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Boronic acid and diol-containing polymers: how to choose the 
correct couple to form “strong” hydrogels at physiological pH. 
Tamiris Figueiredo,a  Vanina Cosenza,a Yu Ogawa,a Isabelle Jeacomine,a Alicia Vallet,b Sonia Ortega,a 
Raphael Michel,a Johan D. M. Olsson,d Thibaud Gerfaud,c Jean-Guy Boiteau,c Jing Jing,c Craig Harris,c 
Rachel Auzély-Veltya*  

Dynamic covalent hydrogels crosslinked by boronate ester bonds are promising materials for biomedical applications. 
However, little is known about the impact of the crosslink structure on the mechanical behaviour of the resulting network. 
Herein, we provide a mechanistic study on boronate ester crosslinking upon mixing hyaluronic acid (HA) backbones 
modified, on the one hand, with two different arylboronic acids, and on the other hand, with three different saccharide 
units. Combining rheology, NMR and computational analysis, we demonstrate that carefully selecting the arylboronic-polyol 
couple allows for tuning the thermodynamics and molecular exchange kinetics of the boronate ester bond, thereby 
controlling the rheological properties of the gel. In particular, we report the formation of “strong” gels (i.e. featuring slow 
relaxation dynamics) through the formation of original complex structures (tridentate or bidentate complexes). These 
findings offer new perspectives for the rational design of hydrogel scaffolds with tailored mechanical response.  

Introduction 
Injectable hydrogels that are capable of autonomous healing 
upon damage have recently drawn great attention in the fields 
of tissue engineering and regenerative medicine for minimally 
invasive delivery of cells and in the filling of irregular defects.1, 2 
These hydrogels possess adaptable linkages that can be broken 
and re-formed in a reversible manner without external triggers. 
This feature is conducive to the homogeneous entrapment of 
cells ex vivo under physiological conditions. The mechanisms to 
form adaptable linkages include physical associations (hydrogen 
bonding, ionic, hydrophobic or host-guest interactions) and 
dynamic covalent chemistry.1-3 Compared to physical 
associations, dynamic covalent reactions usually have slower 
bond cleavage kinetics.2, 4 Consequently, hydrogels based on 
dynamic covalent chemistry can self-repair much like physically 
crosslinked networks while being more stable.  
As one of the dynamic covalent bonds, the boronate ester 
linkage has been used by several groups in an attempt to 
prepare autonomous self-healing hydrogel networks.5-16 Such 
networks have emerged as promising dynamic biomedical 
materials as their formation occurs in aqueous solution under 
mild conditions and requires no catalyst.17 These networks are 

generally obtained by combining a polymer modified with 
classical phenylboronic acid (PBA), or substituted PBA 
derivatives, and a polymer bearing diol-containing molecules. 
Such systems have been obtained not only at alkaline pH (pH > 
8),6, 7, 10, 11, 13 but also at physiological pH (pH = 7.4),5, 8, 9, 12, 14-16 
depending on the chosen arylboronic acid/diol couple. At 
physiological pH, variations in the structure of boronic acids or 
diol-containing molecules not only affects the network modulus 
but also significantly alters the relaxation behaviour of the 
materials. In fact, two types of relaxation behaviour of boronate 
ester-crosslinked networks can be distinguished in the 
literature: slowly relaxing systems, i.e. exhibiting a gel-like 
behaviour (storage modulus (G') > loss modulus (G’’) within the 
whole range of frequencies covered), and fast relaxing 
networks, i.e. displaying a viscoelastic behaviour (crossover of 
G’ and G’’ seen within the tested frequencies). The relationship 
between the nature of the couple boronic acid/diol and the 
network rheological behaviour still remains to be clarified. 
Some work suggested a possible link between the pKa of the 
phenylboronic acid derivative and the rheological properties.16 
This relies on the fact that a pH higher than the pKa of the PBA 
derivative is, in theory, required to facilitate binding of boronic 
acid to the diol moieties.18 In this regard, phenylboronic acid 
derivatives possessing a pKa near 7 have been regarded as 
attractive candidates to construct hydrogel networks at 
physiological pH.8, 9, 14, 16 Nevertheless, hydrogels networks with 
slow dynamics have been obtained at physiological pH via 
boronate ester formation between polymers modified with 
classical PBA (~ 8.8)18 and polymers containing 
salicylhydroxamic acid moieties12 or some sugar derivatives.15, 

19 In particular, we previously obtained slowly relaxing self-
healing hydrogels based on hyaluronic acid at physiological pH, 
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via boronate ester bonds between 3-aminophenylboronic acid 
and a maltose derivative containing a ring-opened glucose unit 
or fructose.15, 20 On the other hand, fast relaxing networks can 
be also formed from polymers containing benzoboroxole 
(BOR)9, 21, 22 despite its relatively high Lewis acidity (pKa ~ 7.3)23, 

24 compared to PBA.  
All these results indicate that the properties of the arylboronic 
acid/diol couple impact greatly the dynamics of the boronate 
ester bond thereby influencing the macroscopic mechanical 
properties of the resulting hydrogel networks. Moreover, the 
rheological characteristics of boronate ester crosslinks are not 
only related to the thermodynamics but also to their molecular 
exchange kinetics.14 In this regard, Cromwell et al. recently 
demonstrated that the transesterification kinetics in networks 
based on a diol-containing polycyclooctene polymer cross-
linked by telechelic diboronate ester crosslinkers is the primary 
determinant of the relaxation properties of these bulk solid 
materials.25 These results are in line with the concept of "strong 
means slow" introduced in 2005 by Yount et al. in their study on 
supramolecular networks based on metal-ligand interactions.26 
These authors showed that it is the exchange kinetics of 
molecular crosslinks, much more than their thermodynamics, 
that are quantitatively responsible for the bulk viscoelastic 
properties of the network.26, 27  
Despite the growing interest in self-healing hydrogels based on 
boronate esters, the relationship between the properties of the 
crosslinks and the mechanical behaviour of the networks, while 
being indispensable for their applicability, has been very little 
studied.14, 16 Herein we address this question by investigating 
hyaluronic acid (HA) hydrogels crosslinked with boronate ester 
bonds. As one of the main components of soft tissues in the 
body, HA is an attractive polysaccharide building block for 
engineering hydrogels for cell and tissue engineering.28, 29 More 
specifically, we investigate the relation between the molecular 
structure of sugar derivatives grafted on HA and their reactivity 
towards PBA or BOR grafted on other HA chains. Herein, BOR 
was selected in addition to PBA as the binding site for 

