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Optical glucose sensing using sub-nanometric ethanolamine-
polyborate complexes 
C. Toncelli,a, * D. Jankowskab, R. Innocenti Malinia, A. Osypovaa, F. Spanoa, H. Cölfenc, K. Weber-
Maniurab, R.M. Rossia and L.F. Boesela, *

Wound monitoring is essential to tackle chronic complications at their infancy and thus objectively scrutinize any delay in 
the epithelization process. Since glucose in wound exhudates is recognized as key bio-marker in wound monitoring, the 
development of a cost-efficient detection method for glucose would aid at tackling early-stage infections in wounds. For 
the first time, we present a novel platform for one-step synthesis of non-enzymatic, cost-efficient optical glucose sensors. 
These are based on complexes formed by the interactions between polyborates and ethanolamines. The complexes, 
synthesized by just heating a solution of boric acid and ethanolamines at 150 °C, were characterized using 13C-NMR, 1H-
NMR, 11B-NMR, analytical ultracentrifugation and DFT. The results show that the complexes in solution are extremely small 
(hydrodynamic diameter of around 0.5 nm) and that the polyborates species interact with the ethanolamines via both 
moderate and weak hydrogen bondings. These complexes were then tested on glucose concentrations ranging from 0 to 8 
mM, showed significant changes in the fluorescent emission between the glucose level expressed in an healable wound 
(5.0–7.6 mM) and a chronic one (0.3–1.0 mM).  

Introduction 1 
 2 
Boron compounds are often utilized as molecular building-3 
blocks to guide the assembly of hierarchical structures due to 4 
their versatile chemistry. Thanks to the presence of boron as 5 
light-weight element, their porosity, density and thermal 6 
stability outperforms their metallic-based counterparts1,2. 7 
Such multi-facet advantages lead to potential applications in 8 
hydrogen storage3, filtration4, catalysis5 and optoelectronics6. 9 
Boronate esterification, Lewis base coordination and boroxine 10 
formation (i.e. condensation of the boronic acid to yield a 11 
partly aromatic six-membered B-O-B structure), hydrogen 12 
bonding and spiroborate formation7 represent only a glimpse 13 
in the synthetic pathways that helps to define at a molecular 14 
scale boron-based covalent organic frameworks (COFs). 15 
The molecular architecture can also be steered by the addition 16 
of other conjugation strategies, such as triazine moieties from 17 
aromatic nitriles, Schiff base chemistry and imide 18 
condensation reactions8. 19 

