see Table 2) can be attributed to the strong 
electron-withdrawing effect of its pyridinium function. Many of the 
Neu5Ac probes described in the literature employ conjugates of PBA. An 
amide or an ester substituent on the phenyl group of PBA is often used as 
the anchor for an attached group. These anchoring functions have an 
electron-withdrawing effect on the B-atom. This is illustrated by the 
higher affinity of the model compound PAPBA as compared to PBA (see 
Table 2). Electron-withdrawing moieties not only increase the affinity of 
PBA derivatives for saccharide moieties and widen the plateaus of 
maximum affinity, but they also lower the pHs where the maximum 
affinities occur (see section 4). Therefore, tuning for optimal perfor
mance at pH 7.4 or slightly lower (in the case of targeting cancer 
markers) may be desirable when it comes to biomedical applications. To 
the best of our knowledge, no systematic study has been made on the 
effect of electronegative substituents on the affinity of PBA for Neu5Ac. 

It has been shown that BzBA has a greater affinity for Neu5Ac than 
PBA (see Table 3), but also a greater affinity for 3,4 cis-diol moieties of 
other saccharides. The pKa,Btri is lower than that of PBA as well, which 
may indicate that the electron-withdrawing effect of the CH2-O group 
plays a role, but possibly also the reduction of the ring strain in the 
conversion of a trigonal to a tetrahedral B-atom contributes to the 
increased stability of the B-esters [70,101,119]. Since BzBA also has 
selectivity for Neu5Ac compared to the other common monosaccharides 
at pH 7.4, it is likely that the interaction between the 5-acetyl group and 
the boron group also plays a role here. 

7.2. Increasing the affinity for N-acetylneuraminic acids by molecular 
imprinting 

Syntheses carried out in polymeric matrices with template-shaped 
cavities may produce compounds with a predetermined selectivity and 
high affinity [120,121]. The reversibility of the Neu5Ac-boronic acid 
ester formation is ideal for the construction of such molecularly 
imprinted polymers (MIPs) [121]. For this purpose, polymerization of a 
boronic acid containing monomer is carried out in the presence of 
Neu5Ac, after which the Neu5Ac is removed. The resulting MIPs show 
enhanced affinity and selectivity for Neu5Ac. One of the first examples 
in the field of Neu5Ac was a poly(4-vinylbenzeneboronic acid) that was 
cross-linked with ethylene glycol dimethyl acrylate in the presence of 
Neu5Ac. The obtained MIPs were successfully applied as stationary 
phase in HPLC: the retention time of Neu5Ac as compared to the cor
responding non-templated adsorbent material increased with pH be
tween pH 8.1 and 11.5, but the selectivity for Neu5Ac over Man, Glc, 
and methyl glucoside decreased at the same time [122]. This system was 
improved by attaching trimethyl ammonium cations groups to the MIPS 
that can enhance the affinity for Neu5Ac by electrostatic interaction 
with its carboxylate (see below) [123–125]. A further enhancement of 
the affinity was achieved by also introducing urea moieties into the 
MIPS for additional hydrogen bonding [126]. High affinities and se
lectivities for free Neu5Ac were achieved and cells with Neu5Ac over
expression (prostate cancer cell lines DU145 and PC3) were stained with 
similar nanoparticles (NPs). These NPs had a 1000-fold higher affinity 
with the cells than with free Neu5Ac due to multivalent interactions. A 
hollow double-layered NO-delivery system has been constructed that 
had a Neu5Ac imprinted shell, which consisted of a complex block-co- 
polymer with PBA and S-nitosothiol functions [127]. 

Another Neu5Ac-printed nanoparticulate material was prepared 
with poly(fluorene-alt-benzothiadiazole) and provided with additional 
trimethylammonium groups to enhance Neu5Ac bonding [128]. The 
fluorescent NPs selectively labeled DU-145 cell lines for prostate cancer, 
while HeLa cells, which have lower levels of Neu5Ac overexpression, 
were not recognized. Electrochemical polymerization of 3-amino-PBA 
affords poly(aniline boronic acid). By carrying out this polymerization 
in the presence of Neu5Ac, MIPs were obtained that have been applied 
as a film on glassy carbon and carbon cloth for the potentiometric 
determination of Neu5Ac in blood [129–131]. 
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Several silica-based MIPs have been reported. For example, silica 
was deposited on 4-formyl-PBA linked to Raman-sensitive Ag particles 
in the presence of Neu5Ac. Removal of the Neu5Ac afforded MIPs, which 
were used for SERS imaging of human hepatoma carcinoma cells (HepG- 
2). A fluorescent MIP system was prepared by coating a core of fluo
rescein isothiocyanate (FITC) doped silica with a Neu5Ac-imprinted 
silica layer. With the obtained NPs, free Neu5Ac, human hepatoma 
carcinoma cells (HepG-2), and breast cancer cells (MCF-7) were labeled 
specifically as compared to the corresponding normal cells (respectively, 
L-02 and MCF-10A) [132]. QDs with three different fluorescence emis
sion wavelengths and bearing 3-amino-PBA groups were imprinted by 
coating them with silica in the presence of Neu5Ac, Fuc, and Man as the 
template, respectively. Using these QDs, multiplexed imaging of various 
cell lines allowed discrimination between normal and cancerous cell 
lines as well as the characterization of various types of cancer cells 
[133,134]. Molecularly imprinted silica core–shell materials have been 

prepared from highly porous microspheres (5.5 μm) on which a shell of 
Neu5Ac or Neu5Gc molecularly imprinted co-polymer was applied. The 
polymerization mixture consisted of 3-dimethylaminopropylmethacry
lamide (DMAPM), ethylene dimethacrylate (EDMA), and 4-vinyl-PBA 
(VPBA). The resulting MIP was successfully used for the selective 
extraction and enrichment of Neu5Ac and Neu5Gc from complex bio
logical samples [135]. 

The above-described MIPs were synthesized using monosaccharide 
Neu5Ac as a template. Most likely, the β-anomer was the actual template 
in these cases, whereas the α-anomer always is present in glycocalyces. 
Nevertheless, these MIPs appeared to perform well with Neu5Ac on 
cancer cell surfaces. 

A system for the recognition of poly-Sia residues has been fabricated 
by attaching 4-formyl-PBA to silica NPs with amino functions at the 
surface. The boronic groups were reacted with a short oligo-Sia chain 
(4–10 Sia units) and then these chains were covered with a layer of 

Fig. 13. Examples of structures of Neu5Ac targeting agents with amine functions as secondary binding sites (in red).  
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silica. After the removal of the oligo-Sia, the resulting MIP showed 
increased affinity and selectivity for poly-Sia residues as demonstrated 
by in vivo and in vitro tests [136]. Loading these NPs with an NIR fluo
rescent dye afforded a theranostic for image-guided photothermal 
therapy (PTT). 