carbohydrate moieties grafted on HA because of its capability 
to bind saccharides at physiological pH, and especially 
carbohydrates locked in their pyranose form for which PBA has 
virtually no affinity.30 Thus, our investigation focused on the 
formation of networks from HA derivatives modified with single 
glucose units locked in the pyranose form (referred to as HA-
glucose) or in the ring-opened form (referred to as HA-
gluconamide), in comparison to HA modified with the maltose 
derivative (Figure 1). Moreover, taking into account the higher 
affinity of boronic acids towards D-fructose over D-glucose,31 
we also selected fructose as the binding site for PBA and BOR. 
The relative influence of the exchange kinetics and 
thermodynamics of the molecular crosslinks on the network 
mechanical properties was studied for each boronic acid-diol 
pair, both free and grafted to HA (Figure 1). In addition, NMR 
and computational analyses were used to provide a 
comprehensive picture, from a structural perspective, of the 
binding mode of PBA and BOR to the different saccharide 
derivatives.  

Experimental section 
Materials 

Sodium hyaluronate (HA) possessing a weight average molar 
mass (Mw) of 100 kg/mol was supplied by Lifecore Biomedical 
(USA). The molar mass distribution and the weight-average 
molar mass of this sample were determined by size exclusion 
chromatography using a Waters GPC Alliance chromatograph 
(USA) equipped with a differential refractometer and a light 
scattering detector (MALLS) from Wyatt (USA); the solution was 
injected at a concentration of 1 × 10-3 g/mL in 0.1 M NaNO3, at 
a flow rate of 0.5 mL/min and at a column temperature of 30 °C. 
The dispersity (Đ) of the sample is Mw/Mn ≈ 1.5-2. The overlap 
concentration C* for this HA sample in buffer at 25 °C is around 
3 g/L. This value was derived from the intrinsic viscosity 
assuming that C*[η] is about unity.32 HA samples with lower Mw 

(5 or 10 kg/mol), purchased from the same supplier, were used 

Figure 1: (a) Dynamic covalent hyaluronic acid hydrogels crosslinked via tunable dynamic boronate ester bonds. (b) Mechanism of boronate ester bond formation according 
to literature. (c) HA-saccharide derivatives investigated as partners of HA-PBA and HA-BOR to form hydrogel networks. 
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to synthesize HA derivatives for NMR studies (thermodynamics, 
kinetics and elucidation of the structure of boronic acid 
complexes). This low Mw HA sample was used to circumvent 
limitations due to the high viscosity of concentrated solutions 
of high Mw HA. 5-amino-2-(hydroxymethyl)phenylboronic acid 
hydrochloride (ABOR, 6-aminobenzoboroxole) and Boc-1-
amino-3,6-dioxa-8-octanamine (Boc-DOOA) were purchased 
from Combi-Blocks and Iris Biotech, respectively. 1-Amino-1-
deoxy-D-fructose hydrochloride (fructosamine) and D-
gluconolactone were supplied by Carbosynth. 3-
Aminophenylboronic acid hemisulfate salt (APBA), 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 
(DMTMM), D-maltose, 1-thio-β-D-glucose sodium 
salt(thioglucose), 4-pentenoic anhydride, O-
(carboxymethyl)hydroxylamine hemihydrochloride, cystamine 
dihydrochloride, N,N'-diisopropylcarbodiimide (DIC), 1-
hydroxybenzotriazole (HOBT), tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP), trifluoroacetic acid (TFA), picrylsulfonic 
acid solution (TNBS), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), phosphate buffered saline (PBS) 
and other chemicals were purchased from Sigma-Aldrich-Fluka 
and were used without further purification. A 13C labelled 
maltose (maltose-13C12 monohydrate) was supplied by 
Cambridge Isotope Laboratories and a 13C labelled D-fructose 
was purchased from Carbosynth. 

Methods 

Synthesis. All synthetic routes for the modification of HA are 
described in details in the Supplementary Information. 
NMR spectroscopy. 1H, 13C and 2-D INADEQUATE NMR spectra 
were recorded at 25 °C or 80 °C using a Bruker AVANCE III HD 
spectrometer operating at 400.13 MHz (1H) and at 100.61 MHz 
(13C). 1H NMR spectra were recorded by applying a 90° tip angle 
for the excitation pulse, and a 10 s recycle delay for accurate 
integration of the proton signals. 13C NMR spectra were 
recorded by applying a 90° tip angle for the excitation pulse and 
a 2 s recycle delay. 2-D INADEQUATE experiments were 
performed using the pulse sequence inadphsp given by Bruker. 
For each experiment, 256 transients were acquired for each of 
the 128 increments in F1. The recycle delay was set to 3 s. The 
spectral width was set to 20161 Hz (number of data points = 
8192). The data were processed with shifted sine bell weighting 
and zero filling to form a 8192 x 1024 matrix prior to Fourier 
transform. 13C-edited HSQC experiments using the HA 
derivative modified with 13C labelled maltose were recorded on 
a Bruker AVANCE III HD operating at 950.23 MHz (1H) and at 
238.94 MHz (13C) equipped with a cryogenic probe. Deuterium 
oxide (D2O) was obtained from Euriso-top (Saint-Aubin, France). 
Chemical shifts (δ in ppm) are given relative to external 
tetramethylsilane (TMS = 0 ppm) and calibration was performed 
using the signal of the residual protons of the solvent as a 
secondary reference. All NMR spectra were analysed with 
Topspin 3.1 (or 3.5) software from Bruker AXS. 
Rheology. Oscillatory shear experiments were performed with 
a cone-plate rheometer (AR2000EX from TA Instruments). All 
the dynamic rheological data were checked as a function of 
strain amplitude to ensure that the measurements were 

