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A novel chemical functionalization of guar gum (GG) by benzoic acid (BA) via nucleophilic substitution reaction
in aqueous solution has been reported. BA moieties are chosen due to coordination chemistry of carboxylic acid
moieties, hydrophobicity and intermolecular interaction of aromatic rings. The presence of conjugated BA on
guar gum-benzoic acid (GG-BA) with grafting density of 5.5% is confirmed by 'H NMR. Amorphous GG-BA with
irregular morphology has been studied by UV-Vis, FTIR, XRD, SEM, TEM, TGA, computational chemistry and
contact angle measurement. GG-BA in a concentration range from 0 to 4000 pg mL ™! has good biocompatibility
to mouse embryonic fibroblasts (MEF), human mammary epithelial cells (MCF-10A) after 48 and 72 h of
treatment using WST-1 assay. GG-BA shows great potential for the development of biomaterials such as bio-
adhesives, hydrogels, and coacervates.

1. Introduction wound dressing and healing [13-15], drug delivery [16,17]. GG consists

of mannose (M) backbones and galactose (G) side chains with an average

Over the years, natural polysaccharides have been of great interest in
developing valuable and sustainable materials due to their biocompat-
ibility, nontoxicity, biodegradability, natural availability, and accessi-
bility of chemical synthetic techniques [1,2]. Guar gum (GG), a naturally
occurring non-ionic galactomannan polysaccharide obtained from guar
seeds, has recently become a popular choice of novel materials research
in various fields such as soil treatment [3-6], surface chemistry [7-9],
lithium- and zinc-ion batteries [10,11], dye-sensitized solar cells [12],

molecular ratio of 2:1 between M and G. While M monomers are linked
together by p-1,4-glycosidc bonds, G monomers are connected to the M
backbone via a-1,6-glycosidic bonds. In addition, numerous remaining
hydroxyl functional (-OH) groups on galactomannan chains offer GG its
hydrophilicity and high water-solubility [18,19].

In order to introduce new properties to GG, remaining -OH groups of
GG can be chemically functionalized by different chemical reactions
such as etherification, esterification, oxidation, grafting reactions, etc.
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Carboxymethylation of GG via ether bonds is one of the most common
synthetic routes to synthesize anionic GG [20,21]. Further cross-linking
of carboxymethylated GG can be easily carried out using non-covalent
interactions by an assistance of multivalent metal ions [22-24]. Com-
plex coacervation between carboxymethylated GG and cationic poly-
mers such as gelatin has also been studied [25]. Moreover, esterification
of -OH groups on GG was performed with citric acid to create cross-
linked polymer systems for wound healing [14], while those -OH
groups of GG could also form covalent bonds directly with several
common cross-linkers such as Ti*t and borate [5,26]. In addition,
oxidation of -OH groups to aldehydes is also another option to func-
tionalize and cross-link GG [27]. Even though GG possesses various
fascinating properties, intrinsic limitations of GG remain due to its hy-
drophilicity, leading to uncontrollable swelling properties, as well as its
susceptibility to bacterial contamination and rapid biodegradation.
Chemical modification of GG is, therefore, of great importance to extend
its applicability [28].

Benzoic acid (BA) and its derivatives have been well-known for their
chelating capacity and various types of intermolecular interaction such
as hydrogen bonding and = stacking [29-35]. BA derivatives, therefore,
were widely used to synthesize numerous metal-organic frameworks
(MOFs) [36-39] and recognize bioanalytes such as adrenaline and car-
nosine [40,41]. Moreover, BA can be found in various cosmetic prod-
ucts, medications and food as additives and preservatives to certain
approved concentrations [42,43]. BA derivatives were also reported
with beneficial antimicrobial, antifungal and antihepatotoxic activity
[44-46].