7.3. Enhanced affinity and selectivity by increased valency of the boronic 
acid – N-acetylneuraminic acid interactions 

7.3.1. Ammonium or guanidinium groups as secondary binding sites 
The affinity and selectivity of B-based probes for Neu5Ac can be 

boosted by the introduction of additional Neu5Ac-binding moieties. In 
nature, a salt bridge between the carboxylate group of Neu5Ac and a 
guanidinium group of arginine is always the principal bond (see Fig. 4). 
For the design of synthetic B-based probes, adding a cationic group to 
form a salt bridge with the carboxylate group of Neu5Ac is an obvious 
choice to increase the affinity. Since other common saccharides in gly
cocalyces lack carboxylate groups, the introduction of cationic binding 
sites can also increase selectivity over other monosaccharide units. 

An early example of the application of ammonium functions is given 
by Patterson et al. who designed a luminescence reporter (compound 1, 
see Fig. 13) conjugated with a fluorescent PBA derivative that has been 
attached to poly(allylamine) (degree of substitution 2 mol%). The ma
terial exhibited a larger response for Neu5Ac than for Glc or Fru, which 
can be ascribed to the binding of the Neu5Ac-glycerol chains by the PBA 
and cooperative electrostatic interaction between its carboxylate func
tions and the ammonium groups on the poly(allylamine)chain [137]. 

Potential PBA-based MRI contrast agents with protonated amine 
functions at physiological pH have been constructed by conjugating 3- 
amino-PBAs with Gd(DTPA)2− or Gd(DOTA)− using ethylene diamine 
as a bridging group (2–4, Ln ¼ Gd) [102,108,116,138–141]. Compound 
2d has a larger affinity for Neu5Ac than PBA and PAPBA as demonstrated 
by the conditional stability constants in comparison to those of Glc as a 
typical representant of the usual monosaccharides in glycocalyces (see 
Table 3). Although boronic acid derivative 2e is endowed also with 
positively charged guanidinium groups, it has a low affinity and speci
ficity for Neu5Ac probably for steric reasons [102]. Cell studies with 
radioactive 2d (Ln = 153Sm) have shown that a significant amount of it is 
retained on the surface of C6 Glioma rat cells. The simultaneous binding 
of ammonium and boronic groups of 2d (Ln = 170Tb) was supported by 
kinetic studies with human glioma brain tumor cells (U-251 MG), in 
which interaction kinetics of the cells with 2d were compared with those 
of analogous complexes lacking an ethylenediamine group, a PBA group, 
or both (2a-c) [102]. These studies showed that the removal of either of 
these groups resulted in a significant decrease of adsorbed DTPA-complex 

(see Fig. 14). The saturation level for complex 2d corresponds with a 
molar ratio 2d/Neu5Ac, which is somewhat higher than 0.5, suggesting 
that the binding occurs predominantly through both PBA units of 2d. 
Almost no internalization of the intact complex was observed but at the 
cell surface, some demetallation occurred. 

A similar approach to enhance the affinity of PBA for Neu5Ac (free or 
in glycocalyces) used the guanidinium function of arginine in the tet
rapeptide EYGR to establish a stabilizing Coulomb interaction with the 
carboxylate of Neu5Ac (compound 5, see Fig. 13) [142]. Additional 
stabilization of the concerning B-ester was possibly obtained by CH-π 
interaction between the tyrosine and the pyranoside group. The com
pound also featured a biotin function available for coupling luminescent 
streptavidin. The affinity of 5 for free Neu5Ac is about three orders 
higher than for Man, Gal, or Fuc, whereas the corresponding isomer with 
a meta boronic function showed almost no selectivity for Neu5Ac 
compared to these monosaccharides. MM2 calculations demonstrated 
that this is due to the distance between the COO– of Neu5Ac and the 
guanidinium group, which is too large in the latter B-ester. Confocal 
microscopy studies on cancer cell lines (HeLa and MDA-MB-231) incu
bated with the F-streptavidin conjugate 5 demonstrated that it has also a 
high and selective affinity for highly sialylated glycocalyces. 

Chen et al. have designed a polypeptide nanogel (NPs with a diam
eter of 40 nm) consisting of PEGylated arginine, cysteine, and phenyl
alanine with PBA and morpholine end groups (6)[143]. The morpholine 
groups protonated at about pH 7 and as a result, the zeta potential 
changed from − 1.3 to + 7.8 mV between pH 6 and 7.4. Therefore, the 
interaction between the gel and Neu5Ac in the more acidic tumor tissue 
is enhanced by the increased affinity and selectivity of both the boronic 
and morpholine groups and enhanced cell uptake. The nanogel can be 
applied as a drug carrier and then the cysteine functions act to take care 
of reductive responsive disintegration of the gel by glutathione (GSH) 
present at high concentrations inside the cell. The nanogel was 
demonstrated in vitro and in vivo with highly metastatic B16F10 cells. 

Following the same approach of simultaneously binding Neu5Ac by a 
boronic and an ammonium group, a luminescent probe 7 was con
structed by connecting 3-aminomethyl-PBA to a cyclometalated Ir(III)- 
bipyridine luminescent reporter through a triethylene glycol linker 
[144]. The stability constants of B-esters in these probes at pH 7.4 fol
lowed the order Neu5Ac > Gal ≈ Man > Glc. Confocal microscopy 
showed that these materials were internalized into HepG2 cells at a rate 
corresponding to the lipophilicity. 

A SERS probe (8) has been designed for the visualization of Neu5Ac 
on cells. It consisted of an SH function to bind it to the surface of a metal 
(Ag NPs), a PBA moiety for selective Neu5Ac recognition, an ethyl
enediamine for additional binding of the carboxylate of Neu5Ac through 
an ammonium group, and a CN function as a reporter, exhibiting a single 
and sharp SERS peak in the cellular Raman silent region, leading to 
background-free detection [145]. 

Matsumoto et al. have hypothesized that the involvement of the 
pyridinium NH in an intramolecular hydrogen bond with the Neu5Ac 

Fig. 14. The amount of Tb-complex on the cell surfaces as a function of the 
time after incubation of 0.1 mM solutions of 2a-d (for structures, see Fig. 13) 
with 2.5 × 105 human glioma brain tumor cells (U-251 MG) for 4 h at 37 ◦C in 
PBS medium. The amount of Neu5Ac available is about 1.2 nmol/mg pro
tein [138]. 

Fig. 15. pKa,Btri and KC values for borate ester formation with Neu5Ac (at pH 6) 
of some pyridinylboronic acids [84]. 
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carboxyl group plays also a role in stabilizing its B-esters with Neu5Ac. 
This was supported by a drastic reduction in KC upon steric blocking that 
site in 9 by carboxymethylation to 10, whereas the carboxymethylation 
did not affect the pKa of the boronic group (see Fig. 15) [84]. 