The main bottleneck of such structures is the inherent poor 20 
hydrolytic stability of boronic ester and boroxine rings 21 
chemical groups9,10, which strongly confines their viability to 22 
humidity-controlled or water-free environments. 23 
To overcome this limiting factor, enhanced hydrostability have 24 
been shown when COF-5 (2,3,6,7,10,11-25 
Hexahydroxytriphenylene and Benzene-1,4-diboronic acid as 26 
precursors) and COF-10 (2,3,6,7,10,11-27 
Hexahydroxytriphenylene and 4,4′-Biphenyldiboronic acid as 28 
precursors) are reacted with pyridine to induce a dative bond 29 
between the boron and the nitrogen atom9. However, such 30 
stabilization is absent when COF-1 (obtained by condensation 31 
reaction of Benzene-1,4-diboronic acid) is employed10. The 32 
hypothesized reason behind such discrepancy is that only the 33 
B-COF frameworks containing weakly acidic BO(H)C defect34 
sites can be stabilized by forming a Brønsted-type interaction 35 
with the N-donors11. 36 
Boric acid, if compared to the boronic acids employed in COFs, 37 
shows specular reactivities with condensation routes forming 38 
metaboric acid and fused boroxole rings, as well as boronic 39 
ester linkages. 40 
As already mentioned in the case of COFs, polyborates 41 
composed of fused boroxole rings with 3, 4, 5, 6, 7 and/or 9 42 
boron atoms were synthesized at temperatures higher than 43 
130°C12 by stabilizing their structures thanks to the presence of 44 
an amine ligands. 45 
Interestingly, the formation of such complex, whose size is 46 
comparable to conventional organic fluorophores, lead to a 47 
partially delocalized aromatic structure where exciton decay 48 
occurs via a fluorescent radiative process13–16. 49 
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Indeed, it has already been observed that complex formation 1 
between boric acid and isopropyltrimethylammonium 2 
hydroxide led to the synthesis of a fluorescent polyborate 3 
composed of pentaborate salts stabilized by amine ligands16. 4 
These set of complexes retain their fluorescence even in 5 
aqueous solutions and display a carbon dot-like excitation-6 
dependent emission17,18.   7 
Synthesis of fluorophores directly connected with boronate 8 
receptors have been shown to alter their photoluminescent 9 
emission as a consequence of reversible cross-linking with 1,2-10 
diols19. Similar approaches which utilize diffracted light as 11 
transducing element integrate the use of photonic crystals 12 
within a hydrogel displaying phenylboronic units for glucose 13 
monitoring in tear fluid20. As a result, non-enzymatic glucose 14 
sensors were fabricated by following this route. Unfortunately, 15 
such sensor chemistry is not selective towards glucose, as it 16 
targets all the mono- and poly-saccharides eventually present 17 
in the analyte matrix. 18 
Even though this issue has been partly tackled by engineering 19 
the design of the borate receptor, the derived structures rely 20 
on laborious and time-consuming synthesis pathways, which 21 
drastically hamper their up-scaling in view of commercial 22 
applications. 23 
Hence, there is a compelling need of a facile synthetic platform 24 
for the development of optical glucose sensors with 25 
remarkable selectivity. 26 
Hereby, we present polyborate-amine complexes as a novel 27 
optical platform for glucose detection. We have employed 28 
boric acid and ethanolamine as binary precursors, with the 29 
latter being both co-reactant and reaction medium. This one-30 
pot reaction, that requires relatively mild temperatures (I-E-. 31 
150°C), cost-effective precursors and simple laboratory set-up 32 
viable for up-scaling to industrial needs, is certainly appealing 33 
for the development of non-enzymatic optical glucose sensors. 34 
These sensors were then tested to detect glucose as bio-35 
marker for the assessment of the wound status. The results 36 
showed that the developed sensor can reliably discriminate 37 
between glucose concentrations related to healable and 38 
chronic wounds, thus offering a promising alternative to the 39 
previous state of the art in non-enzymatic based sensors. They 40 
may also replace enzymatic glucose sensors for wound 41 
monitoring21, with advantages in terms of stability and 42 
simplicity of the system.  43 

Results and discussion 44 
Synthesis and characterization of polyborates/MEA complexes 45 
The reaction between ethanolamine and boric acid was carried 46 
out by heating up the mixture at a temperature of 150°C for 47 
230 minutes. The reaction time was optimized via a kinetic 48 
monitoring using fluorescence spectroscopy (Figure S-1).  The 49 
reaction temperature was set at an intermediate value 50 
between the boiling point of ethanolamine (170°C) and the 51 
temperature of metaboric acid formation (130°C, 52 
orthorhombic-III or α-form)22. After separating the 53 
ethanolamine in excess from the reaction media by pouring 54 

acetone on the produced gel, a yellowish powder formed, 55 
which was then isolated by filtration. The compound could 56 
then be dissolved in water up to concentrations of 20 w/v % 57 
(Figure S-2). 58 
We were interested to correlate the molecular architecture in 59 
solution with the originated photoluminescence properties 60 
(see next section). To this aim, we performed structural 61 
analysis by using 1H, 13C, 11B NMR, analytical 62 
ultracentrifugation (AUC) and compared our findings with 63 
density functional theory (DFT) optimized geometries. 64 
The 13C-NMR spectrum of the complex between boric acid and 65 
ethanolamine initially present at a stoichiometric ratio 1:5 66 
(here abbreviated as B-MEA B/N 1:5) (Figure 1A bottom) 67 
shows two peaks located at 58.5 ppm and 41.4 ppm, which can 68 
be ascribed to chemical shifts arising from O-CH2 and N-CH2, 69 
respectively. The pure ethanolamine spectrum (Figure 1A 70 
middle) displays these peaks at 63.1 ppm and 42.3 ppm. On 71 
the other hand, when pure ethanolamine and the compound 72 
of interest (B-MEA B/N 1:5) are mixed in D2O and then 73 
analyzed by 13C NMR (Figure 1A top), the chemical shifts of the 74 
two peaks are observed at intermediate values between the 75 
two previous spectra (i.e. 60.3 ppm and 41.7 ppm). As the 76 
change in pH values follow the order: MEA > B-MEA B/N 1:5 + 77 
MEA > B-MEA B/N 1:5, the difference in chemical shift 78 
between the three spectra can be attributed to the change in 79 
pH occurring upon the introduction of boric acid in the 80 
mixture. 81 
Another relevant feature observed on the 13C-NMR peak of the 82 
mixture between pure ethanolamine and the compound of 83 
interest is the broadening of the peak ascribed to O-CH2 at 84 
60.30 ppm compared to the single components (FWHM= 3.1 85 
Hz for B-MEA B/N 1:5 and 1.48 Hz for MEA vs. 12.5 Hz for the 86 
mixture). This is the result of a mixture of ethanolamine 87 
molecules whose carbon in the α position with respect to the 88 
oxygen participates in hydrogen bonding with the polyborates 89 
(i.e. which then affect its chemical shift) and the presence of 90 
free ethanolamine in solution. 91 