This work aims to synergize GG with BA to offer novel properties
based on the following hypotheses. Since BA contains a carboxylic acid
functional group which might be deprotonated more readily than
alcohol groups of GG, the anionic GG-BA could be more easily obtained
at milder alkaline conditions once BA is conjugated to GG. With this
ionic form, coordination compounds of GG-BA with various metal cat-
ions could also be explored effortlessly. In addition, the aromatic ben-
zene ring on BA could decrease not only the hydrophilicity of GG, hence,
overcoming the intrinsic hydrophilicity obstacles of GG, but also could
assist the preparation of novel complex materials due to numerous
intermolecular interaction that the aromatic benzene ring might offer.
Moreover, because of the widely recognized biocompatibility, antimi-
crobial and antifungal activity of BA, the conjugation of GG with BA
might enhance the material stability against bacterial contamination
and biodegradation. In order to realize GG-BA, a simple synthetic pro-
tocol in water was established for the first time and the newly obtained
product was characterized by various techniques such as 'H NMR,
UV-Vis, FTIR-ATR, XRD, SEM, TEM, contact angle and TGA-DSC.
Computational chemistry was employed to provide valuable insights
into electronic properties of GG-BA as well as its molecular orbital di-
agram and electronic transitions between molecular orbitals. The
biocompatibility of GG-BA was confirmed in the study on mouse em-
bryonic fibroblasts (MEF) and human mammary epithelial cells (MCF-
10A) using WST-1 assay, which shows great potential for the develop-
ment of biomaterials.

2. Materials and methods
2.1. Chemicals and reagents

2.1.1. Chemicals for synthesis

GG (MW = 220 kDa), 4-(bromomethyl)benzoic acid (BBA) 97%,
sodium hydroxide (NaOH) 97%, hydrochloric acid (HCI) 37%, ethanol
98% (EtOH) and deuterated dimethylsulfoxide (DMSO-dg) were pur-
chased from Sigma-Aldrich. All chemicals were reagent-grade and used
as received without further purification.

2.1.2. Chemicals for cell culture
Dulbecco's modified eagle medium (DMEM) and phosphate buffered
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saline (PBS) were purchased from Lonza. Fetal bovine serum (FBS),
Dulbecco's modified eagle medium/Nutrient mixture F-12 (DMEM/F-
12), Trypsin, 1-glutamine, and Penicillin/Streptomycin were purchased
from Gibco. Human insulin, hydrocortisone, cholera toxin and glucose
were purchased from Sigma-Aldrich. Epidermal growth factor (EGF)
from Peprotech and cell proliferation reagent WST-1 from Roche were
also purchased. All reagents were cell-culture grade.

2.2. Synthesis and preparation

2.2.1. Guar gum bengzoic acid (GG-BA)

5.00 g of GG (30.875 mmol AGU) and 5.73 g of NaOH (138.94 mmol,
4.5 eq) were dissolved in 500 mL No-purged H»O and the solution was
stirred in 30 min at room temperature. 6.845 g of BBA (30.875 mmol, 1
eq) was then added into the solution and the mixture was kept under
magnetic stirring overnight at room temperature. HCl (37%) was added
to quench the reaction and acidify the solution to pH 1. Excess EtOH was
used to precipitate and purify GG-BA. The final product was dried in
vacuum to yield 7.62 g of GG-BA (83.1% reaction yield).

2.3. Characterization

2.3.1. Proton nuclear magnetic resonance (' TH NMR) spectroscopy

'H NMR spectra of samples were measured by Bruker AVANCE-III
NMR-system 400 MHz (Bruker Inc., Billerica, MA, USA) at 298.15 K.
Dry samples of GG and GG-BA were dissolved in DMSO-dg at 50 °C.

2.3.2. UV-Visible spectrophotometry

Solutions of all samples were prepared in HyO at pH 1 and room
temperature. UV-Vis spectra were measured in the range of 190 to 700
nm with a resolution of 0.5 nm, using Shimadzu UV-2501PC spectro-
photometer (Shimadzu Inc., Kyoto, Japan) and quartz cuvettes.