7.3.2. Secondary binding by coordination of the N-acetylneuraminic acid 
carboxylate to a metal cation 

Another example of 2-site binding taking advantage of the negatively 
charged carboxylate group in Neu5Ac is a fluorescent sensor consisting of 
a conjugate of a Zn2+-phenanthroline complex and o-aminomethyl-PBA 
(11, see Fig. 16) that simultaneously binds the Neu5Ac-carboxylate 
through coordination to the Zn2+- chelate and Neu5Ac-glycerol chain 
through ester formation with the PBA moiety. In the absence of Zn2+, this 
ligand has almost no affinity to Neu5Ac [103,146]. The binding of the 
carboxylate function of Neu5Ac can also be accomplished by the 
lanthanide ions in complexes with a DOTA-type ligand (12) [104]. 
13C NMR showed that the borate function of compound 12b binds its 
glycerol tail while the Ln3+ coordinates its carboxylate. Luminescence on 
the Tb3+ complex, NMRD measurements, and DFT calculations on the 
Gd3+ complex indicate that the coordination of the Neu5Ac-carboxylate 
is accompanied by a reduction of the number of Ln-bound water 
molecules. Once again, this divalent binding increases the affinity and the 
selectivity for Neu5Ac over other sugars (see Table 3), whereas also 
the 2α-OMe derivative of Neu5Ac still has an appreciable affinity 
(KC = 79 M− 1). In the absence of Neu5Ac, compound 12a exhibits 
intramolecular coordination of its boronate group to the Ln3+ cation, 
which is reflected in a decrease of its pKa to 4.6, and the absence of 
Ln3+-coordinated water molecules (q = 0). Consequently, the affinity of 
this complex for Neu5Ac is negligible [104]. In methanol as solvent, 
NOTA complex 13 was found to have a very high affinity to Neu5Ac 
(log KC > 5.3). Based on the results of circularly polarized luminescence 
spectroscopy and DFT calculations, the binding of Neu5Ac by the Eu3+

complex of NOTA derivative 13 was hypothesized to occur through 
combined B-ester formation of the glycerol tail and Eu3+-binding of the 
5-N-acetyl group of Neu5Ac [147]. Remarkably, La(DTPA)-derivative 14 
showed a higher affinity for Glc than for Neu5Ac [105] (see Table 3). 
Possibly, this can be attributed to repulsion between the negatively 
charged La(DTPA) moiety and the carboxylate of Neu5Ac. 

7.3.3. Probes with two boronic functions 
Sensors with two boronic acid functions may also have increased 

affinity and specificity as a result of covalent binding of the second 
boronic binding site to diol functions in another Neu5Ac unit or a cis-diol 
function of Fuc, Gal, GalNAc, or Man. Weaker contributions to the sta
bility may be afforded by covalent bonds to other hydroxyl groups, 
hydrogen bonds, and hydrophobic interactions. Covalent bonds to trans- 
diol functions, including those in Glc (in the glycocalyx) are unlikely 
because they are sterically unfavorable. The high affinity of compound 
2d for Neu5Ac may be partly caused by its two boronic groups. 

A library of 26 bis-boronic acid compounds characterized by two 
fluorescent anthracene units linked by different groups has been 
screened to identify sensors of sLex (structure, see Fig. 3b) [148,149]. A 
compound with a phenyl linker was found to have optimal affinity and 
specificity (Compound 15, see Fig. 17, R = H). It was also effective on a 
HEPG2 cancer cell line that expressed sLex. Removal of either Neu5Ac or 
fucose from the cell surfaces with neuraminidase or fucosidase, 
respectively, inhibited the recognition, showing that both mono
saccharides are essential for effective binding. Since generally B-esters of 
cis-vic-diols are considerably more stable than trans ones [66], the 
exocyclic glycerol of Neu5Ac and the cis-3,4-diol of fucose are most 
likely the binding sites for this bis-boronic acid. Decoration of the central 
phenyl in 15 with a reporter group (R) for MALDI imaging mass spec
trometry enabled the specific detection of tumors overexpressing sLex in 
a tissue sample [150]. Linking of 15 with a fluorophore afforded a very 
sensitive probe for the fluorescent imaging of sLex-expressing tumors 
(HEPG2 and COLO205) implanted in mice [151]. The importance of the 
spatial rearrangement of the two boronic functions was also demon
strated with another series of similar fluorescent anthracene-containing 
compounds now with an alkyl linker, -(CH2)n, where n = 6, 7, or 8 (16) 
[152]. High affinities and selectivities for Glc and Fruc were observed 
for n = 7 or 8, whereas the compound with a hexamethylene spacer 
recognized sLex and stained HEPG2 cells at a concentration as low as 1 
μmol L− 1. 

Since Neu5Ac has two potential sites for B-ester formation, the 
glycerol tail and the α-hydroxycarboxylate, also a divalent binding of a 
bis-boronate is possible. Fluorescence and mass spectral data have 
suggested that a divalent ester of 17 is formed selectively with Neu5Ac 
at pH 6.2 but at pH 7.8 other monosaccharides bind as well. Probably, at 
pH 6.2, esters of both types BtetLac− and BtetLdiol2− occur, which allows 
divalent binding, whereas, at pH 7.8, the monovalently bound BtetLdiol2−

ester dominates [153]. Obviously, such binding is much weaker and no 
longer specific to Neu5Ac. Possibly, the aminomethyl groups in the 
divalent complex at pH 6.2 are protonated, which may provide addi
tional stabilization. 

7.3.4. Hydrogen bonds for enhanced binding 
The importance of hydrogen bonding as a secondary effect to in

crease the stability of PBA-Neu5Ac in DMSO solution has been demon
strated with derivatives having urea and thiourea groups [154] A library 
of boronated octapeptides showed KC values between 53.1 and 166.5 
M− 1 at pH 7.4 [155]. These variations can be ascribed to the combina
tion of the effects of covalent B-ester formation and varying non- 
bonding interactions depending on the geometry of the peptide under 
study. 

7.3.5. Multivalent boronic acid - N-acetylneuraminic acid interactions 
The pH dependency of PBA-Neu5Ac interactions is harnessed in a 

great variety of disciplines, including those of chromatography, syn
thetic lectins, sensors, diagnostics, theranostics, and drug carriers. One 
of the first examples of the application of a PBA-conjugated polymer is 
reported by Kataoka and coworkers who demonstrated that a co- 
polymer of 3-acrylamidophenylboronic acid and N,N-dimethyl acryl
amide acts as an artificial selectin by inducing the proliferation of 
lymphocytes, particularly tumoricidal ones [85]. This effect may be 
related to the relatively strong and selective affinity of the PBA functions Fig. 16. Molecular structures of complexes 11–14.  

J.A. Peters and K. Djanashvili                                                                                                                                                                                                               



Coordination Chemistry Reviews 491 (2023) 215254

14

for Neu5Ac on the cell surfaces of this copolymer under physiological 
conditions. The N,N-dimethylacetamide groups in the resin possibly 
stabilize the boronate esters by an intramolecular interaction. 

After that many other multivalent boronic acids have been synthe
sized, usually by attachment of 3- and 4-substituted PBA derivatives 
directly or via linkers to dendrimers [156–160], micelles [90,161–167], 
liposomes [139,168,169], other natural and synthetic organic polymeric 
systems [170–184], metal–organic frameworks [185,186], silica NPs 
[187–190], silicon nanowires[190,191], glass slides [192], ZnO NPs 
[193,194], graphene oxide [195], carbon nanotubes [196,197], carbon 
dots [198,199], glassy carbon [131,200,201], pencil graphite electrodes 
[202], QDs [112,203–208], and Au- and Ag-NPs and electrodes 
[30,31,87–89,209–228]. 