92 
Figure 1. 13C-NMR spectra of the complexes synthesized by reaction between boric acid93 
and ethanolamine at 1:5 stoichiometric ratio in D2O (B-MEA B/N 1:5), ethanolamine,94 
and B-MEA B/N 1:5 in the presence of ethanolamine (A). 1H NMR spectra of the95 
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complex produced by boric acid and ethanolamine at different stoichiometric ratio (i.e. 1 
1:3, 1:5 and 1:8) (B). 2 

3 
Another verification that ethanolamine is interacting with the 4 
polyborates is the retaining of the 1H compound chemical 5 
shifts synthesized at different boric acid/ethanolamine 6 
stoichiometric ratios (Figure 1B). As an increase of 7 
ethanolamine generates a variation of the pH and thus a 8 
change in the chemical shifts similar to what observed in the 9 
13C-NMR spectra, it indirectly proves that ethanolamine 10 
stabilizes the formation of polyborates with well-defined boric 11 
acid-ethanolamine ratios. 12 
Only two peaks are visible from the 1H-NMR spectra of the 13 
compound dissolved in D2O. Since hydroxyl and amine groups 14 
undergo proton-deuterium exchange, they cannot be detected 15 
with the present technique. 16 
The 11B-NMR spectrum of B-MEA helped us to elucidate its 17 
molecular architecture. The spectrum is the combination of 18 
four different peaks, which can be resolved by deconvolution 19 
(Figure 2). The three broad peaks can be ascribed to tri-20 
coordinate boron (B[3]) whereas the narrow peak can be 21 
attributed to tetra-coordinate boron (B[4]). The difference in 22 
peak width arise from different quadrupole coupling constants 23 
(QCC)23. 24 

25 
Figure 2. 11B NMR spectrum deconvolutions (Solvent D2O) of the complex produced by 26 
pyrolysis of boric acid and ethanolamine at a 1:5 stoichiometric ratio (B-MEA B/N 1:5). 27 
The deconvolution was extrapolated with a Gaussian fitting (R2=0.9984).28 

The appearance of multiple peaks can be correlated to a 29 
dynamical equilibrium of various polyborate species upon 30 
dispersion in D2O12. Indeed, several studies in literature24–28 31 
have shown that 11B-NMR analysis of pentaborate species in 32 
D2O solutions yields three characteristic peaks located at 18 33 
ppm, 13 ppm and 1 ppm assigned to monoborate species 34 
B(OH3)/[B(OH)4-], triborate anions [B3O3(OH4)-] and 35 
pentaborate anions [B5O6(OH)4-], respectively. 36 
In our case, the four peaks are located at -18.8 ppm, -3.0 ppm, 37 
9.8 ppm and 11.0 ppm. Such shift can be expected as different 38 
amine groups were utilized in the above-mentioned studies, 39 
(i.e. tertiary aliphatics and etheroaromatics24–28). By using a 40 
primary amine, the Brønsted interaction between the amine 41 
ligands and the polyborate is stronger, thus resulting in an 42 
upfield of the chemical shift upon complexation with the 43 
primary amine ligand if compared with N-substituted ones10. 44 