2.3.3. Fourier-transform infrared spectroscopy - Attenuated total
reflectance (FTIR-ATR) spectroscopy

Nicolet™ iS50 FTIR spectrometer (Thermo Scientific Inc., Waltham,
MA, USA) equipped with a diamond crystal and a pressure gauge was
used to record IR spectra. IR spectra were recorded in the wavenumber
range of 400 to 4000 cm ™! with a resolution of 4.0 cm™! and averaged
from 64 scans.

2.3.4. Powder X-ray diffraction (XRD)

XRD spectra of GG and GG-BA were measured on Bruker D8 Discover
(Bruker Inc., Billerica, MA, USA) diffractometer in a diffraction angle
range between 10 to 80° and a resolution of 0.04° at room temperature.
X-ray K780 (Cu Ka anode) generator was used at 40 kV voltage and 40
mA current.

2.3.5. Scanning electron microscopy (SEM)

LEO Gemini 1530 scanning electron microscope with thermo scien-
tific ultradry silicon drift detector (Leo Electron Microscopy Inc.,
Thornwood, NY, USA) was used to study the morphology of GG and GG-
BA samples. Samples were coated on conductive carbon adhesive tapes.
Resultant SEM images were analysed and particle diameters were
examined using Image J software. Particle size distribution curves were
plotted based on 50 particles of GG and 150 particles of GG-BA.

2.3.6. Transmission electron microscopy (TEM)

JEM-1400 plus transmission electron microscope equipped with an
OSIS Quemesa 11 Mpix bottom mounted digital camera (Jeol Ltd.,
Akishima, Tokyo, Japan) was also employed to characterize the
morphology of GG and GG-BA samples. The acceleration voltage was
kept at 80.00 kV, while the beam current was 55 pA. The samples were
dispersed onto standard copper TEM grids and resultant TEM images
were also analysed by Image J software.
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2.3.7. Thermogravimetric analysis - differential scanning calorimetry
(TGA-DSC)

Netzsch STA 449 F1 Jupiter thermogravimetric analyzer (Netzsch
Instruments Inc., Featherstone, Wolverhampton, UK) was employed
under Nj inert atmosphere from 30 to 600 °C at a heating rate of 10 °C
min~'. Ny flow rate was kept at 20 mL min~!. Dry samples were kept in
vacuum before the measurements and 2-10 mg of the dry samples were
transferred to aluminium DSC pans. Resultant TGA, DTG, DSC curves
were analysed by Netzsch TGA software.

2.3.8. Contact angle

Hydrophilicity and hydrophobicity of GG and GG-BA were studied
by water static dripping contact angle experiments using a KSV CAM 200
Optical tensiometer (KSV Instruments Ltd., Helsinki, Finland) equipped
with a LED light source and a CCD camera with telecentric zoom optics.
FTIR hydraulic press was used to prepare 3 pellets of GG and 3 pellets of
GG-BA under 10 t of pressure in 15 min for each sample (Fig. S8). For
each pellet, 3 random locations were chosen to record the contact an-
gles, hence, 9 measurements were carried out in total for GG and also for
GG-BA. Small distilled water droplets of 2.0 uL were released on the film
surface at the dispensing rate of 100 pL s~!. Digital pictures were
recorded automatically within 24 s for each measurement and CAM
software using Young-Laplace fitting method was chosen to calculate the
contact angles. From the right and left contact angles, average contact
angles were calculated for each picture. The final average contact angles
and standard deviations (SD) were then determined from those 9 mea-
surements. The final average equilibrium contact angle was finally
determined after 15 s when there was no significant change in the
average contact angle values recorded (Fig. S11).

2.4. Computational study

All computational calculations were performed by Gaussian 16
program package. The geometry of all involved structures was fully
optimized by the Austin-Frisch-Petersson (APFD) hybrid density func-
tional theory (DFT) method with dispersion, combined with the
6-311+G(d,p) basis set [47]. The UV-Vis absorption wavelengths and
oscillator strengths were calculated by means of time-dependent density
functional theory (TD-DFT), using the same basis sets [48]. Molecular
orbitals (MOs) and electrostatic potential maps of optimized geometry
structures were calculated at the same level of theory and visualized
using Gaussview 6 [49]. Solvent effects of water were evaluated by
employing the self-consistent reaction field (SCRF) method with polar-
ized continuum model (PCM) [50].