If multiple PBA moieties interact simultaneously with Neu5Ac 
groups on cell surfaces, the binding affinity and selectivity may be 
greater than for an individual PBA-Neu5Ac interaction due to multi
valency effects. Thermodynamic models have been developed to 
describe these interactions [229–232]. Parameters such as receptor and 
ligand density, and linker flexibility are of importance. Multivalency can 
provide “ultra-sensitivity” to external triggers such as pH, temperature, 
and receptor density [233]. The adsorption of multivalent ligands may 
display a steep response to the receptor density (see Fig. 18). 

The importance of dynamic multivalent interactions was nicely 
demonstrated in a study of the interaction between Neu5Ac at the sur
face of human erythrocytes and 1D fibers of benzene-1,3,5- 
tricarboxamide to which BzBA moieties were appended via amphi
philic linkers [234]. A 1000-fold excess of free Neu5Ac compared to the 
amount of BzBA on the fibers was needed to detach the fibers from the 

cell surface, while the KC value of the B-ester between monomeric BzBA 
and free Neu5Ac is only 160 M− 1. Interestingly, the multivalent in
teractions could be visualized in real-time using total internal reflection 
fluorescence microscopy. 

A conjugate prepared by amidation of 7.5 of the 11 carboxylate 
groups of bovine pancreatic ribonuclease (RNase A) with 5-amino-BzBA 
has a 440-fold greater association constant with GD3 ganglioside lipo
somes than the free boronic acid, demonstrating that a multivalent 
interaction is involved with the two Neu5Ac residues of this ganglioside 
[119]. Fru inhibits the interaction. Moreover, cell experiments indicate 
that this conjugate mediates the delivery of the protein into the cytosol. 

As described above, the boronic acids recognize Neu5Ac usually 
selectively at or below physiological pH, whereas interaction with most 
other monosaccharides is optimal at pH > 8. In addition to the multi
valency effect, diagnostic agents and sensors often use an amplification 
effect to increase the signal intensity of the reporter. Here, we will 
describe only a few typical examples. 

Gold electrodes with 3-amino-PBA attached to the surface through a 
C10-chain allowed direct potentiometric detection of free and cell-bound 
Neu5Ac in cell suspensions [87–89]. As expected, the highest sensitivity 
and selectivity for Neu5Ac compared to other monosaccharides was 
obtained at pH < 8. The gold surface of a thermal biosensor was 
modified similarly and then used to quantify the amount of Neu5Ac on 
erythrocytes through the heat developed upon the interaction of the 
Neu5Ac end groups with the PBA groups at the electrode [223]. More 
recently, Au-electrodes to which the same probes were attached via a 
PEG-linker were used for potentiometry of fetuin and asiolofetuin [31]. 
The Neu5Ac groups of these glycoproteins were detected selectively at 
pH 5.5, whereas at pH 7.4, the electrode was no longer selective for 
Neu5Ac but also interacted with other saccharides. With another Au- 
probe, now with PicBA linked through ethylthiol, the sensitivity for 
detection of Neu5Ac was increased to a submicromolar level [235]. With 
this probe, the Neu5Ac-binding reduced dramatically with an increase in 
pH from 5 to 7, and at pH 9, most of the Neu5Ac was released. 

7.3.6. Examples of enhanced affinity and selectivity by dual receptor 
targeted strategies 

An enhancement in stability and specificity for sLex was obtained 
with a bis(boronic acid) similar to compound 15 but with a peptide 
chain containing an RGD peptide sequence as a linker between the two 
anthracene units [236]. This compound is capable of simultaneously 
targeting sLex and integrins at cell surfaces. The association constant on 
the cell surface of HepG2 cancer cells was more than threefold that of 
free sLex in an aqueous solution. 

NPs consisting of poly(3-acrylamido-PBA) and bovine serum albu
min (BSA) have been exploited for the Neu5Ac-targeted delivery of 
doxorubicin (DOX) to hepatic H22 tumor cells [237]. The pharmaco
kinetics and the biodistribution were improved by coating these NP with 
a copolymer of PEG and polyethyleneimine, whereas additional 
attachment of cRGD was applied to enhance the tumor selectivity [238]. 

NPs constructed by attachment of 3-aminomethylphenylboronic acid 

Fig. 17. The molecular structure of the bis-boronic acid compounds 15–17. R = H or a reporter group for either MALDI mass spectrometry imaging or a fluorophore.  

Fig. 18. Computed adsorption profiles of monovalent and multivalent parti
cles. Monovalent adsorption (circles) yields the familiar Langmuir isotherm. In 
contrast, multivalent particles show a steep, sigmoidal response. Reproduced 
with permission from ref. [233]. Copyright 2018 John Wiley & Sons Ltd. 
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(APBA) attached to a chondroitin sulfate A–deoxycholic acid conjugate 
has been used as a drug carrier of DOX [239]. The simultaneous in
teractions of APBA with Neu5Ac and of chondroitin sulfate A with CD44 
receptors resulted in efficient delivery and cell penetration of DOX in 
lung carcinoma epithelial cells (A549). Another PBA-based system with 
an additional CD44 receptor targeting function was obtained by 
coupling APBA to hyaluronic acid ceramide. These NPs (diameter 239 
nm) were fabricated for encapsulation of the anti-cancer drug mana
ssantin B [240]. 

An electrochemical biosensor for Neu5c has been constructed by 
linking PBA to an Au-electrode through an aptamer that is capable of 
capturing Neu5Gc [241]. The affinity of PBA directly bound to the Au- 
surface for both Neu5Ac and Neu5Gc showed a pH profile similar to 
Fig. 12, i.e. decreasing affinity between pH 3 and 10. With the aptamer 
as link the opposite trend was observed, increasing affinity with pH until 
pH 9 where a plateau was reached. Consequently, the sensor captures 
both Neu5Ac and Neu5Gc at low pH, by binding to the boronic unit and 
at higher pH values, Neu5Gc moved to the aptamer linker whereas 
Neu5Ac remained released. 

8. Oxidation of boronic esters 

Boronic esters are susceptible to oxidative decomposition to phenols 
(see Fig. 19). This has been exploited in the design of various fluorescent 
sensors for H2O2 in living systems [242–244]. If an electron- 
withdrawing group is present at the phenyl ring, a 1,6-elimination re
action can subsequently take place that yields a quinone methide. 

Oxidative deborylation has been exploited for the design of a fluo
rescence imaging probe [245]. Multiple targeting to enhance its selec
tivity was achieved by including (1) octreotide as a synthetic peptide 
ligand of somatostatin receptors, which are over-expressed in many 
tumors, (2) an H2O2-responsive PBA group, (3) a dipeptide substrate for 
cathepsin B, which is also usually over-expressed in tumors, and (4) a 
NIR fluorophore. The octreotide is responsible for somatostatin 
receptor-mediated endocytosis. The intact probe is only weakly NIR- 
fluorescent, but by the combined action of H2O2 and cathepsin B in
side the tumor cells, the probe disassembles and the NIR-fluorophore is 
deprotected resulting in a large increase in its fluorescence. The success 
of this approach was demonstrated in vitro and with cancer cell lines. 
This type of reaction may also be applied in drug delivery (see below). 