performed in the linear viscoelastic region. No frequency data 
beyond 10 Hz are presented because inertial artefacts (raw 
phase angle > 150°) were observed at frequencies higher than 
10 Hz.33, 34 The cone used for viscoelastic samples has a 
diameter of 2 cm and an angle of 4°, whereas viscous solutions 
were analysed using a cone of 6 cm of diameter and an angle of 
1°. To prevent water evaporation, the measuring system was 
surrounded with a low-viscosity silicon oil (50 mPa.s) carefully 
added to the edges of the cone. 
Determination of Ka by ITC. Calorimetric titration experiments 
were carried out on a Microcal VP-ITC titration 
microcalorimeter (Northampton, U.S.A.). All titrations were 
performed using solutions of APBA (ABOR) and free saccharides 
(D-fructose, maltose-COOH and gluconamide) solubilized in 
0.01 M PBS, with pH adjusted to 7.4 (± 0.1) using a pH-meter, by 
carefully adding 1 M NaOH when necessary. The reaction cell (V 
= 1.4478 mL) contained a solution of “molecule 2” (Table S1). A 
series of 28 injections of 5 or 10 µL of a solution of “molecule 1” 
was made from a computer-controlled 300 µL microsyringe at 
an interval of 400 s into the solution contained in the reaction 
cell, while stirring at 300 rpm at 25°C. The raw experimental 
data were reported as the amount of heat produced after each 
injection of boronic acid as a function of time. The amount of 
heat produced per injection was determined by integration of 
the area under individual peaks by the instrument software, 
after taking into account heat of dilution. The data were 
analysed using the one set of site fitting model (Origin 7.0 
software package). Table S1 summarizes the experimental 
conditions used for the ITC measurements. 
Computational analysis. Four possible trivalent PBA/maltose 
complexes (Figure 5), formed between the open glucose unit of 
the maltose derivative and PBA, have been studied: two bridged 
bicyclic compounds formed by 5- and 6-membered rings 
(complexes 2 and 4) and two bridged bicyclic compounds 
formed by 5- and 7-membered rings (complexes 1 and 3). For a 
better representation of the maltose derivative which is grafted 
to HA, C1 of the open glucose unit was replaced by a vinyl group. 
First, force field molecular dynamics (MD) simulations were 
carried out on the complexes for screening the different 
rotamers and rings conformations. The MD simulations were 
performed in the GROMACS software, ver. 2018,35 with all-atom 
Gromos 54a7 force field.36 All the MD simulations were 
performed in an NPT (constant number of atoms, pressure, and 
temperature) ensemble with velocity-rescale temperature 
coupling37 and Berendsen pressure coupling algorithms38 with 
temperature and pressure coupling constants of 0.2 ps and 2 ps, 
respectively. Each complex was placed in a box with dimensions 
with 5×5×5 nm3 where single point charge (SPC) water 
molecules39 are filled. The structure is then relaxed with energy 
minimization followed by MD simulation with slow heating from 
0 K to 300 K in 2 ns. The system was then equilibrated for 8 ns 
at 300 K. The production run was performed for 10 ns at 300 K. 
Distributions of selected dihedral angles were summarized in 
Figure S33-36 in the supporting information. From the above 
MD simulations, the feasible conformers and rotamers of the 
different complexes were selected and submitted to DFT 
calculations using Gaussian 09 (rev. D.01)40 with standard 
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termination options. Optimizations were performed with 
M062X41 at 6-311+G(d,p) level and with SMD42 in water. The 
functional was chosen for its proven performance in 
estimations of the relative energies of sugar conformers43, 44 and 
B-O bond length.45 The SMD solvent simulation was chosen as 
it was shown to well reproduce the solvation effect.43 For each 
DFT optimization, a frequency calculation was performed in 
order to verify that there is no negative frequency (i.e. confirm 
that it is a minimum) and to determine the absolute free energy 
of each rotamer at 298 K. 
 For the complexes of PBA and an open glucose used to simulate 
the gluconamide derivative (with the C1 replaced by a vinyl 
group, Figure S37), ten different trivalent possibilities have been 
studied: three bridged bicyclic compounds formed by two 5-
membered rings and four bridged bicyclic compounds formed 
by 5- and 6-membered rings, one bridged bicyclic compound 
formed by two 6-membered rings and two bridged bicyclic 
compounds formed by 5- and 7-membered rings. In this case, 
only DFT calculation was performed for all possible rotamers of 
each complex, using the same condition described for the 
PBA/maltose derivative complexes. 
For complexation between the grafted fructose and BOR with 
the open boroxole ring (Figure 4b), a 1-acetoamido fructose 
derivative was used to represent the amide bond between the 
monosaccharide and HA. Only MD simulation was carried out in 
the same condition as described for PBA/maltose derivative 
complexes. 

Results 
1. Synthesis of the boronate ester-crosslinked networks and 
rheological characterization.  

To properly compare the effect of the boronate ester cross-
linker on the dynamic rheological properties of the HA 
networks, all HA derivatives were synthesized from the same 
initial HA sample, possessing a weight average molar mass Mw 
of 100 kg/mol, and with a similar degree of substitution (DS, 
average number of substituting group per repeating 
disaccharide unit) of 0.1-0.15 (see supporting information, 
Figure S1-S7, Table S2-S3). The different HA-based networks 
were produced by mixing thoroughly aqueous solutions of HA- 
PBA (or HA-BOR) and HA bearing saccharide moieties (HA-