2.5. Biocompatibility study

2.5.1. Cell culture

Mouse embryonic fibroblasts (MEF) were cultured in DMEM (Lonza)
containing 10% FBS (Gibco). Human normal breast cells (MCF-10A)
were cultured in DMEM/F12 Medium (Gibco) containing 5% FBS
(Gibco), 2 mM tr-glutamine (Gibco), human insulin, (Sigma, 10 pg
mL™Y), glucose (Sigma, 4.5 g L 1), hydrocortisone (Sigma, 0.5 pg mL™1),
cholera toxin (Sigma, 0.1 pg mL™!) and epidermal growth factor (EGF,
Peprotech, 20 ng mL’l), in a humidified incubator with 5% CO,. MCF-
10A cells were provided by Prof. Jukka Westermarck (Turku Bioscience
Centre, Turku, Finland).

2.5.2. Biocompatibility study

MEF cells and MCF-10A cells were placed in a 96-well plate (three
parallel wells for each concentration, Corning) at suitable starting cell
density (3000 cells per well for 48 h-incubation of GG and GG-BA, and
2000 cells per well for 72 h-incubation of GG and GG-BA) in the com-
plete growth medium at 37 °C, 5% CO, overnight. Then, the cell culture
medium was replaced with a fresh medium containing GG or GG-BA at

112

International Journal of Biological Macromolecules 194 (2022) 110-116

indicated concentrations (0-4000 pg mL 1) for 48 h and 72 h. The GG
and GG-BA solutions were prepared in PBS. For WST-1 assay, 10 pL of
WST-1 reagent (Roche) was dissolved in 100 pL complete growth me-
dium to replace the GG or GG-BA-contained medium for each well. After
two-hour-incubation in cell incubator, the absorbance was measured at
440 nm with a Varioskan™ LUX Multimode Reader (Thermo Scientific
Inc., Waltham, MA, USA). WST-1 cell viability data are presented as the
means =+ standard deviations.

3. Results and discussions
3.1. Synthesis of GG-BA

Hydroxyl groups of GG were first activated by NaOH and the reaction
was carried out in aqueous condition at room temperature, which
offered a convenient and environmental friendly synthetic route.
Nucleophilic substitution was performed on BBA to yield ether chemical
bonds between GG and BA moieties (Fig. 1). The original high-
molecular-weight GG material has good solubility in H,O and poor
solubility in polar aprotic solvents such as dimethylsulfoxide (DMSO).
Meanwhile, the purified GG-BA product shows good solubility in both
H,0 and DMSO, indicating the presence of BA moieties in GG-BA.

3.2. Characterization and computational study of GG-BA

3.2.1. Proton nuclear magnetic resonance ( g NMR)

'H NMR analysis of purified GG-BA product was carried out to
confirm the successful chemical functionalization of GG and to deter-
mine the degree of substitution of GG-BA (Fig. 1 and Section 1 in sup-
plementary data). While a satisfactory 'H NMR spectrum of the original
GG in DMSO-ds could not be obtained due to low solubility of GG in
DMSO (Fig. $2), the 'H NMR spectrum of GG-BA in DMSO-dg was easily
received. This confirms the existence of BA moieties, which are chemi-
cally linked to GG. Aliphatic protons of galactomannan backbone in GG-
BA exhibit signals with chemical shifts (§) ranging between 3.4 and 5.0
ppm. Meanwhile, ortho and meta protons from BA moieties in GG-BA
are apparent in the aromatic § range from 7.3 to 8.0 ppm with equal
intensity. The recorded aromatic signals of GG-BA are consistent with
chemical shifts of aromatic protons from BBA starting material (7.56 and
7.92 ppm, Fig. S1). Based on the intensity of aliphatic and aromatic
protons from GG-BA, the degree of substitution of GG-BA is calculated as
0.1639, while the grafting density is 5.5% and the chemical formula for
each anhydrous glucose wunit (AGU) is approximated as
CeHo.36105(CgH702)0.1639-