9. Applications of the boronic acid –N-acetylneuraminic acid 
interactions in drug design 

The unique pH profile of the interaction between boronic acids and 
Neu5Ac as compared to that of other monosaccharides has found many 
applications in analytic chemical methods including chromatography, 
potentiometry, spectroscopy, sensors, cell labeling, and drug design. 
Several reviews on this topic have been published recently 
[2,38,43,92,121,246–250]. Here, the focus will be on the applications in 
drug delivery. Because relatively high densities of Neu5Ac occur in 
mucins and tumors, these are the most commonly used Neu5Ac targets. 

9.1. Drug delivery to mucins in the eyes, genitourinary tract, and lungs 

Neu5Ac residues are abundant in the mucous tissue of the eye. 
Therefore, PBA has been exploited as a targeting function in the 
formulation of drug delivery systems for pharmaceuticals for ocular 
diseases such as dry eye disease [251]. For example, NPs consisting of 
block-polymers of polylactic acid and dextran or polymethacrylate were 
functionalized with 3-amino-PBA and have been successfully applied as 
mucoadhesive for the encapsulation, delivery, and sustained release of 
dry eye therapeutic cyclosporin A [252–254]. Another dry eye thera
peutic, dexamethasone, has been encapsulated into chondroitin sulfate, 
which was conjugated with APBA [255]. The feasibility of using PBA 
derivatives as lubricants for the treatment of dry eye disease has been 
demonstrated with PEG that had on one terminus a FITC fluorescent 
group and on the other terminus a 2-hydroxymethyl-PBA group for the 
anchoring onto the Neu5Ac of the mucous membrane of the eye [256]. 

Nanoparticles prepared from a copolymer of 3-acrylamido-PBA and 
N-maleated glucosamine have been applied to encapsulate insulin. The 
strong multivalent dynamic covalent binding of the boronic acid groups 
with Neu5Ac groups was exploited to mediate nasal delivery of insulin 
across the mucin barrier and cellular lipid bilayers [257]. The boronic 
groups also inhibited the enzymatic biodegradation of the insulin. Nasal 
drug delivery can be antagonized by several defense mechanisms in the 
mucus. Therefore, it may be advantageous to find ways to prolong the 
residence times of these formulations in the nasal cavity. Attachment of 
a 3-amino-PBA to a glycopolymer composed of 2-lactobionamidoethyl 
methacrylate and 3-acrylamidophenylboronic acid (AAPBA) has been 
suggested to achieve this [182]. A library of micelles of these PBA- 
grafted copolymers with various compositions has been tested for the 
ocular delivery of cyclosporin A as a treatment for serious dry eye dis
ease [254]. 

Mucoadhesive NPs for vaginal delivery of pharmaceuticals have 
been prepared by NPs consisting of an Ag core covered with a PBA-rich 
shell obtained by polymerization of 4-vinyl-PBA with ethyleneglycol 
dimethylacrylate, and N,N’-methylenebisacrylamide [258]. The long- 
term aggregation of these NPs could be avoided by adding 4-vinylphe
nylsulfonate to the polymerization mixture [259]. These NPs were 
loaded with interferon by adsorption. The release was dependent on the 
mucin concentration. 

9.2. Drug delivery to tumors 

For optimal efficiency of diagnostics, chemotherapeutics, or thera
nostics, it is important to deliver these agents at the target site with 
optimal selectivity and sufficient concentration. Several low-MW con
jugates of PBA derivatives and anti-cancer drugs have been investigated 
for drug delivery [260], but these systems can only deliver a small 
amount of drug per targeting group to a tumor. A maximum amount of 
an injected anti-tumor drug must reach the tumor to reduce toxic and 
side effects to healthy cells. Multidrug resistance is a major obstacle to 
clinical chemotherapy for tumors, which can be caused by inadequate 
drug retention due to overexpression of efflux transporters [261–266]. 

Fig. 19. Oxidative deborylation of a boronic ester of a diol and an example of a subsequent 1,6-elimination.  
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Nanocarriers with attached boronic functions for Neu5Ac-targeting are 
attractive for the delivery of drugs to tumors. To reach a tumor cell, an 
injected nano-system has to go through the so-called CAPIR cascade: (i) 
circulation, (ii) accumulation, (iii) penetration, (iv) internalization, and 
(v) drug release (see Fig. 20) [267]. The efficiency of each of these steps 
is essential for the success of the overall process, which can only be 
achieved by fine-tuning of the various physicochemical parameters that 
control them: size and surface chemistry are the most important. 
Obviously, a drug carrier must be biocompatible and remain intact all 
the way from injection to arrival in the tumor cell. Anti-cancer agents 
such as DOX, paclitaxel (PTX), and camptothecin (CPT) are often hy
drophobic and therefore, amphiphilic materials are the favorite mate
rials for the construction of nanocarriers. The binding inside the carrier 
sometimes is reinforced by chemical binding to the carrier material 
through a linker that is stable extracellularly but not intracellularly, for 
example, an S-S linker that breaks under the influence of intracellular 
GSH [268–272]. The blood-circulation time of the nanocarriers must be 

long enough to allow efficient accumulation, which implies that the 
particle size should be above the renal clearance threshold (5–6 nm) 
[273]. Larger particles will be opsonized after injection and cleared by 
the reticuloendothelial system (RES). To avoid this generally, PEGyla
tion is applied, which however may hamper the endocytosis. Nano
particulate systems may benefit from additional passive targeting by the 
enhanced permeability and retention (EPR) effect due to leaky vascu
lature and poor lymphatic drainage [267,274–278]. Efficient penetra
tion is required to allow homogeneous accumulation of the drug over the 
tumor. For high penetration efficiency diameters of less than 30 nm are 
preferable [279]. The pH control is disregulated in tumors; the extra
cellular pH (6.7–7.1) usually is lower than that of healthy cells (7.4) 
[97,280–282]. Although the opposite trend is observed for the average 
intercellular pH, the endosomes and lysosomes inside both tumor and 
healthy cells are assumed to have relatively low pH (4.5–6.5) [283,284]. 
Furthermore, Glc concentrations are usually low in a tumor microen
vironment, whereas the intracellular concentrations of GSH and ATP are 

Fig. 20. (a) Schematic representation of CAPIR cascade of drug delivery to tumors. Adapted with permission from ref. [288]. Copyright 2014, Wiley-VCH Verlag 
GmbH. (b) pH of the different subcellular compartments. Copied with permission from ref. [284]. Copyright 2010, MacMillan Publishers Ltd. 
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relatively high. Therefore, pH and the concentrations of ATP and GSH 
are attractive endogenous triggers in drug delivery processes 
[92,111,285,286]. The anti-cancer drug DOX has a 1,3-diol function, 
which can be applied to bind DOX in drug carriers by B-ester formation 
[117,179,287]. At the low pH of endosomes and lysosomes, the stability 
of these DOX B-esters decreases. Moreover, the high concentration of 
ATP competes, resulting in the release of DOX [117,179,287]. 