The two peaks at 9.8 ppm and 11.0 ppm can then be related to 45 
the formation of a dative bond between the primary amine 46 
and the trigonal boron atom on the monoborate units, and the 47 
acid-base interaction between the tetragonal boric acid and 48 
the primary amine10 on the monoborate units, respectively. By 49 
assuming a similar chemical shift as previously observed with 50 
triborate and pentaborates, the broad peaks present at -3.0 51 
ppm and -18.8 ppm can be assigned to the acid-base 52 
interaction between primary amines10 and tetragonal boron 53 
atoms in the triborate and pentaborate, respectively. The 54 
extent of upfield chemical shifts caused by Brønsted 55 
interaction with the primary amines is not the same for the 56 
monoborate, triborate and pentaborate species (if compared 57 
with the single chemical shifts obtained in previous studies24–58 
28), probably due to a different solvation degree of the 59 
respective polyborates29. 60 
Interestingly, the monoborate/triborate/pentaborate ratio 61 
found from the deconvolution of the peaks is 24: 40: 36, thus 62 
the triborate six-membered boroxole ring shows the highest 63 
stability in aqueous solution. 64 
To analyse the size of the complexes formed between 65 
ethanolamines and borate, analytical ultracentrifugation (AUC) 66 
was performed. Since AUC has a resolution in the Angström 67 
range30 and can distinguish single molecules from their cluster 68 
oligomers, it can give a precise idea of the hydrodynamic size 69 
of the complexes in the current solution31. The measurement 70 
showed the presence of species with a size of 0.5 nm, with a 71 
negligible concentration of slightly larger species with a size of 72 
approximately 3.0 nm (which could be attributed to bigger size 73 
complexes not completely cleaved once the product is 74 
solubilized in water)12. To further confirm the results, the 75 
solution was also analysed via dialysis by using a membrane 76 
with pore sizes ranging from 100 to 500 Da. The targeted set of 77 
fluorescent compounds passed through the membrane pores, 78 
which were calculated to range between 0.3 and 0.5 nm 79 
according to the conversion formula: Rmin= 0.066*M1/3 80 
between molecular weight and size of biological molecules32. 81 
Hence, the dialysis experiments already confirmed the results 82 
obtained by AUC. 83 
As a mean to investigate the signals obtained by 11B-NMR 84 
analysis, the complexes/molecules observed via AUC and to 85 
elucidate the interactions occurring between polyborates and 86 
ethanolamines, DFT calculations were used. Figure 3 shows the 87 
most stable conformations obtained in vacuum from the 88 
geometrical optimization of the structures ascribed to the 11B-89 
NMR chemical shifts. In Figure 3, the diffused bonds between 90 
atoms depict hydrogen bonds, which were defined using the 91 
geometric criteria published by G.R. Desijaru and T. Steiner33. 92 
It is clear from Figure 3 a, b, c and d that the hydrogen bonds 93 
arise mainly from the amine group and the carbon atoms in 94 
the backbone chain of the ethanolamine. Following the 95 
definition proposed by G.R. Desijaru and T. Steiner33, for a 96 
bond defined as D-H▫▫▫A (D=Donor, H=hydrogen, A=acceptor), 97 
a hydrogen bond of ‘moderate’ strength would have a distance 98 
between D and A of 2.5-3.2 Å and an angle between 130-180°, 99 
while a weak hydrogen bond would be at a distance between 100 
3.0-4.0 Å with an angle ranging from 90° to 180°. Reflecting 101 

-40 -20 0 20 40
Chemical Shift (ppm)

 [B5O6(OH)4]
- +NH3CH2CH2OH (-18.8 ppm)

 [B3O3(OH)4]
- +NH3CH2CH2OH (-3.0 ppm)

 B(OH)3NH2CH2CH2OH (9.8 ppm)
 [B(OH)4]