g B3
@ 83
OH, on OH _or
4 5 -0
2 o wD-galactose ) oH
WO ; 1. HaOH, 10,4, Ho .
?HO pO-mamose 2. 4(Bromomethyl)benzoic acid OM() R: Benzoic acid
48 3 N 1
5 0 : Br o
-] HO s o HO
OH OH HOD
Ho 9 o o, oH HO. ° o1y
! ‘ s-on o oR
" o
Guar Gum, GG Guar Gum - Benzoic acid, GG-BA
HCH,CH2,0H
NA‘
Har f\ l J \
Hcom \ J \_
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65 60 55 S50 45 40 35 3.
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Chemical shift  (ppm)

Fig. 1. 'H NMR spectrum of GG-BA in DMSO-ds.
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3.2.2. UV-Vis spectrophotometry

Normalized UV-Vis absorption spectra of GG-BA, GG and BBA ref-
erences were recorded from 190 to 700 nm in water at pH 1 (Fig. 2a). GG
absorbs a wide range of UV-Vis radiation with two absorption maxima
at 341.0 and 262.0 nm. Its UV absorption expands drastically towards
190 nm. BBA shows no significant absorption band in the visible range,
while a major absorption maximum at 246.5 nm as well as a small ab-
sorption band around 290.0 nm are recorded. Similarly to BBA, GG-BA
also exhibits no noticeable absorption band in the visible range, but
similar absorption bands to BBA in the middle-UV region between 200
and 300 nm. Since the galactomannan backbone and BA moieties of GG-
BA have different molar absorption coefficients, as well as almost no
absorption band in the visible range is observed, the UV-Vis spectrum of
GG-BA can be mainly attributed to the UV-Vis absorption of the newly
introduced BA moieties. Comparing to BBA, the absorption maximum of
GG-BA spectrum is blue-shifted from 246.5 nm to 236.5 nm. In addition,
a small absorption band around 280 nm of GG-BA might be due to either
the blue-shifted absorption of BA moieties or the absorption of gal-
actomannan backbone.

3.2.3. Computational study on electronic properties

In an effort of correlating electronic transitions in GG-BA and its
experimental UV-Vis absorption data, DFT calculation using APFD/
6311-+G(d) has been used to model a monomer of GG-BA and study its
electronic properties [47]. This is because APFD, including treatments of
dispersion effects, represents the best trade-off between accuracy and
computational cost for a relatively large system such as GG-BA. Together
with 6311+G(d), the model provides good accuracy while being feasible
for use on typical computer workstations. The calculation was per-
formed in the presence of water (using SCRF keyword) to mimic the
aqueous condition of the UV-Vis measurements. The optimized struc-
ture and electrostatic potential (ESP) surface of GG-BA monomer are
shown in Fig. 2c and S3. Theoretical UV-Vis absorption spectra of BBA
reference and GG-BA monomer (Fig. 2b) were calculated by TD-DFT
method to reach a good agreement with the experimental UV-Vis
spectra (i.e., calculated absorption maxima at 238.3 and 252.7 nm of
GG-BA monomer and BBA, comparing to 236.5 and 246.5 nm for
experimental GG-BA and BBA respectively). The calculated UV-Vis ab-
sorption band around 238.3 nm of GG-BA monomer is composed of five
different electronic transitions from highest occupied molecular orbitals
HOMO-4, HOMO-3, HOMO-2, HOMO-1 and HOMO to lowest unoccu-
pied molecular orbitals LUMO. The calculated HOMO-LUMO energy gap
of GG-BA monomer is determined as 5.260 eV, which corresponds to
235.7 nm (Fig. 2d). The slight difference between 235.7 and 238.3 nm is

(a) 12

¢

——BBApH 1.01
——GG pH 1.01
——GG-BA pH 1.02

262.0

Normalized absorbance (a.u.)