In a seminal study on the use of the PBA-Neu5Ac interaction for drug 
carriers, Deshayes et al. have created micellar nanocarriers with 3- 
amino-PBA end groups around the anti-tumor agent dichloro(1,2- 
diamino-cyclohexane)platinum(II) (DACHPt) by self-assembly of the 
bio-compatible block-copolymer PBA-PEG-b-PLGA (PGLA = poly-L-glu
tamic acid) [90]. The PEG enlarges the residence time in blood by 
suppressing the recognition by macrophages and the carboxylate groups 
of PGLA are utilized to coordinate the DACHPt. The particle size was 
tuned at about 30 nm to ensure optimal EPR and penetration efficiency 
[289]. These investigations also confirmed that the boronic acid- 
Neu5Ac interaction decreases significantly with increasing pH be
tween pH 6.5 and 7.4, whereas other saccharides show the opposite 
trend (see Table 4). The high affinity of the PBA groups for Neu5Ac in 
the slightly acidic micro-environment of a tumor afforded an enhanced 
cellular uptake in tumor cells resulting in an improved anti-tumor effect 
of the cargo DACHPt. The efficiency of these micelles was demonstrated 
both in vitro and in vivo using a B16F10 murine melanoma cell line. 
Similar micellar nanocarriers were more recently constructed with 
PicBA as a Neu5Ac targeting group [93]. An in vitro and in vivo study 
using an orthotopic head and neck tumor model with the HSC2 cell line 
demonstrated that the micelles with PicBA-targeting groups performed 
significantly better in the slightly acidic micro-environment of a tumor 
(pH 6.5) than those with PBA-targeting groups, while the interaction 
with normal cells in the bloodstream at pH 7.4 is not significant. An 
additional study on pancreatic cancer stem cells with the fluorescent dye 
rhodamine conjugated to PicBA through a hexanediamine linker showed 
that this compound was taken up by different epitopes (CD44 and 
CD133) [290]. The recognition between boronic acid and Neu5Ac is 
solely dependent on the amount of Neu5Ac on the surface of the stem 
cells, whereas antibodies would be specific for a single epitope. 

To avoid undesired interactions of the boronic groups during the 
blood circulation, it can be useful to protect temporarily them with an 
acid-labile diol. This may be achieved by pre-organized diols that usu
ally bind boronic acids strongly in basic media (between the pKas of the 
boronic acid and the diol), whereas they are rather labile in acidic 
media. At the slightly acidic pH in the micro-environment of tumor cells, 
trans-B-esterification can take place with Neu5Ac if their density at the 
cell membrane is sufficient. Protective alcohols that have been used for 
that purpose include derivatives of dopamine and other catechols 
[268,272,291,292], pinacol [293], Fru [294–296], and cyclodextrin. 
PEG derivatives of these compounds have often been used and then the 
protective group and the PEG chain are simultaneously removed from 
the NPs in the slightly acidic extracellular tumoral environment, which 
facilities cell uptake. 

A typical example of such an approach is the design of a sequential 
delivery system for cisplatin that was composed by co-polymerization of 
some acrylates (see Fig. 21) [293]. The PEG groups prolong the blood 
circulation of the resulting nanogels, but because they may hamper cell 

uptake, they were attached through an acid-labile ortho-ester group. The 
EPR favors the uptake of the 160 nm nanogel particles in tumorous 
tissue where the slightly acidic conditions resulted in detachment of the 
PEG groups by hydrolysis of the ortho ester group and of the pinacol B- 
ester. The exposed PBA functions facilitate cell uptake and the reductive 
intracellular medium triggers the breaking of the Pt(IV)-crosslinks 
liberating Pt(II). Inside the cells, furthermore, oxidative deborylation 
can occur under the influence of H2O2 (see Fig. 19), followed by 1,6- 
elimination of the acrylate ester of 4-HO-CH2-PBA (see Fig. 21, purple 
component) to produce p-quinone methide. The latter reduces the 
intracellular GSH concentration resulting in the enhanced anti-tumor 
effect of cisplatin. 

The clinically applied proteasome inhibitor Velcade (see Fig. 2) has 
low aqueous solubility in water [297]. Therefore, it is usually supplied 
as the B-ester of Man, which has a much higher solubility. The B-ester is 
in the BtriL form because it is prepared in t-butanol as solvent. Prior to 
administration, the solid B-ester is dissolved in 0.9 % aqueous NaCl, 
which provides the BtetL ester in equilibrium with free Velcade and Man. 
Mannitol has two threo-diol functions and therefore has a high affinity to 
Velcade, but optimal stability is at high pH (>9). Nevertheless, it has 
been suggested that the interaction of Velcade with mannitol reduces its 
toxic effects on healthy cells, but that the free compound is exposed in 
the acidic micro-environment of tumors [298]. Using Neu5Ac instead of 
Man to B-esterify Velcade afforded a prodrug that showed improved 
targetability and less toxicity. In this case, the Neu5Ac probably targets 
over-expressed selectins. 

Alternatively, boronic functions on the surface of NPs can be pro
tected by multivalent interactions with polysaccharide chains on the 
surface of the NP. This is illustrated by a multifunctional platform 
assembled by: (1) a glutaminic-acid-based dendrimeric core, (2) PBA 
units for Neu5Ac recognition, (3) a porphyrin Pp IX (compound 15) 
photosensitizer for photodynamic therapy (PDT), (4) S-S functions for 
crosslinking of the assemblies, and (5) a coating of the polysaccharide 
lentinan (bound through PBA-diol bonds) (see Fig. 22) [299]. After 
cross-linking NPs with a diameter of 110 nm were obtained that were 
loaded with PTX. These NPs accumulated in tumoral tissue through the 
EPR effect. The lentinan coat served to shield the PBA functions to avoid 
binding of the NPs to Neu5Ac in blood or other healthy cells. Upon 
arrival in the acidic environment of the tumor cells, PBA-lentinan bonds 
destabilized so that the PBA functions could recognize the Neu5Ac 
groups and facilitate the uptake into the tumor cells. There the NPs 
disassembled and released PTX in response to GSH or H2O2. 

A third strategy to protect boric acid is to use micelles that have two 
different chains in each NP, one with boron groups and a second with a 
diol group. In neutral media, the boronic and the diol moiety then form 
B-esters protecting each other against interactions with components in 
the bloodstream. In the slightly acidic tumor micro-environment, these 
B-esters hydrolyze, liberating the boronic functions that then can form 
stable B-esters with Neu5Ac under these conditions [300,301]. For 
example, such a system has been made by self-assembling two different 
amphiphilic chains of poly(ethyleneglycol)-b-poly(ε-caprolactone), one 
with PBA end groups (PBA-PEG-PCL) and the other with Gal end groups 
(Gal-PEG- PCL) [300]. At pH 7.8, the PBA and the Gal at the surface of 
the micelles formed mutually B-esters but after entering the slightly 
acidic tumorous tissue (pH 6.8) these were more labile and the PBA 
preferred esterification of the Neu5Ac groups at the tumor cell surface, 
whereas the Gal groups are deshielded and thus available for the 
recognition of asialoglycoprotein receptors, which are generally over- 
expressed on tumor cells, leading to increased cellular uptake. More
over, the mutual protection-deprotection is reversible, and therefore, 
this system exhibited prolonged blood circulation due to reduced RES 
capture. 