- +NH3CH2CH2OH (11.0 ppm)
 Cumulative peak fit
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this on the structures observed during the DFT calculations, it 1 
shows that, when N acts as the donor (D) and O as the 2 
acceptor (A), the hydrogen bond observed is of moderate 3 
strength, with average measured distances of 3.13 Å and 4 
average angles of 138.10°. In contrast, when C acts as the 5 
donor and O as the acceptor, the average distance found was 6 
3.66 Å and the average angle 132.97°, thus falling in the ‘weak’ 7 
hydrogen bonding classification. When explicit water was 8 
added to the system, the hydrogen bonds became slightly 9 
weaker. The hydrogen bond lengths increased by 1% to 6% 10 
while the angle average values decreased by 2% to 4%.  All 11 
geometrical measurements are summarized in Table S1-S2.     12 
Weak hydrogen bonding associated with the C-OH atom helps 13 
explaining the increased peak width in the 11B-NMR peak when 14 
both ethanolamines and polyborates are present in solution 15 
(Figure 1A). The broadening of the peak is probably caused by 16 
the hydrogen bonds between the N (D) and the O (A) from 17 
borates and by the weak interactions involving the C (D) and 18 
the O (A). Evidence that the latter interaction increases the 19 
stability of the complex arises from comparing the energies of 20 
two different configurations obtained when optimizing the 21 
geometry of the pentaborate salt with one molecule of 22 
ethanolamine, presented in Figure 3C. The configuration 23 
interacting both via the amine and the carbons in the 24 
backbone was energetically more stable in vacuum compared 25 
to the one where the hydrogen bond was solely arising from 26 
the amine. The energy difference found was -10.8 kJ.mol-1, 27 
which is within the range found experimentally for hydrogen 28 
bonds34.  It is well known that C can lead to the formation of 29 
hydrogen bonds35. These interactions are extremely important 30 
in biology where they have an impact on the structure of 31 
proteins and nucleic acids, and in enzymatic recognition36. For 32 
instance, Addlagatta et al. showed that in the β-sheets of BPTI 33 
the hydrogens were displaced compared to their ideal position 34 
to maximise the CH-O bonding potential and thus stabilize the 35 
structure37. In our case, the formation of multiple interactions 36 
between the ethanolamines and the borates in solution, via 37 
both nitrogen and carbon based hydrogen bonds, helped in 38 
stabilizing the complexes. 39 
The DFT calculations can also be used to compare the size of 40 
the geometrically optimized complexes to the ones observed 41 
via AUC. The maximum size was observed for the pentaborate 42 
rings complexed with two ethanolamine ligands, with a radius 43 
of 0.5 nm, which is in agreement with the AUC results. The 44 
weight of this complex was 255 Da, which is below the 300 Da 45 
averaged membrane cut-off used during the dialysis 46 
experiment and explains why during this experiment all the 47 
solutes passed through the membrane. 48 
 49 
Optical properties of the polyborates/ethanolamine complexes 50 
The synthesized complexes, besides showing excellent 51 
photoluminescence emission in the solid state (Figure S-4 left), 52 
also retain fluorescence in solution (Figure S-4 right). 53 
Additionally, the complexes show remarkable photostability, 54 
with basically no loss on fluorescence signal over 20 hrs of 55 
continuous irradiation. As a simple mixture of 56 
monoethanolamine with boric acid does not lead to 57 

fluorescence emission, we have concluded that the sole 58 
responsibility for the observed fluorescence is a mixture of 59 
triborates and pentaborates stabilized by different 60 
stoichiometric amounts of ethanolamine through electrostatic 61 
interactions and hydrogen bonding. 62 
This mixture of fluorophores (Figure 3) leads to an excitation-63 
dependent emission profile in solution with the maximum 64 
found at 380 nm (Figure 4). 65 
J. Liang et al16 have also shown an excitation-dependent 66 
fluorescence emission of a complex composed of polyborates 67 
and isopropyltrimethylammonium hydroxide. The radiative 68 
emission was explained as a consequence of the formation of 69 
structural defects in the solid caused by the heating treatment. 70 
Such optical behaviour has also been previously observed in 71 
carbon nanodots (CNDs)38, although in this study the 72 
formation of CNDs can be excluded as the complex was not 73 
retained by dialysis performed with the lowest cut-off 74 
membrane size (i.e. 100-500 Da) and AUC results shows a 75 
monodisperse size for the amino-polyborates of 5 Å. M. Fu et 76 
al17 mimicked the CNDs excitation-dependent emission 77 
behaviour by mixing polycyclic aromatic fluorophores with 78 
different fluorescence properties, thus such feature might be 79 
the consequence of the heterogeneity in fluorescence 80 
emission of different boroxole-amine complexes. However, it 81 
cannot be excluded that the insertion of the amine leads to a 82 
deformation of the boroxole aromatic ring, causing the 83 
formation of self-trapped states, whose band gap vary as a 84 
result of the hydrogen bonding strength between MEA and the 85 
B-OH motifs18. 86 