400 500
Wavelength (nm)

(b)

eV
— -1.867

——BBA (Calculated)
—— GG-BA (Calculated) |

)

0.6
5.260 eV
0.4

0.2

Normalized absorbance (a.u.

-7.127

00— T T T
225 250 275 300 325 350 375 400
Wavelength (nm)

Fig. 2. Experimental (a) and calculated (b) UV-Vis absorption spectra of BBA,
GG and GG-BA in water at pH 1. The optimized structure and ESP surface of GG-
BA monomer (c) and its HOMO-LUMO gap and MO visualizations (d).
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due to electronic effect of water solvent and this also indicates that the
HOMO-LUMO electronic transition contributes mainly to the absorption
maximum of GG-BA monomer at around 238.3 nm. Moreover, a blue
shift in the wavelength of absorption maxima is also observed in the
calculated spectra. The MO diagram of GG-BA monomer from HOMO-4
to LUMO+2 can be found in Fig. S4.

3.2.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of original GG and GG-BA were measured to show that
typical IR absorption bands of galactomannan backbone can be observed
in both spectra (Fig. 3a). The O—H stretching vibration with intermo-
lecular hydrogen bonding can be found in the wavenumber range be-
tween 3000 and 3500 cm™?, followed by C—H stretching of CH, group
with wavenumber between 2800 and 3000 cm™'. The absorption band
of 1645 cm ™! is due to ring stretching while strong absorption peaks of
1143, 1065 and 1012 cm~! show C-OH bond, CH,0H stretching and
CH, twisting vibrations, respectively. A typical peak of 867 cm™! for
galactose and mannose is also observed [51-53]. By comparing IR
spectra of GG and GG-BA, the presence of BA moieties in GG-BA can be
confirmed. The characteristic C=0 stretching absorption band from
carboxylic acid groups of GG-BA appears at 1694 cm !, which is similar
to the C=O0 stretching absorption band of BBA reference at 1678 cm™!
(Fig. S5). The C—O stretching vibration from carboxylic acid groups is
also observed in GG-BA spectrum at 1255 cm !, while the IR spectrum of
BBA reference shows a strong absorption band for that type of vibration
at 1287 cm ™! (Fig. S5). The O—H stretching vibration wavenumber of
hydroxyl functional groups shifts from 3330 to 3358 cm ™!, indicating an
increase in the O—H bond strength of GG-BA. This can be explained as
the intermolecular hydrogen bonding strength in GG-BA decreases,
comparing to that of GG, due to the presence of hydrophobic BA moi-
eties [54].

3.2.5. X-ray diffractometry (XRD)

Fig. 3b shows X-ray diffractograms of GG and GG-BA. Both materials
possess broad peaks at similar 20 values of 17.84, 18.36, 43.12 and
43.72°, showing amorphous phase structure of GG and GG-BA. The
slightly broader peak of GG-BA at 18.36° indicates smaller particle size
and/or lower crystallinity of GG-BA particles.

3.2.6. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

Fig. 4 shows scanning electron micrographs and particle size distri-
bution curves of GG and GG-BA particles. SEM images of GG were not
easily obtained since GG has low electrical conductivity, while it was
easier to record SEM images for GG-BA. Both GG and GG-BA particles
have irregular shapes. To determine the particle size, the shape of par-
ticles is approximated as spherical. The particle size distribution is then
fitted by Gaussian functions to give average diameters of GG and GG-BA
as 637 + 16 nm and 196 + 17 nm respectively. In addition, transmission
electron micrographs show slightly smaller particle size, of around 400
to 600 nm for GG and around 100 to 200 nm for GG-BA (Figs. S6-7),
comparing to SEM images. However, TEM still confirms a smaller par-
ticle size of GG-BA comparing to that of GG. The significant changes in

—_
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7 () T 7836 e

——GG-BA"|

17.84

Intensity (a.u.)