maltose, HA-fructose, HA-glucose or HA-gluconamide) at 
physiological pH, at a total polymer concentration (Cp = 15 g/L) 
higher than the overlap concentration of initial HA (C* ≈ 3 g/L) 
and with a molar ratio of PBA (BOR)-to-grafted saccharide of 1. 
Dynamic rheological experiments revealed a gel-like behaviour 
(G’ > G’’ in the frequency window explored) for the formulations 
based on HA-PBA (BOR)/HA-fructose (Figure 2a), HA-PBA/HA-
maltose (Figure 2b) and HA-PBA/HA-gluconamide (Figure 2c). 
By contrast, HA-PBA and HA-BOR alone exhibited a viscous 
behaviour with G’ and G’’ values similar to initial HA (Figure S8), 
confirming selective boronate ester crosslinking between PBA 
(BOR) and the sugar moieties grafted on HA. 
Quite surprisingly, in spite of the reported low binding constant 
of PBA with free maltose (Ka ~ 2.5 L/mol)46 compared to the Ka 
values of PBA with D-fructose (Ka ~ 128)46, 47 at physiological pH, 
the value of G’ in the plateau region of the HA-PBA/HA-maltose 
network (G’1Hz = 648 Pa) is higher than the G’ values of HA-
PBA/HA-fructose assemblies (G’1Hz = 276). The same 
observation can be made for the HA-PBA/HA-gluconamide 
network, for which the value of G’ in the plateau region is 558 
Pa. These results suggest that, once grafted on HA, the 
mechanism of binding of PBA to the maltose is different from 
that of PBA to free maltose. This may be due to the ring-opened 
form of the glucose unit in the maltose derivative immobilized 
on the HA backbone. The rheological data obtained from the 
mixtures based on HA-glucose support this assumption (Figure 
2d). These assemblies display a viscous behaviour (G’’ > G’ in the 
frequency window covered) which correlates with the low 
binding of PBA and BOR to free glucose (Ka ~ 5 L/mol46 and ~ 20 
L/mol24, 48, respectively), which is mainly in the pyranose form 
(99.7 % in D2O and 27 °C)49 in aqueous solution. 
Another important observation is that the assemblies of HA-
BOR with HA-maltose and HA-gluconamide have very different 
rheological properties compared to those obtained with HA-
PBA. Indeed, viscoelastic behaviours (crossover of G’ and G’’ 
seen within the tested frequencies) are observed for both HA-
BOR mixtures (Figure 2b and 2c). These results are rather 
unexpected, especially in the case of the HA-BOR/HA-maltose  
since BOR is reported to have a higher binding affinity towards 
glycopyranosides than PBA. 
From these rheological data, we can conclude that HA-BOR 
forms a gel-like network only with HA-fructose, whereas HA-
PBA leads to gel-like networks with HA-fructose and HA 

Figure 2: Frequency dependence of storage and loss moduli of networks based on (a) HA-PBA (BOR)/HA-fructose, (b) HA-PBA (BOR)/HA-maltose, (c) HA-PBA (BOR)/HA-gluconamide 
and (d) HA-PBA (BOR)/HA-glucose; closed symbols: G’ curves; open symbols: G’’ curves. 
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modified with glucose derivatives in the ring-opened form. On 
the basis of these observations, we investigated the 
relationships between the macroscopic mechanical properties 
of the HA assemblies and the small molecule crosslinkers by 
analysing the thermodynamics and the exchange kinetics of 
boronic acid-saccharide (fructose, maltose and gluconamide) 
complexation. 
 
2. Thermodynamics and kinetics of boronic acid-saccharide 
complexation. 

The binding constants were determined from 1H NMR titration 
and/or isothermal titration calorimetry (ITC) titration (see SI). 
Regarding the kinetics aspects, two-dimensional NMR exchange 
(2D EXSY) or variable-temperature NMR spectroscopy 
experiments were performed to quantify the molecular 
exchange dynamics (see SI). These experiments were 
performed with free and grafted sugars taking into account that  
the polymer backbone may influence complexation 
parameters. 

2.1. Complexation with free and grafted fructose. NMR analysis 
(Figure S9-S12) of free 6-aminobenzoboroxole (hereinafter 
referred to as ABOR)/free fructose and ABOR/grafted fructose 
revealed similar association constants (Ka) of 461 L/mol and 545 
L/mol, respectively (Table 1, entries 3 and 4). In the case of free 

3-aminophenylboronic acid (hereinafter referred to as APBA), 
its complexation with grafted fructose resulted in a 2.5-fold 
increase in the binding constant compared to the case with free 
fructose (Table 1, entries 1 and 2). Moreover, the Ka value for 
APBA/grafted fructose (503 L/mol) is relatively close to that 
measured for ABOR/grafted fructose. This is consistent with the 
fact that the G’ values in the plateau region of HA-PBA/HA-
fructose and HA-BOR/HA-fructose assemblies are similar (see 
Figure 2a). Indeed, as the plateau modulus scales with the 
number density of elastically active chains, its value strongly 
depends on the crosslink density, which is closely related to the 
binding constant of the PBA (BOR)/saccharide complex. 
The binding constants for APBA/free fructose and ABOR/free 
fructose assessed by ITC were in the same order of magnitude 
as the values derived from 1H NMR (Table 1, entries 1 and 3). 
Additionally, 2D EXSY experiments revealed that the rates of 
chemical exchange for APBA/free fructose and ABOR/free 
fructose are in the same order of magnitude (0.66 s-1 and 0.18 
s-1, respectively, see Table 1, entries 1 and 3, Figure S13-S14). 
Such values correlate with the gel-like behaviour of these 
assemblies. In addition, the values are of the same order of 
magnitude as those previously reported in a study on bulk 
materials based on a diol-containing polymer cross-linked by 

Table 1: Binding constants and/or exchange rate constants of complexes based on APBA/free fructose (free maltose-COOH), (free gluconamide), APBA/HA-fructose (HA-maltose) 
(HA-gluconamide), ABOR/free fructose (free maltose-COOH) (free gluconamide), ABOR/HA-fructose (HA-maltose) (HA-gluconamide). 
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telechelic diboronate ester crosslinkers.25 In these systems, 
highly elastic properties were obtained using a diboronate ester 
crosslinker with a transesterification rate of 0.016 s-1, while a 
viscoelastic behaviour was observed with a crosslinker 
possessing a transesterification rate of 3000 s-1. It should be 
noted here that the values were determined from the free 
molecules. We cannot exclude slight variations when boronic 
acid and fructose moieties are grafted on the HA backbone. 