87 

88 
Figure 3. Geometrical optimization by density functional theory calculations89 
of the fluorophores obtained by reaction between boric acid and90 
ethanolamine.91 

92 
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Figure 4. Excitation-dependent emission of B-MEA B/N 1:5 1 

 2 
Moreover, if we consider the UV-Vis absorption profile (Figure 3 
S-5), we can determine that, similarly to carbon nanodots, the 4 
profile is not specular to the emission pattern, and thus a 5 
different photoluminescence mechanism must be involved 6 
when compared to conventional organic fluorophores. 7 
The explanation behind this phenomenon is probably related 8 
to the exciton self-trapping or excimer formation. The 9 
photoexcited exciton can induce a deformation of the 10 
aromatic core, thereby causing a binding between the exciton 11 
and the distortion. This would form a polaron, which reduces 12 
the exciton bandgap by several millivolts and would allow the 13 
emission of radiation in the visible range. Although this effect 14 
has already been mimicked for pyrene and perylene17, in this 15 
study the excimer formation is probably caused by hydrogen 16 
bonding between the neighbouring boroxole rings. 17 
 18 
Optical glucose sensing via aggregation-induced emission (AIE) 19 
 20 
As already specified in the previous section, the produced 21 
fluorescent complexes between polyborates and amine ligands 22 
lead to a set of compounds with outstanding hydrostability. 23 

 24 

 25 
B 26 

 27 
C 28 

Figure 5. (A) Fluorescence monitoring of B-MEA B:N 1:5 (4 wt.-%) aggregation-induced 29 
emission behaviour in 1x PBS buffer at pH 6.8 at different glucose concentrations;(B) 30 
intensity-based calibration of the non-enzymatic optical glucose sensor after 60 31 
minutes contact time (Fitting to a linear function: y = 33.9 + 1.7x ; Adj. R2= 0.977); and 32 
(C) response of the non-enzymatic optical glucose sensor after 60 minutes contact time 33 
in artificial wound exudate, AWE (Fitting to a linear function: y = 31.7 + 1.8x ; Adj. R2= 34 
0.978) 35 

Due to the presence of B-OH moieties in these complexes, 36 
their fluorescence response is expected to change in the 37 
presence of 1,2-diols7.  38 
Since the aim was to develop a proof of concept for the use of 39 
this optical sensor towards monitoring glucose concentrations 40 
in wound exudate, all measurements were performed in a 41 
phosphate buffer saline (PBS) solution as a model solution 42 
(Figure 5). Although the optical response was tested at 43 
different concentrations of B-MEA B:N 1:5 as well as three 44 
different pH values (i.e. 6.2, 6.8, 7.4) (Figure S-8), the kinetic 45 
measurements showed the most pronounced increase in 46 
fluorescence emission when using a solution of 4 wt.-% of B-47 
MEA B:N 1:5 at a pH of 6.8. The different optical response to 48 
glucose at different pH values is a well-known phenomenon 49 
related to the pH-dependent formation of boronate esters. 50 
This has already been observed in other non-enzymatic 51 
glucose sensors and it depends on the acidity constant of the 52 
polyborate unit39. In addition, in order to expand the sensor 53 
operativity range to physiological pH values, the acidity of the 54 
boron center was increased via the use of a Brønsted type 55 
interaction with an amine ligand40,41. 56 
In this study, the optical glucose sensor is not only functioning 57 
at physiological pH values, but the complex also increases its 58 
emission intensity upon the introduction of glucose (Figure 59 
5A).   60 
This behaviour is divergent from previous literature on non-61 
enzymatic glucose sensing based on fluorophore-induced 62 
aggregation of directly linked boronic acid moieties39. This 63 
conundrum can be explained as a result of aggregation-64 
induced emission (AIE) phenomenon42. Hence, the presence of 65 
glucose as cross-linker between the polyborate-amine 66 
complexes decreases the intramolecular rotation of the 67 
boroxole rings (Figure 3), which in turn increases their 68 
fluorescence quantum yield by stabilization of the planar 69 
structure. The same AIE behaviour has recently been observed 70 
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in the presence of graphene carbon dots functionalized with 1 
boric acid groups43. 2 
The calibration of the optical sensor in the physiological range 3 
for glucose (0-8 mM) after stabilization of the signal 4 
enhancement provoked by the presence of glucose, can be 5 
approximated to a linear fit within the observed glucose 6 
concentration range (Adj R2= 0.977) (Figure 5B). 7 
Although the curve can be reasonably fit using a linear 8 
equation, multiple binding steps could occur in the presence of 9 
polyborates-amine complexes displaying an individual pka of 10 
cyclic boronate ester formation. 11 
In particular, a fluorescence enhancement of 80 % is observed 12 
when comparing the signal obtained in the absence of glucose 13 
and in the presence of 10 mM glucose. 14 
We have also compared the response of the sensor when 15 
working in PBS or artifical wound exudate (Figures 5B and 5C). 16 
Clearly, the presence of exudate components (salts, 17 
aminoacids, vitamins, etc.) had no effect on the performance 18 
of the sensor, both in terms of signal strength, dependence of 19 
the signal with glucose concentration, or in the fitting function. 20 
Therefore, the present sensor could be used to reliably assess 21 
the concentration of glucose in wound exudates (e.g. 0-10 22 
mM).  23 
Granting that the present sensor is not selective towards 24 
glucose (see Figure S-9), it is important to notice that 25 
potentially interfering species displaying 1,2-diols are present 26 
in the wound exudate at negligible concentrations if compared 27 
to the observed glucose range44–47. Thus, they should not 28 
affect the reliability of the glucose sensor. Moreover, we 29 
would like to highlight that the sensitivity to specific 1,2-diols 30 
could be steered in future works by manipulating the 31 
molecular design of the amino ligand.   32 
Although many non-enzymatic optical glucose sensors are 33 
already described in literature39, this study presents the first 34 
example of a complex based on boric acid and an amine ligand 35 
as precursors. Granting that it is presented as proof of 36 
concept, this work is expected to pioneer the use of 37 
fluorescent amine-polyborate complexes as non-enzymatic 38 
optical glucose sensors. Development of fluorescent 39 
complexes from cost-effective precursors will increase the 40 
viability of these sensors for large-scale applications, such as 41 
wound monitoring assessment.   42 

