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ABSTRACT: A microwave-assisted esterification reaction to
prepare hyaluronan−curcumin derivatives by employing a solvent-
free process was developed. In particular, a solid-state strategy to
react two molecules characterized by totally different solubility
profiles was developed. Hyaluronic acid, a highly hydrosoluble
polysaccharide, was reacted with hydrophobic and even water-
unstable curcumin. Microwave (MW) irradiation was employed to
activate the reaction between the two solid compounds through the
direct interaction with them and to preserve the integrity of the
sensitive curcumin species. This new protocol can be considered
efficient, fast, and also eco-friendly, avoiding the employment of toxic
organic bases and solvents. A cytotoxicity test suggested that the
developed hyaluronan−curcumin conjugate (HA-CUR) could be considered a candidate for its implementation as a new material. In
addition, preliminary studies revealed promising anti-inflammatory activity and open future perspectives of further investigation.
KEYWORDS: hyaluronan−curcumin conjugate, solvent-free protocol, solid-state reaction, MW irradiation, anti-inflammatory activity

■ INTRODUCTION
The success of organic reactions under the conventional
solution strategy generally relies on the use of the appropriate
solvent to dissolve all reactants. Indeed, it ensures the highest
probability of reactant collisions with the correct orientation so
that a complete and desired chemical transformation is
addressed. On the other hand, following green guide lines to
evaluate the environmental impact of chemical processes, it
was found that solvents are the major contributors to the
production of massive and undesirable waste.1−4

In previous studies, we performed the reaction between
hydrophilic natural polymers, such as polysaccharides, and
hydrophobic molecules, such as natural fatty acids.5 In other
words, we faced the problem of reacting two compounds
characterized by quite different solubilities. In consequence of
this, the synthetic strategy seemed very challenging and, finally,
not accessible in common organic solvents (DMF, N,N-
dimethylformamide; THF, tetrahydrofuran; etc.). The only
solvent that could solubilize both the polysaccharide and the
fatty acids was pyridine, a polar, basic, low-reactive, excellent
solvent system able to solubilize a huge range of compounds.
Unfortunately, pyridine is far from being a benign solvent due
to its high degree of toxicity. In the end, the ideal approach
turned out to be performing the conjugation reaction in the
absence of any solvent, which means in the solid state, since all

the employed reactants were solid and a solvent-independent
strategy was developed.6,7

Curcumin (CUR), the yellowish polyphenolic main
component of turmeric rhizomes, offers outstanding medicinal
properties including anticancer, antioxidant, antimicrobial,
antiamyloid, and anti-inflammatory activities, among
others.8−13 Indeed, it has drawn massive interest in research
devoted to investigating its biological and pharmacological
activities. The main hurdle of using CUR for treatment of
diseases is its poor solubility and lack of stability in aqueous
medium, in particular in basic−neutral conditions,14−16 so that
several attempts have been made to enhance its bioavailability
in the bloodstream. For instance, CUR has been encapsulated
in the inner core of carriers, such as chitosan, hyaluronan,
poly(lactic-co-glycol acid), and so on,17−22 and chemically
conjugated to natural polysaccharides in order to develop
amphiphilic nanocarriers of CUR.23−29 Hyaluronic acid (HA),
as a hydrosoluble polysaccharide, increases the solubility and
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bioavailability of CUR, while providing its own additional
biological benefits (antimicrobial, anti-inflammatory, antiox-
idant, wound-repairing effects).30−34

The present paper focuses on the hypothesis that an
innovative synthetic strategy could be developed for the
preparation of hyaluronic acid−curcumin conjugates (HA-
CUR) following a totally solvent-free protocol. The
amphiphilic conjugates were prepared by performing a solid-
state mechanically assisted synthesis and using microwaves for
the activation. All reaction steps were performed in the absence
of any solvent; in particular, the activation of the carboxylic
groups present on the biomacromolecule is successfully
performed either in the presence or absence of an organic or
inorganic base. Consequently, the whole synthetic process
becomes more valuable from an environmental, health, and
safety perspective. The structural features of the obtained
amphiphilic conjugates were evaluated by using UV−vis
(ultraviolet−visible), fluorescence, FT-IR (Fourier transform
infrared), and NMR (nuclear magnetic resonance) spectros-
copy. In addition, they were finally studied for their
biocompatibility with an in vitro test on cultured human
normal fibroblasts HFF-1 (human foreskin fibroblasts).
Preliminary studies to evaluate the effect on the expression
of factors regulating the inflammation process were also
performed on the same cell line.