2.2. Complexation with free and grafted maltose. With regard to 
the binding of APBA and ABOR to free maltose-COOH and 
grafted maltose (HA-maltose), NMR and ITC analysis (Figure 
S15-S20) showed strikingly high affinity of APBA for free 
maltose-COOH and grafted maltose (Table 1, entries 5 and 6). 
In the case of the APBA/maltose-COOH system, analysis of the 
ITC data with a one-site binding model gave a Ka value of 2070 
L/mol and a stoichiometry n (n saccharide:1 boronic acid) of 
0.46. By using the method of continuous variation (also referred 
as Job's method),51 we were able to confirm a deviation from 
the 1:1 stoichiometry for the APBA/maltose-COOH pair in 
contrast to grafted maltose. In fact, as shown in Figure 3, a 
maximum at a molar fraction of ~ 0.4 is observed, indicating a 
composite binding stoichiometry.52 In the case of the 
APBA/grafted maltose the Job plot indicated a maximum at 0.5.   
Assuming formation of a 1:1 complex for the APBA/grafted 
maltose pair, a binding constant of 768 L/mol was found from 
1H NMR analysis (Table 1, entry 6). The relatively high Ka values 
compared to the binding affinity of PBA towards free maltose46 
are probably connected with the difference in the structure 
between this sugar and the free maltose-COOH derivatives. The 
latter consists of a terminal α-D-glucopyranoside unit linked to 
a ring-opened glucose unit while it is well-known that, in free 
maltose, this first glucose unit is mostly in the pyranose form.  
In the case of ABOR/maltose-COOH complexation, ITC analysis 
also revealed significant deviation from 1:1 stoichiometry 
(Table 1, entry 7). This suggests the possibility that two ABOR 
molecules are bound to the maltose derivative. 1H NMR 
experiments further showed that the rate of chemical exchange 
is slower for APBA/HA-maltose than for ABOR/HA-maltose. As 
seen from Table 1, the rate of chemical exchange for 
APBA/grafted maltose was found to be much lower than that 

for ABOR/grafted maltose (0.27 s-1 and 191 s-1, respectively, see 
entries 6 and 1 in Table 1, Figure S21-S23). This difference in 
molecular exchange kinetics between the complexes may 
provide an explanation for the gel-like behaviour of the HA-
PBA/HA-maltose assembly compared to the viscoelastic 
behaviour observed for HA-BOR/HA-maltose. 

2.3. Complexation with free and grafted gluconamide.  
Interestingly, the results obtained from the analysis of the 
binding of APBA and ABOR to free and grafted gluconamide 
(HA-gluconamide) supported our assumption that the ring-
opened form of the glucose unit in the maltose derivative is 
partly responsible for its strong interaction with APBA (Figure 
S24-S27). The interaction of APBA with free gluconamide 
produced a complex with a Ka value nearly two orders of 
magnitude higher than that with free fructose (Table 1, entries 
1 and 9, Figure S24). The Job plot for APBA and free 
gluconamide indicated the formation of a complex with a 
stoichiometry of 1:1 with a maximum at 0.5 (Figure S28). 
Although a decrease of the Ka value is observed once the 
gluconamide derivative is grafted on HA (Table 1, entry 10), it 
remains high compared to association constants reported for 
the binding of PBA to various natural mono- and disaccharides 
which do not exceed 400 L/mol.46 The interaction of ABOR with 
free gluconamide also resulted in a binding constant 
significantly higher than that with free fructose (Table 1, entries 
3 and 11, Figure S25). However, superposition of cross-peaks in 
the 2D EXSY spectrum precluded quantification of kex for 
ABOR/gluconamide. 
Collectively, these results demonstrate the high binding 
capacity of PBA towards glucose units in the ring-opened form 
(i.e. the maltose and gluconamide derivatives), resulting in the 
formation of complexes with slow exchange dynamics. 
However, in view of the different binding constant and 
stoichiometry values found for the APBA/maltose-COOH and 
APBA/free gluconamide complexes, it can be reasonably 
assumed that the binding mechanism of PBA to the maltose is 
different compared to gluconamide derivatives. Moreover, 
another striking result is the high binding capacity of APBA 
towards fructose when grafted on HA, which results in the 
formation of a hydrogel network with dynamic rheological 
properties similar to the network based on BOR/fructose 
crosslinks. 

Figure 3: 1H NMR Job plots for (a) APBA/maltose-COOH and, for (b) APBA/grafted 
maltose (HA-maltose), showing a maximum at a molar ratio of 0.4 and 0.5, respectively.

a Information based on literature values: Ka PBA   ̴5 L/mol,46 Ka BOR    ̴20 L/mol.24,48  
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Table 2 summarizes the rheological behaviours of the different 
networks and the kinetic and thermodynamic parameters 
corresponding to the small molecular crosslinkers. 
 
3. Determination of the structures of the boronic acid complexes 
with fructose and glucose-like molecules grafted on HA. 

To gain more insight into the binding mode of PBA to the 
fructose, maltose and gluconamide derivatives which is 
connected with the unexpected macroscopic mechanical 
properties, we studied the structures of the boronic acid 
complexes by NMR and molecular modelling. 
 
3.1. Complexes with free and grafted fructose. The binding mode of 
APBA towards fructose grafted on HA could be readily determined 
from 13C NMR spectroscopy based on the 13C chemical shift values 
reported by Norrild et al. for different PBA/fructose complexes 
formed in neutral and alkaline aqueous solutions.53 These authors 
assigned the structures of the complexes in solution on the basis of 
1JCC coupling constants which provided information of the binding 
sites for the formed cyclic boronate esters. In our study, comparison 
of the 13C chemical shifts of the 1:1 complexes formed between D-
fructose and APBA in D2O (pD 7.4 and pD 11-12) with those of APBA 
in the presence of HA-fructose ([PBA]/[fructose] = 1, pD 7.4) showed 
that APBA mainly binds the fructose moiety grafted on HA in a 
tricovalent fashion, similar to the APBA/D-fructose complex in 
alkaline conditions (Table 3 and Figure S29). This binding mode was 
evidenced by the upshift of the C6 signal of bound fructose (mainly 
in the furanose form) from 62.4 to 65 ppm, observed for both the 
APBA/D-fructose complex (pD = 11-12, Table 3) and APBA/HA-
fructose (pD = 7.4, Table 3). This upshift is due to bond formation 
between the C6-OH group and boron in addition to B-O bond 
formation between the C2-OH and C3-OH of fructose. This is a rather 
surprising result which, however, fully supports the assumption that 
the HA backbone may contribute to the increased binding affinity of 
PBA for grafted fructose (section 2.1). 
The binding mode of ABOR towards free (grafted) fructose was 
also investigated by 1H and 13C NMR at physiological pH. 
Surprisingly, the complexation between ABOR and fructose was 
found to involve the opening of the endocyclic B-O bond of 
ABOR. This was demonstrated by comparing the 1H NMR 
spectra of ABOR alone in the open form (i.e. at pD 11-12)30 and 
in the closed form (at pD 7.4) as well as of ABOR in the presence 
of free D-fructose (Figure S30a) and grafted fructose (HA-
fructose, Figure S30b) at pD 7.4. The upshift observed for the 
CH2O group of ABOR in the presence of both free/grafted 
fructose similar to that of ABOR alone at alkaline pH indeed 
provided evidence of the opening of the oxaborole ring. Further 
2D INADEQUATE NMR experiments using 13C labelled D-
fructose revealed that ABOR forms a vicinal cyclic boronate 
ester with the syn-periplanar anomeric hydroxyl pair (C2–C3) of 
D-fructose (Figure 4a, Figure S31). The formation of this 
bidentate complex with fructose (mainly in the furanose form) 
was evidenced by a significant decrease in the 1JC2-C3 value of the 
bound β-D-fructofuranose form. Indeed, exceptionally low 
values for 1JCC are measured for vicinal diols when the O-C-C-O 