Transmittance (% )

1065 1143 ———_

4 —GG
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Fig. 3. FTIR spectra of GG and GG-BA (a). XRD spectra of GG and GG-BA (b).
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Fig. 4. SEM images (a, b) and particle size distribution curves (c, d) of GG and
GG-BA.

particle size between GG and GG-BA can be explained due to the
dissolution of GG in water and precipitation of GG-BA product by
ethanol during the chemical functionalization.

3.2.7. Contact angle

Static contact angles of distilled water droplets on film surface of GG
and GG-BA were measured to study the effect of BA on a decrease in
hydrophilicity of GG-BA comparing to GG. In general, contact angles can
be correlated to surface energy and roughness, hence, surface wetta-
bility and hydrophobicity of materials. The larger the contact angle, the
lower the surface energy and higher the surface roughness, resulting in
the lower wettability, lower hydrophilicity or higher hydrophobicity of
a surface. Hydrophilic, hydrophobic and superhydrophobic surfaces
typically have water contact angles of less than 90°, greater than 90° and
above 150°, respectively [55-57]. Fig. S9 shows water contact angles on
a representative GG reference film. In the first 10 s, contact angles of
water on GG are recorded of around 90° on average, which is contra-
dictory to the hydrophilic nature and high water-solubility of GG. In the
next 14 s, GG quickly moves from the film surface into the water droplet
and starts swelling, hence, contact angles of GG cannot be determined
eventually. The same phenomenon is observed in all 9 repetitive mea-
surements on GG. This could be because GG were pressed very strongly
into solid films during the sample preparation, therefore, water wetting
on the hydrophilic GG surface cannot be established immediately. Then,
due to the strong interaction between hydrophilic GG and water droplet,
the GG area, which is in direct contact with water, is quickly softened
and GG can move from the film to the water droplet. Regarding GG-BA,
contact angles of water on GG-BA film surface are well established
during 24 s of measurement, in the range between 70 and 60° (Fig. S10).
The surface of GG-BA film remains stable during all the measurements
and the average equilibrium contact angle of water on GG-BA is deter-
mined as 66.0° (Fig. S11), suggesting that GG-BA is still mainly hydro-
philic. Based on the observations from these contact angle
measurements and the solubility of GG and GG-BA in water and DMSO
from NMR measurements (Section 3.2.1), the presence of BA conjugated
to GG (GG-BA) can be associated with the decrease in hydrophilicity of
GG-BA comparing to GG.

3.2.8. Thermal analysis

In order to study thermal properties of GG and newly prepared GG-
BA, TGA-DSC measurements were performed. TGA, DSC and derivative
of weight loss (DTG) thermograms of the two materials are shown in
Fig. 5a, b. An initial weight loss due to water desorption is observed on
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DTG at around 62 and 81 °C for GG-BA and GG, respectively. While GG
shows a gradual weight loss of 8.12% as the temperature reaches 155 °C,
a weight loss of 8.32% of GG-BA is complete at a lower temperature, of
around 112 °C. Moreover, DSC curves also show large endothermic
peaks for water evaporation processes at temperature less than 200 °C.
These DTG, TGA and DSC results are consistent with the previous ob-
servations on the decrease in hydrophilicity and the decrease in inter-
molecular hydrogen bonding of GG-BA due to chemically linked BA
groups on GG. Thermal decomposition of galactomannan chains occurs
in the temperature range from 209 to 373 and from 217 to 409 °C for
GG-BA and GG, with the largest weight loss at 291 and 313 °C based on
DTG, respectively. These decomposition temperature ranges are char-
acteristic for galactomannan polysaccharides in Ny inert atmosphere
[51]. In addition, DSC thermograms show three endothermic events at
around 231, 281, 392 °C for GG-BA and 242, 312, 407 °C for GG.
Temperature and enthalpy values of thermodynamic events of GG and
GG-BA are summarized in Table 1. Even though the thermal decompo-
sition of GG-BA happens at a lower temperature range than that of GG, a
smaller weight loss of 57.89% is observed in GG-BA while 66.11% is the
weight loss of GG from TGA thermograms. This might be due to the
smaller grain size of GG-BA comparing to that of GG, resulting in higher
surface area of GG-BA particles. The higher surface area allows a much
faster and more efficient heat transfer process, hence, lowering the
decomposition temperature range of GG-BA.