The mutual protection strategy has also been applied in the design of 
the oral veterinary medicine diclazuril, which is used to treat poultry 
with coccidiosis, an infection that mainly affects the cecum section and 
causes severe damage to the intestinal epithelium. Chitosan has been 

Table 4 
Conditional stability constants of PBA-PEG-b-PLGA and some monosaccharides 
(in M− 1) at pH 7.4 and 6.5 [90].   

KC (pH 6.5) KC (pH 7.4) 

2α-OMe-Neu5Ac  6.00  3.40 
Neu5Ac  12.7  12.3 
Glc  0.39  1.71 
Man  0.70  3.95 
Gal  1.11  5.11  
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conjugated with both 3-COOH-PBA and Neu5Ac through amide bonding 
with each of these compounds. B-ester formation between the PBA 
moieties and the diol functions of Neu5Ac resulted in self-assembly into 
micelles in an acidic medium [302]. These micelles were utilized as drug 
carriers of the diclazuril. The micelles are highly stable under the acidic 
conditions in the upper intestinal tract, but upon reaching the cecum 
region, the pH increases and the concentration of Glc is relatively high, 
leading to trans-esterification of the Neu5Ac-B esters to Glc-B-esters and 
thus to destabilization of the micelles and release of the drug. 

An external trigger strategy for drug delivery used encapsulation of 
compound 3 (Ln = Tb, see Fig. 13) and the fluorescent dye calcein in 
thermosensitive PEGylated liposomes having a gel-liquid phase transi
tion of 41.4 ◦C [139]. The PEGylated liposomes ensure a long blood 

circulation time as well as an uptake in tumors utilizing the EPR effect. 
Mild hyperthermia at the tumor sites triggered rapid release of 3, which 
is bound to Neu5Ac at the tumor cell surface. The great efficiency of this 
strategy was demonstrated on mice with implanted a human BLM 
melanoma tumor. 

A local application of the PBA-Neu5Ac interaction has been 
demonstrated by a hydrogel prepared from the tumor cell-penetrating 
peptide 9-fluorenyl methoxycarbonyl (Fmoc)–KCRGDK conjugated to 
PBA. The PBA moiety has been used in a surgical bed to target Neu5Ac 
residue tumors to deliver an autologous tumor cell vaccine that locally 
mobilizes antitumor immunity to inhibit tumor relapse [303]. 

9.3. Intramolecular delivery of genes, siRNA, or mRNA 

Transfection of nuclear material into cells requires good protection 
against degradation by nucleases during transport, but in the cytosol, 
the carrier must be degraded to release the transfected material. The 
differences in pH profiles of the stabilities of PBA-esters of Neu5Ac as 
compared to those of other diols were exploited in the design of an ar
chitecture of a dual stimuli-responsive carrier for gene transfection in 
tumor therapy [117]. Low-MW polyethyleneimine (PEI) was grafted 
with 3-fluoro-4-carboxy-PBA (PEI-PBA), or galacturonic acid (PEI-GalA) 
through amidation. Both polymers were PEGylated. Mixing of the 
resulting two low-MW polymers gave a crosslinked high-MW polymer as 
a result of multivalent PEI-PBA-GalA-PEI B-ester formations and thus 
protecting the boronic functions. This high-MW polymer has a high 
cationic charge at physiological pH which was applied to bind anionic 
plasmid DNA (pDNA) through multivalent electrostatic interactions. In 
the slightly acidic tumor environment, some PBA-GalA esters were hy
drolyzed to expose PBA moieties for targeting Neu5Ac at cancer cells to 
promote cellular uptake. At the low pH and the relatively very high ATP 
concentration inside the tumor cells, the high-MW polymer was dis
assembled because the PEI-PBA-GalA-PEI ester bonds were broken due 
to competing PEI-PBA-ATP interactions. This resulted in the release of 
the pDNA because the cationic charges of the two low-MW fragments 
(PEI-PBA-ATP and PBA-GalA) were too low to maintain the electrostatic 
binding of pDNA. In an analogous gene therapy procedure but now with 
PEGylated catechol instead of GalA, siRNA was delivered to tumor cells 
[304]. Several other studies using similar strategies have been reported 
for the transfection of siRNAs [305,306]. 

The dendrimer poly(amidoamine) (PAMAM) has also been utilized 
as a cationic carrier in cancer gene therapy. To this aim, it was linked to 
3-S-PBA through a PEG5k-chain. This carrier has been employed for the 
transfection of siRNAs Bcl-3 [307], and microRNA miR-34a [158]. 

Fig. 21. Schematic representation of the in vivo drug delivery of a Pt(IV) cross-linked nanogel. Copied with permission from [293]. Copyright 2021 Elsevier Inc.  

Fig. 22. The chemical structures of dendrimeric NPs for synergistic chemo- 
PDT [299]. 
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Direct attachment of 4-carboxy-PBA (by amidation) to PAMAM has been 
applied in the construction of other carriers for gene therapy, now with 
short guanine-cytosine rich DNA [157] or the DNA-based enzyme Dz13 
[159]. It should be noted that B-ester formation between PBA and the 
cis-diol moieties of RNA may tighten the binding to the PAMAM carrier. 

The PBA-Neu5Ac interaction has also been applied for the selective 
delivery of mRNA (tumor suppressor p53 mRNA or Cas9 mRNA) to 
cancer cells in gene therapy and genome editing [308]. To this end, PBA 
was conjugated to a cationic lipid (PBA-BADP, see Fig. 23) followed by 
self-assembly into NPs through electrostatic interactions. These NPs had 
PBA at the surface, which facilitated cell uptake (see Fig. 23). 

Recently, a polyplex formulation has been devised for oral delivery 
of CRISPR. Oral delivery requires protection of the plasmid against 
degradation in the intestinal tract [118]. A low MW chitosan-PEI 
copolymer was grafted with 3-fluoro-4-carboxy-PBA. The PBA moiety 
is hydrophobic at low pH and thus protects the encapsulated plasmid. In 
the intestine, PBA-SA interactions facilitate transport across the mucus 
layer, and upon arrival in the target cells, PBA forms B-esters with ATP 
in late endosomes (pH 5.5), which promotes plasmid release, partly due 
to the hydrophobicity of ATP-PBA at this relatively low pH [309]. 

9.4. Boron neutron capture therapy agents 

4-Boronophenylalanine (BPA) is frequently clinically employed for 
the treatment of gliomas and cutaneous melanoma with BNCT [310]. 
The alanine residue in this compound is recognized by amino acid 
transporters that are usually over-expressed on cancer cells. The boronic 
function serves as a carrier of 10B for electron capture. To increase the 
solubility, this agent is commonly administered after esterification of the 
boronic function with Fru or another saccharide. A disadvantage of BPA 
is that it is readily pumped out of the cell by an antiport mechanism. 
Therefore, micellar NPs (10 nm diameter) fabricated of PBA-PEG-b-PLA 
have been proposed as an alternative [311]. Selective accumulation 
thereof in cancer cells is facilitated by EPR combined with active tar
geting of Neu5Ac by the boronic functions on the surface of the micelles. 
A Gd3+-conjugate of Gd-DTPA and BPA (16, see Fig. 24) has been pro
posed as a theranostic agent for combined MRI and neutron-capture 
therapy through 10B and 157Gd [312]. 