fragment becomes incorporated in a five-membered ring, as is 
the case for vicinal cyclic boronate esters.54 It is also worth 
noting that upon complexation with ABOR, the C2 and C3 
carbon signals of b-D-fructofuranose experience the largest 
chemical shift changes, similar to those observed for 
complexation of APBA with D-fructose/grafted fructose at pD 
7.4, whereas no chemical shift change is observed for the C6 
carbon of b-D-fructofuranose (Figure 4a, NMR data summarized 
in the Table). Collectively, these data demonstrate that 
complexation of ABOR with fructose leads to the formation of a 
monocyclic adduct instead of a spiro adduct due to the opening 
of the oxaborole ring. Based on these results, we performed 
molecular dynamics (MD) simulations to determine whether 
any preferred conformation can explain the stability of the 
bidentate complex with the opened oxaborole ring. For a better 
representation of the sugar grafted to HA, the bidentate 
complex was simulated using a b-D-fructofuranose with an 
acetamide group replacing OH-1. As it can be seen in Figure 4b, 
a strong hydrogen bond (average DO⋯A distance = 2.5 Å, DH⋯A 
distance = 1.7 Å and DO-H⋯A angle = 11°) is formed between 
the O3 of the bound fructose part and the CH2-OH group in the 
open oxaborole ring. The occupancy of this hydrogen bond over 
the simulation time is nearly 1, indicating the robustness of this 
conformation. Furthermore, a second weaker hydrogen bond 
between the B-OH and the OH-6 group of fructose helps 
stabilizing this conformation, which is unfavourable for 
reverting the reaction toward the closure of the oxaborole ring. 

3.2. Complexes with free and grafted glucose-like molecules. In 
order to elucidate the binding mode of APBA with grafted 
maltose, the chemical shifts and 1JCC coupling constants of 
grafted maltose in the absence and in the presence of APBA 
were measured on an ultra-high field NMR spectrometer (950 
MHz). We used a 13C-edited HSQC experiment, which allows the 
selective detection of 1H signals attached to labelled 13C. To this 
end, a 13C labelled maltose derivative was grafted on HA. 
Comparison of the 13C-edited HSQC spectrum of the 1:1 
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complex formed between grafted maltose and APBA and the 
spectrum of grafted maltose alone in D2O (pD 7.4) revealed no 
change in the chemical shift for all 13C of the terminal 
glucopyranose unit, suggesting no complexation with this sugar 
unit (Table S4-S5, Figure S32). In contrast, an upshift of the C6 
signal of the open sugar unit was observed. Unfortunately, as 
this highly flexible sugar likely leads to the formation of several 
complexes with APBA, their presence at very small 
concentration hampers their detection by NMR. Thus, the other 
13C signals detected were found to have the same chemical 
shifts as those of the open sugar unit in the absence of APBA. 
Therefore, it was not possible to draw conclusions about the 
hydroxyl groups of this sugar involved in the formation of a 
complex with APBA except the OH-6. Having a look at the values 
of 1JCC of the open glucose unit of grafted maltose in the 
presence of APBA, it can be noted that they are similar to those 
measured in the absence of APBA (Table S5). This can be 
explained by the flexible structure of open glucose unit of 
grafted maltose, which does not cause significant changes in the 
torsional angles upon complexation. 
To support the assumption that only the glucose unit which is in 
the open form is involved in the binding mode of grafted 
maltose with APBA, density functional theory (DFT) calculations 
were performed on the different possible complexes formed 
between APBA and grafted maltose, in order to determine 
which binding mode is the most stable. To simplify the 
molecules for the calculations, complexes were simulated using 
the PBA molecule and a model of the maltose derivative 
possessing a vinyl group replacing the C1 of its open glucose 
unit. The solvent model density (SMD)42 method was used to 

simulate the aqueous environment of the complexes. The fact 
that the stoichiometry of ~ 2:1 measured for APBA/free 
maltose-COOH changes to 1:1 when maltose is grafted on HA 
(Figure 3 and Table 1, entry 5) suggests that the binding mode 
of PBA towards free/grafted maltose changes. It can be 
assumed that a tricovalent complex is obtained with the 
maltose derivative grafted on HA, similar to that observed for 
free/grafted fructose (Table 3). This is supported by the fact that 
a slow network dynamics is observed with HA-maltose similar 
to HA-fructose. Based on this assumption, only tricovalent 
complexes formed between PBA and the open glucose unit of 
the grafted maltose derivative were taken into consideration 
for the calculations. 
When simulating a possible complex of PBA bound to the open 
and closed glucose units of the disaccharide model (including 
C5-OH, C6-OH and C6’-OH as binding sites, see structure of the 
maltose derivative in Figure 5), a free energy above 15 kcal/mol 
was obtained with respect to the energy of the most stable 
complex (data not shown). This indicates that this binding mode 
is not the most stable for PBA/grafted maltose, which fully 
supports the NMR observations. This result may be explained 
by the fact that the binding of PBA to the glucopyranose ring 
would require the formation of cycles with a large size, including 
at least an 8-membered ring (which is known to be less 
favourable than 5- or 6-membered cycles). 
Based on this, we focused on studying the 4 possible bridged 
bicyclic compounds formed by a tricovalent complexation 
between the open glucose unit of maltose and PBA (complexes 
1-4, Figure 5). Prior to DFT calculations, MD studies were 
performed on each complex in order to reduce the number of 
conformers which includes rotamers (see SI, Figure S33-S36). 