■ MATERIALS AND METHODS

Materials
HA sodium salt from Streptococcus equi (15−30 kDa molecular
weight), CUR, all reagents and solvents for the synthesis, and
dimethyl sulfoxide (DMSO) 3-(4,5-dimethylthiazol-2yl)-2,5-diphe-
nyltetrazolium bromide (MTT) for biological assays were purchased
from Sigma−Aldrich.

Synthetic Procedures and Characterization of HA-CUR
Conjugates
Synthesis of HA-CUR Conjugates. By using an agate mortar, 10

mg of HA and 10 μL of N,N′-diisopropylcarbodiimide (DIC) were
manually milled in the presence (<1 mg-ND) of 4-(dimethylamino)-
pyridine (DMAP) (Route 1) or potassium carbonate (K2CO3) (∼3
mg) (Route 2) or in the absence of any base (Route 3) under a fume
cupboard. The mixtures, placed in a 0.5−2 mL microwave vial, were
irradiated for 2 min at 80 °C in a microwave oven (Biotage Initiator+,
Sweden AB, Uppsala, Sweden). In a subsequent step, by using an
agate mortar, the resulting activated HA samples and 5.0 mg of CUR
were manually milled in the presence of ∼3 mg of K2CO3 to obtain
HA-CUR conjugates. The samples, placed in a 0.5−2.2 mL
microwave vial, were irradiated for 2 min at 80 °C in a microwave
oven. After cooling at room temperature, the obtained solid was
dissolved in aqueous 0.1 M HCl (∼20 mL) in order to keep the pH at
a value of 1−2 and in the absence of light. Then, it was placed in a
250 mL separatory funnel and was extracted with ethyl acetate in
order to remove the unreacted CUR. During the extraction step, we
monitored the pH of the aqueous solution and corrected it, if
necessary, at a value of 1−2. Subsequently, the aqueous layer was
dialyzed (Spectra/Por membrane cutoff of 6000−8000) in an acid
aqueous solution (pH = 1−2) for 6 h, and the pH was constantly
monitored. The final product was collected after the lyophilization
process. Mass yield: around 40%.
Nuclear Magnetic Resonance (1H NMR) Characterization.

1H NMR and 1D-DOSY liquid-state NMR spectra were recorded in
D2O, DMSO-d6, or 3:2 v/v DMSO-d6−D2O at 298 K on a Bruker
Avance III HD 600 MHz spectrometer (Billerica, MA) equipped with
a cryo-probe (1H: 600 MHz, acetone as an internal standard at 2.22
ppm for spectra in D2O, CHD2SO2CD3 as an internal standard at 2.49
ppm for spectra in DMSO-d6 and in 3:2 v/v DMSO-d6−D2O), using

Bruker TopSpin 4.0.5 software. In particular, 1D-DOSY experiments
were performed using a stimulated echo sequence with bipolar
gradient pulses and one spoil gradient (stebpgp1s1d) with a diffusion
time Δ of 300 ms and a gradient duration of 1.25 ms.
FT-IR Characterization. The derivatized HA samples were

analyzed with FT-IR spectroscopy using the ATR accessory of the
JASCO FT/IR-4100 Fourier transform infrared spectrometer instru-
ment. IR transmission spectra were recorded with a number of scans
of 16 at a resolution of 4 cm−1 over a wavenumber region of 400−
4000 cm−1. The relevant bands of the HA-CUR conjugates are 3428
cm−1 (O−H), 1732 cm−1 (C�O CUR ester), 1636 cm−1 (COO−),
1413 cm−1 (COO−), and 1078 and 1040 cm−1 (COC glycosidic bond
ring and curcumin aromatic C−H vibrations).
UV−vis Characterization. CUR and HA-CUR conjugates were

characterized with UV−vis spectroscopy using a JASCO V-730
spectrophotometer_ETCS-761 instrument. The absorbance of CUR
and HA-CUR conjugates was measured in a 3:2 v/v EtOH−H2O
mixture (CHA‑CUR = 1 mg/10 mL); spectra were recorded in the range
of 250−600 nm at room temperature using 500 μL quartz cells and
were corrected for blank. Other experimental settings were fixed as
follows: scan speed, 200 nm/min; data interval, 0.2 nm; response,
0.24 s; data interval, 0.2 nm; scan mode, continuous; and bandwidth,
1.0 nm. The extinction coefficient of CUR in EtOH (ethanol) is
51,818 M−1 cm−1 at its absorbance maximum (λmax = 432 nm).35