9.5. Image-guided therapy and multimodal therapy 

Many of the investigations on Neu5Ac-PBA interactions have used 
imaging techniques by attaching reporter groups to the NPs involved 
[249,250]. Fluorescence imaging, MRI, PET, SPECT, and SERS are 
applied as detection techniques, frequently in cell studies, but 

sometimes also in vivo. Combinations of chemotherapy with other 
therapeutic techniques are often designed to tackle the problem of multi- 
drug resistance. 

A platform for image-guided therapy has been developed by 
dispersing Fe3O4 NPs in the synthetic nanoclay laponite (LAP) [313]. 
These NPs were coated with polydopamine (PDA) whose catechol 
groups were exploited to anchor SH-PEG-CONH-PBA. The obtained NPs 
(LAP-Fe3O4@PDA-PEG-PBA) have a high transverse NMR relaxivity (r2 
= 266 s− 1mM− 1), making them suitable as a negative contrast agent in 
T2-weighted MRI, while also showing efficiency as a photoacoustic im
aging agent. Moreover, in addition, they can be used in PTT with NIR 
absorption. A somewhat similar approach was followed by Cao et al. in 
the design of a multimodal theranostic. Au-bipyramids (AuBP) were 
covered with a PDA coat [314]. The catechol groups of this coat were 
exploited to anchor PBA-conjugated with the fluorescent dye BODIPY. 
The construct AuBP@PDA@PBA-BODIPY did not show fluorescence or 
development of reactive oxygen species due to the quenching effect of 
the AuBP@PDA moiety, but in the presence of Neu5Ac at pH 7.4, the 
Neu5Ac displaced the Au@PDA turning on the fluorescence and pho
toactivity of PBA-BODIPY. The accompanying alteration of the Au sur
face was monitored by SERS. 

Another Neu5Ac-targeting MRI-fluorescence agent was prepared by 
conjugating polylysine with Gd-DTPA, PBA, and rhodamine [315]. To 
reduce the cytotoxicity, the remaining unconjugated amino groups were 
reacted with 3,4,5,6-tetrahydrophtalic anhydride which resulted in the 
reversal of the molecular charge from positive to negative. At pH 5, the 
zeta potential became positive again suggesting that the tetrahy
drophtalic anhydride group splits off in the slightly acidic tumor envi
ronment, which will facilitate the tumor cell uptake. However, confocal 
microscopy on HepG2 cancer cells showed that most of this agent was 
accumulated on the cell surface. Glc did not affect the affinity of the 
contrast agent for Neu5Ac. 

Peptide nanotubes (diameter 50 nm, length optimized 200 nm) with 
4-carboxy-PBA functions on the surface for multivalent PBS-Neu5Ac 
interactions have been loaded with the anticancer drug 7-ethyl-10- 
hydroxycamptothecin (SN38), and the NIR-activated photosensitizer 
indocyanine green for combined chemotherapy and PDT [177]. Another 
example of an agent for chemo-PDT is the dendrimeric system depicted 
in Fig. 22. [299]. Carbon nanotubes loaded with superparamagnetic iron 
oxide NPs, porphyrin, and a PEG5000 derivative with 4 PBA groups as 
Neu5Ac-targeting functions have been employed for combined T2- 
weighted MRI, fluorescence imaging, and PDT [296]. 

A platform for combined fluorescence imaging and PDT has been 
constructed from 4-(4-(pyren-1-yl)butyramido)phenylboronic acid as a 
building block for self-assembling into hydrophilic nanorods that were 

Fig. 23. (a) The self-assembly of PBA–BADP and mRNA into NPs. (b) PBA and 
Neu5Ac-promoted endocytosis of PBA–BADP/mRNA NPs for cancer cell- 
selective genome editing. Copied with permission from [308]. Copyright 
2019 American Chemical Society. 

Fig. 24. Schematic representation of structures of the BNCT agent L-BPA and 
the BNCT-MRI agent 16. The charges in 16 have been omitted for clarity. 
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applied for PDT [316]. Cell studies indicated that the cell uptake was 
rather slow, and the imaging agent predominantly was found on the cell 
surface. It was suggested that this might be due to the larger average 
curvature radius of non-spherical particles, the hydrophilicity, as well as 
the electronegativity. Therefore, these NPs have been suggested to be 
suitable to study the sialylation on cell surfaces. 

Multimodal and multi-drug delivery systems have been constructed 
by decorating NPs with PEG to increase the blood circulation time, PBA 
for Neu5Ac-recognition, QDs for PDT and fluorescence imaging, and 
99mTe-DTPA for SPECT [165,181]. 

10. Conclusions 

In an aqueous solution, boronic acids bind Neu5Ac with optimal 
affinity through the two of its exocyclic O-atoms. The resulting B-ester 
group is neutral and has a tetrahedral B-atom, indicating that another O- 
or N-atom must form a dative bond with the B-atom. The exact structure 
of these B-esters is not yet known, but most likely the B-atom has a 
dative bond with the N- or O-atom of the 5-N-Ac group. A complicated 
series of equilibria exists among the various B-containing species that 
are pH-dependent. The affinity between boronic acids and Neu5Ac 
generally increases with a decrease in pH and the ester formation is 
completely reversible and has a pH profile that can be tuned by sub
stituents in the boronic acid. The pH-dependent interactions between 
Neu5Ac and the other monosaccharides present in glycocalyces are 
complementary, the other monosaccharides form negatively charged B- 
ester moieties with optimal stability at pH > 9, while the stability of 
these B-esters is very low at physiological pH. Only diols that are highly 
pre-organized for B-ester formation can compete with Neu5Ac at phys
iological pH. Diols of this type include the ribose moiety of ATP and the 
catechol moiety of dopamine. B-esters of these alcohols have very high 
stabilities at pH > 8 and decreasing stabilities at lower pH, but at 
physiological pH, the stabilities of their B-esters are still high enough to 
compete with Neu5Ac at physiological pH. These properties make 
boronic acids ideal targeting groups for Neu5Ac groups that occur in 
high densities as the end group of glycocalyces in mucins and tumors. 
For the latter applications, NPs with multiple boronic acids are very 
suitable, since multivalent interactions between the probe and the cell 
surface enhance the affinity and make the pH effects steeper. Often, the 
pH in the micro-environment of tumors is slightly acidic, as well as in 
endosomes and lysosomes. Consequently, pH is a suitable endogenous 
trigger in drug delivery with NPs facilitated by boronic acid - Neu5Ac 
mediated endocytosis. Other parameters including the concentrations of 
Glc, ATP, and GSH may differ substantially between the extra- and 
intracellular environments of tumor cells and can also serve as endog
enous triggers. Surprisingly, almost exclusively agents based on PBA and 
pyridine boronic acids are studied. It may be expected that including 
existing B-based clinical pharmaceuticals in nanoparticulate drug car
riers will increase their selectivity for tumors and decrease harmful side 
effects on healthy tissues. 
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