Figure 4: (a) Structures and assignation of experimental 13C-NMR data (D2O, pD 7.4) of D-fructose and grafted fructose (HA-fructose) alone and/or bound to ABOR: 13C chemical shifts 
(d in ppm, entries in bold correspond to values that display an upshift due to complexation) and 1JCC coupling constants (in Hz). (b) Conformational screening of the complex formed 
by BOR (with the open oxaborole ring) and fructose by classical MD simulations (with all-atom GROMOS force field performed using GROMACS software): preferred conformation 
of the BOR/fructose complex stabilized by two hydrogen bonds (blue and violet dashed lines); and occupancy in time of the hydrogen bonds O3─OH7’ (blue) and BO(H)─OH6 (violet).
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DFT calculations suggested that the four possible complexes 
may exist at room temperature, as there are only 2 kcal/mol of 
difference of free energy between the most stable and the less 
stable binding modes (Figure 5). 
Surprisingly, complex 1 (a 5- and 7-membered bridged bicyclic 
compound) was found to be as stable as complex 2 (a 5- and 6-
membered bridged bicyclic compound). This unexpected result 
could be explained by an intramolecular hydrogen bond formed 
between the only free hydroxyl group of the open chain glucose 
and an oxygen atom in the phenylboronate ester, thus 
stabilizing the bicyclic compound. These results confirm that 
various binding modes may exist for PBA/grafted maltose, 
which correlates with the fact that their NMR spectrum could 
not be easily interpreted.  
When performing the same study using a gluconamide model 
(an open glucose with a vinyl group replacing the C1), we 
observed that among ten possible tricovalent complexes, only 
five showed a significant population at room temperature, and 
four of them were the corresponding analogues of the 
PBA/maltose complexes (Figure S37). It should be noted that 
the values of ∆G between these five complexes are very low.  
With regard to the binding mode of BOR to the maltose 
derivative in HA-BOR/HA-maltose network, because of the 
steric hindrance caused by the HA chains, it can be reasonably 
assumed that only complexes with a stoichiometry of 1:1 are 
formed. Besides possible binding to the terminal glucopyranose 
unit as discussed above, BOR may also form complexes with the 
open glucose unit. In the latter case, considering the most stable 
structures of the complexes determined for PBA/grafted 
maltose, we would expect the formation of five structures as 
dicovalent complexes (Figure S38). It should be noted that in 
this case, no upfield shift of the CH2O group was observed for 
BOR in the presence of HA-maltose in comparison to BOR alone 
(Figure S39). This indicates that BOR is mainly in the closed 
form. 
A different situation was observed from the 1H NMR analysis of 
complexes of BOR with free/grafted gluconamide. Although 

extensive broadening of proton signals was observed in the 
NMR spectra of the complexes, it was possible to distinguish 
both the closed and open forms of ABOR (Figure S40). Despite 
the fact that the open form of ABOR represents a very small 
fraction and that the flexible open chain glucose derivative can 
adopt various conformations, the existence of a small 
proportion of monocyclic adduct due to the opening of the 
oxaborole ring, besides spiro adducts, cannot be excluded. 
Therefore, looking at the complexes of PBA/gluconamide, we 
would expect that the complexation between BOR and 
gluconamide would include at least nine possible binding 
modes in a dicovalent fashion involving the cyclic form of BOR 
(spiro adducts). Nevertheless, as discussed above, we cannot 
exclude that other binding modes would exist including the 
open form of BOR. 

Discussion 
In recent years, the desire to rationally control the properties of 
injectable hydrogels has promoted the emergence of new 
synthetic and natural polymer networks crosslinked via ester 
bond formation between boronic acid derivatives and glucose-
like diols.9, 15, 16, 19, 21, 22, 55 In this regard, Yesilyurt et al. obtained 
a poly(acrylamide)-based injectable system exhibiting a gel-like 
behaviour via complexation between APBA and glucose in the 
ring-opened form.19 These results are consistent with our 
findings, which highlights the anomalously high binding profile 
for glucose (in the ring-opened form)-APBA complexation. 
Our work additionally points out the fact that the pKa of 
phenylboronic acid derivatives is not a reliable factor that 
determines rheological properties of boronate ester-
crosslinked networks. This is clearly demonstrated by the 
comparative analysis of the networks based on HA-PBA and HA-
BOR. When HA-maltose and HA-gluconamide are used as 
partners of HA-PBA and HA-BOR, a gel-like behaviour was only 
observed for the assemblies based on HA-PBA, despite the 
lower pKa of ABOR compared to APBA. The viscoelastic 
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behaviour observed for the assemblies based on HA-BOR/HA-
maltose (gluconamide) is in full agreement with rheological 
data reported previously for synthetic polymer networks 
crosslinked via glucose (in the ring-opened form)-BOR 
complexation.21, 22 All these results led us to conduct 
mechanistic studies of the molecular contributions to the 
rheological dynamic properties of the hydrogel networks. 
 From the rheological data shown in Figure 2 and the kex values 
given in Table 1, it can be observed that the inverse of kex is 
related to the characteristic relaxation time of the network tN  
(defined by tN = (wc)-1 and wc, the crossover frequency where G’ 
= G’’)27, 56. Thus, boronate ester bonds with a low kex (~ 0.2-0.7 
s-1) produce gel-like networks whereas boronate ester bonds 
with a higher kex (~ 180-190 s-1) generate viscoelastic networks 
(wc seen in the frequency range of 0.01 to 10 Hz). Moreover, 
though similar binding constants were found for ABOR/HA-
fructose and ABOR/HA-gluconamide, dynamic rheology 
revealed a gel-like behaviour for HA-BOR/HA-fructose and 
viscoelastic properties for HA-BOR/HA-gluconamide. Similar 
observations were reported by Lin et al. in a study on hydrogels 
formed from BOR-containing poly(acrylamides) and three 
glycopolymers possessing an identical main chain but different 
pendent sugars.9 Indeed, these authors found that the binding 
constants between BOR and the sugars did not show any 
significant impact on the dynamics of the polymer assemblies. 
These data make us really believe that the molecular exchange 
kinetics of the boronic ester crosslinks is the primary 
determinant of the relaxation dynamics of the HA assemblies. 
This is in line with theoretical studies showing that the dynamics 
of reversible networks is governed primarily by the network 
strand size and by the effective lifetime of reversible 
junctions.57-59 
To better understand the different dynamic rheological 
properties observed, an analysis of the binding mode of PBA 
and BOR toward the different saccharide moieties grafted on 
HA at physiological pH was performed by NMR and 
computational analysis. 