3.3. Biocompatibility of GG-BA

As mesenchymal and epithelial cells are the two main types of cells
that consist of tissues and organs, the most widely used MEF and MCF-
10A were chosen to examine the biocompatibility of GG-BA. WST-1-
based colorimetric assay is widely used in the detection of cell prolif-
eration, survival and cytotoxicity after drug and biological material
treatments on cells [58-60]. The working principle of the assay is based
on the conversion of the light-red tetrazolium salt WST-1 (added earlier
to the cell culture medium) into the dark-red formazan by the electron
coupling reagent and mitrochondrial succinate-tetrazolium-reductase
system in the cell mitochondria. Within a certain concentration range,
the absorbance of the solution and the cell survival is positively corre-
lated. In this study, a concentration range from 0 to 4000 pg mL ™! for
GG-BA together with GG as a control was examined. The obtained values
were then standardized by untreated cells (concentration = 0). Fig. 6
shows that after 48 h of treatment up to 4000 pg mL ™, both GG and GG-

Table 1
Temperature and enthalpy values of GG and GG-BA from DSC in Nj.
Sample Peak number Onset (°C) T (°C) Endset (°C) AH (J g’l)
GG 1 30 54 204 +785.5
2 221 242 277 +7.3
3 285 312 331 +29.2
4 335 407 585 +149.5
GG-BA 1 30 43 194 +710.3
2+3 202 231, 281 301 +61.2
4 305 392 537 +193.4
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Fig. 6. Relative cell viability of MEF (a, b) and MCF-10A (c, d) cells treated
with GG and GG-BA after 48 and 72 h. The cell viability in each group is
normalized to untreated cells by percentage (%).

BA show no cytotoxicity to the two cell types, and GG has a stronger
effect on promoting cell proliferation than GG-BA. After 72 h of treat-
ment, the promotion effects of GG and GG-BA on the two kinds of cells
appear to be the same, and still no cytotoxicity effect is observed. These
results strongly indicate that GG-BA has good biocompatibility to
normal mesenchymal cells and epithelial cells. Optical micrographs of
cell studies can be found in the supplementary data (Figs. S12-16).

4. Conclusions

In this study, GG has been successfully chemically functionalized
with BA moieties to give novel GG-BA materials for the first time. The
reported synthetic route in water is simple and environmentally friendly
since organic solvents are avoided. Due to the presence of benzene rings,
the solubility of GG-BA product in polar aprotic solvents such as DMSO
increases noticeably. This allows a straightforward characterization of
GG-BA using 'H NMR in DMSO-de. Other spectroscopic techniques such
as UV-Vis and FTIR spectroscopies also confirm the presence of BA in
GG-BA. XRD shows amorphous phase structure of both GG and GG-BA.
SEM shows irregular shapes of GG and GG-BA, as well as a significant
decrease in particle size of GG-BA. Contact angle measurements and the
increase in solubility of GG-BA in DMSO indicate a decrease in hydro-
philicity of GG-BA comparing to that of GG. TGA-DSC in N3 atmosphere
shows a lower thermal decomposition temperature and a smaller weight
loss of GG-BA comparing to those of GG. Computational study on GG-BA
shows good agreements with experimental data and gives a better un-
derstanding on the electronic properties of GG-BA. As GG-BA has shown
good biocompatibility to living cells together with its rich coordination
chemistry of benzoic acid moieties, GG-BA, therefore, is an excellent
starting material for the development of new biomaterials such as
hydrogels and coacervates for wound dressing, drug delivery, as well as
bioadhesives.
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