Experimental 43 

Materials  44 
Boric acid, ethanolamine and glucose anhydrous were 45 
purchased from Sigma-Aldrich and used without any further 46 
purification. Fructose and lactose monohydrate were 47 
purchased from Fluka. Phosphate saline buffer (PBS) at 48 
different concentrations were prepared by dissolving the 49 
desired amount of sodium chloride (Sigma-Aldrich, 99%), 50 
potassium chloride (Sigma-Aldrich, 99%), sodium phosphate 51 
dibasic (Sigma-Aldrich, 99.95%), potassium phosphate 52 
monobasic (Sigma-Aldrich, 99%) in de-ionized water. The pH 53 
value was adjusted by using determined amount of NaOH or 54 

HCl. Artificial wound exudate (AWE) was prepared as 55 
mentioned previously:21 AWE = DMEM 5030 (Sigma Aldrich) 56 
solubilized in PBS buffer (pH 6.2, 6.8 or 7.4), including 10% 57 
(v/v) porcine serum (Gibco, Life Technologies).  58 

Synthesis and purification of polyborates/ethanolamine complex 59 
Different amounts of boric acid were introduced into a 100 ml 60 
round-bottomed flask (1.93 g, 3.09 g and 5.10 g, related to a 61 
stoichiometric ratio with ethanolamine equal to 1:3, 1:5 and 62 
1:8, respectively). Afterwards, 15.27 g of ethanolamine were 63 
poured into the reaction vessel and the solution was agitated 64 
at 500 rpm with a magnetic stirrer and heated up to 150°C. 65 
After 230 minutes of reaction, a condensed viscous product is 66 
collected at the bottom of the flask. Upon addition of 75 ml of 67 
acetone, the consistence of the mixture changes from a 68 
viscous gel to a powdery slurry. After filtration with sintered 69 
disc filter funnel (10-16 µm max. pore size), a yellowish 70 
powder is collected on the filter. The precipitate was then 71 
transferred with a spatula into a 20 ml glass vial and dried at 72 
room temperature under vacuum for 24 hrs to eliminate the 73 
residual ethanolamine. 74 