From these analyses performed on the complexes of APBA with 
free and grafted fructose, it can reasonably be inferred that the 
higher binding affinity of APBA for fructose grafted on HA than 
for free fructose is due to the formation of a tricovalent ester. 
A tridentate complex with a 1:1 stoichiometry also seems to be 
formed between APBA and maltose grafted on HA, in 
accordance to the high association constant recorded for this 
complex. Finally, the high binding affinities obtained for 
complexation of APBA with the free and grafted gluconamide 
derivatives also strongly suggest formation of tricovalent 
adducts. In this respect, literature data show that the stability 
of borate-carbohydrate complexes increases with the number 
of coordination sites (tridentate > bidentate > monodentate).60 
In these systems, we believe that the formation of tricovalent 
adducts is a major cause of the slow network exchange kinetics 
(Figure 6). This is supported by a recent study showing fast 
relaxation dynamics for PEG networks crosslinked via boronate 
ester bonds between catechol and PBA moieties grafted on the 
PEG derivatives.14 Catechols have special features in that their 
structure precludes formation of tridentate complexes on the 
one hand, and that they bind with boronic acids with much 
higher affinities than most carbohydrates, on the other.18 Based 
on this, we examined formation of networks by combining HA-
PBA with HA modified with catecholamine (dopamine)61 and 
interestingly, fast network relaxation was also observed in this 
case (Figure S41). 
Regarding the HA-BOR/HA-fructose network, our results 
indicate that its slow dynamics is related to the original and 
previously unobserved binding mode between BOR and 
fructose, leading to the formation of a monocyclic adduct 
instead of a spiro adduct due to the opening of the oxaborole 
ring (Figure 6). This adduct is stabilized by strong hydrogen 
bonding. This phenomenon is more specifically observed with 
fructose, which may be due to the locally optimized geometry 
of the hydroxyl groups of its b-D-fructofuranose tautomeric 
form. This favours the formation of a bidentate complex with 
the cis-1,2 diol. 
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In the case of the HA-BOR/HA-maltose and HA-BOR/HA-
gluconamide mixtures, a more rapid molecular exchange 
dynamics is observed which can be attributed to formation of 
classical spiro adducts. The strained spiro structure may 
promote B-O bond cleavage and thereby, complex dissociation. 
Nevertheless, as the neutral, trigonal planar boron atom is also 
constrained in the uncomplexed five-membered oxaborole ring, 
spiro adducts are rapidly re-formed. It is indeed believed that 
the ring strain in the oxaborole heterocyclic ring is at the origin 
of the decrease in pKa in comparison to PBA as the ring strain is 
relieved upon ionization.62, 63 This phenomenon may result in 
rapid molecular exchange kinetics (Figure 6). This is in contrast 
to the complexes with PBA which consist of more stable bridged 
bicyclic compounds. Finally, although it is difficult to have a 
clear picture of the binding mode of BOR to gluconamide, we 
hypothesize that the formation of a monocyclic adduct in a 
small proportion with respect to “classical” spiro adducts may 
account for the slower dynamics observed for the HA-BOR/HA-
gluconamide assemblies in comparison to the HA-BOR/HA-
maltose ones. 
One question remains with regard to the formation of a 
tricovalent APBA/fructose complex rather than a dicovalent one 
when fructose is grafted on HA. While it has been traditionally 
thought that boronate ester formation proceeded through the 
boronate anion exclusively,18 more recent studies showed that 
the kinetically preferred pathway to the boronate ester species 
is via trigonal boronic acid.64, 65 In this latter case, the neutral 
diester formed by reaction of trigonal boronic acid and the diol-
containing molecule reacts with a water molecule in a second 
step to produce the anionic tetrahedral diester adduct (Figure 
S42). 
Building on these findings, it can be inferred that the 
environment created by HA makes the OH-6 group of fructose 
more efficient to react with the neutral diester intermediate 
than water. The high water-binding capacity of HA may provide 
some explanation for this. Indeed, it can be assumed that the 
water molecules organized near the polysaccharide chains- 
tightly bound and weakly bound water via formation of 
hydrogen bonds with HA-,66-69 decreases ability of water to 
react with neutral boronate ester species. As a result, the 
formation of tricovalent complexes with fructose as well as with 
the maltose and gluconamide derivatives grafted on HA is 
favoured. With this hypothesis, efficient boronate ester 
crosslinking via tricovalent complex formation should be also 
observed with other derivatives of highly hydrated polymers. In 
this regard, we previously reported efficient boronate ester 
crosslinking upon mixing PBA- and maltose-linked 
carboxymethylcellulose (CMC) derivatives.15 Similarly to HA-
PBA/HA-maltose, the CMC-PBA/CMC-maltose mixture 
displayed a gel-like behaviour in the frequency window 
explored. 

Conclusion 
In this study, we demonstrated the outstanding capability of 3-
aminophenylboronic acid to bind fructose and open chain 
glucose derivatives grafted on hyaluronic acid, resulting in the 

formation of hydrogel networks with slow relaxation times and 
relatively high dynamic moduli. The correlation between the 
structure of the APBA/carbohydrate complexes and their 
thermodynamics and molecular exchange dynamics reveals the 
importance of the tricovalent binding mode for efficient 
boronate ester crosslinking in HA hydrogels. Notably, the 
previously unobserved tricovalent structure of complexes with 
APBA at physiological pH plays a key role in increasing the 
lifetime of the small molecular crosslinkers. Remarkably, we 
also found that complexation of 6-aminobenzoboroxole with 
fructose results in a monocyclic adduct instead of a spiro adduct 
as observed with other carbohydrates, leading to the formation 
of hydrogel networks that feature slow relaxation dynamics 
compared to the other assemblies formed by complexation of 
BOR and glucose-derivatives grafted on HA. Furthermore, we 
also demonstrated that the polymer backbone on which the 
boronic acid and sugar moieties are grafted can also affect the 
structure of the boronate complexes. This is highlighted here in 
the case of the APBA/fructose complexation.  
Our study shows the ability to tune the viscoelastic properties 
of boronate-crosslinked HA hydrogels according to the boronic 
acid derivative/sugar pair. This paves the way for developing 
versatile platforms that can, for example, mimic the dynamic 
aspects of cellular microenvironments. 
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