Optical response to glucose concentration 75 
Optical glucose assays were performed at room temperature 76 
on a fluorescence plate reader (Varian, Cary Eclipse). Different 77 
concentrations of B-MEA (2, 4 and 6 wt.-%), PBS buffers or 78 
AWE solutions at four pH values (6.2, 6.8, 7.4 and 7.8) as well 79 
as different glucose concentrations ranging from 0 to 10 mM 80 
were tested to optimize and calibrate the sensor response 81 
(λex= 380 nm, λem= 465 nm). The fluorescent signal was 82 
collected for all samples with 5 min time points up to a 83 
maximum time of 60 min.  84 

Characterization 85 
1H, 11B and 13C NMR spectra were obtained at 298 K on a 86 
Bruker Avance 400 (at 400.1, 160.1 and 100.6 MHz, 87 
respectively). All measures were performed at 298 K using a 5 88 
mm BBI inverse probe equipped with z-gradient. All spectra 89 
were recorded with the Bruker standard pulse programs and 90 
parameter sets and the 1H chemical shifts were referenced 91 
internally using the resonance signals of D2O at 4.80 ppm.  92 
Optical characterization of B-MEA was performed with a Cary 93 
Eclipse Fluorescence Spectrophotometer equipped with a 94 
multiwall-plate reader (Varian). 200 µL of the B-MEA solution 95 
at 4 w/v % were deposited on a 96 well-plate and analysed at 96 
different excitation wavelengths. Photostability measurements 97 
were performed with the same fluorescence reader (Varian, 98 
Cary Eclipse) under the following conditions: λex= 380 nm, λem= 99 
465 nm,  pulse frequency of 80 Hz, source power of 60 kW, 100 
600 min irradiation time with pulse cycles of 0.01 min, medium 101 
detector (600 V). UV-Vis spectra were obtained using Varian 102 
Cary 50 Bio UV-visible spectrophotometer (open quartz 103 
cuvette with an optical path 1 cm). 104 
Analytical centrifugation was used to detect the presence of 105 
solutes and analyse their size. The solid was dissolved in water 106 
at a concentration of 12 mg/ml. The samples were sampled 107 
using Rayleigh interference optics at 25°C and 60 krpm. The 108 
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experiment lasted 18 hours. The data were fitted to the Lamm 1 
equation with a non-interacting discrete species model using 2 
the software Sedfit Vers. 14.4d. 3 
 4 
Computational methods 5 
The density functional theory calculations were performed 6 
using CP2K, which is an open source program48. To perform 7 
the DFT based geometry optimization, Quickstep was used. 8 
This method, developed by Van de Vondele et al49, uses a 9 
mixed Gaussian and plane waves approach to calculate the 10 
electronic properties of the atoms present in the system. For 11 
the exchange correlation function, the Perdew-Burke-Enzerhof 12 
method was selected and was used in combination with the 13 
corresponding pseudo potentials. All the atoms present in the 14 
simulation, apart from the boron, were described using the 15 
MOLOPT triple-zeta diffused basis set with polarization50. This 16 
was chosen to ensure that the electrons on charged atoms 17 
would be described in the correct way. The boron was 18 
described using a double-zeta diffused basis set, again 19 
including polarization. Dispersion forces were added by using 20 
the Grimme method51. Geometry optimization calculations 21 
were run both in vacuum and with explicit water in the first 22 
coordination shell of the amine and the central boron of the 23 
metaboric acid. Outside this region (10 Å), an implicit water 24 
model with a dielectric constant of 78.2 was employed by 25 
using the self-correlation reaction field. The plane wave 26 
density cut-off was 300 ry. 27 

Conclusions 28 
In this study, we have demonstrated for the first time that a 29 
facile complex formation between polyborates occurring at 30 
high temperatures with ethanolamine ligands leads to a one-31 
pot, cost-efficient, up-scalable synthesis of optical glucose 32 
sensors. The sub-nm size range of these set of compounds, as 33 
determined by molecular dynamics calculation and analytical 34 
ultracentrifugation, as well as their carbon dots-like emission 35 
properties, render them particularly appealing for the 36 
development of optical glucose sensors. 37 
The peculiar increase in emission upon glucose binding has 38 
been explained as a consequence of aggregation-induced 39 
emission (AIE).  40 
In conclusion, we pioneer a new synthetic route to develop 41 
non-enzymatic optical glucose sensors. Future efforts will be 42 
directed at steering the selectivity of the resulting sensor by 43 
varying the steric hindrance of the amino ligand.  44 
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