Fluorescence Spectroscopy Characterization. Fluorescence
spectra were recorded at room temperature using a JASCO FP-8350
ETC-115 instrument equipped with a 1.0 cm quartz cell, with an
excitation wavelength of 430 nm and an emission range of 440−650
nm. In a typical experiment, small aliquots of HA-CUR conjugates
were dissolved in a 3:2 v/v EtOH−H2O mixture (CHA‑CUR = 1 mg/10
mL). Final spectra were obtained after a blank correction. Other
experimental settings were fixed as follows: scan speed of 200 nm/
min; data interval of 0.5 nm; and sensitivity: medium.
Viability Assay. Three samples of HA-CUR conjugates (A−C),

prepared via route 2 (see Scheme 1), were tested for their
biocompatibility. CUR and HA were also employed to evaluate the
effect of the individual components of the conjugate. CUR was
dissolved in dimethyl sulfoxide (highest DMSO final concentration of
0.55%). This stock solution was used to evaluate the effect of CUR at
the concentration of 2 μg/mL (corresponding to the concentration
found for the CUR in the HA-CUR conjugate) in 96-well plates. Cells
were also exposed to 0.55% DMSO alone. HA and HA-CUR samples
were dissolved in the culture medium to prepare 0.2 mg/mL stock
solutions (sterilized for 1 h under UV in a sterile vertical laminar air
flow cabinet). From these, several diluted solutions were prepared to
treat cells at the concentrations of 5, 25, 50, and 100 μg/mL.

A test of direct cytotoxicity following the ISO 10993-5:2018
protocol was carried out using the human fibroblast cell line HFF-1
(ATCC, Rockville, MD, USA). Cells were routinely cultured in high-
glucose DMEM (Dulbecco’s modified Eagle medium) supplemented
with 2 mM glutamine, 1% antibiotic/antimycotic solution, 1%
nonessential amino acids, and 10% fetal bovine serum (FBS, v/v)
and maintained in an atmosphere of 5% CO2 and 95% air at 37 °C.

For viability analysis, cells were seeded (13,550/cm2) in 96-well
plates in 100 μL of culture medium. 24 h after seeding, DMSO, CUR,
HA, and HA-CUR conjugates at different concentrations were added
in order to reach the concentrations reported in Figure 5 in a final
volume of 200 μL. Each sample was tested in quadruplicate.
Untreated cells were used as a control.

At the different experimental times (24, 48, and 96 h), cell viability
was determined by MTT assay directly on attached cells. Briefly, 20
μL of MTT (10 mg/mL) in PBS solution was added to each well and
incubated for 3 h at 37 °C in a humidified atmosphere of 5% CO2 in
air. Then, the culture medium was removed and 100 μL of DMSO
was added to each well to dissolve formazan precipitates that form in
living cells via the activity of dehydrogenases in the mitochondria.

After 30 min of incubation at room temperature, the absorbance
was measured at 595 nm by using a microplate reader (Bio-Rad
Laboratories, Segrate, Italy). The absorbance of each sample was
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expressed as a percentage of the absorbance of the control cells at the
corresponding experimental time.
Gene Expression. The human fibroblasts HFF-1 were used for

IL-10 gene expression evaluation by real-time RT-PCR. The cells
were exposed to HA or to the HA-CUR conjugate at the
concentration of 100 μg/mL for 96 h. Then, they were collected by
centrifugation at 600g for 10 min and stored at −80 °C until use.

Total RNA was extracted using TRIReagent (Merck Life Science,
Milan, Italy). For each sample, 2.5 μg of total RNA was reverse-
transcribed to cDNA using the FIREScript RT cDNA synthesis kit
(Solis Biodyne, Tartu, Estonia).

Real-time PCR was performed on a volume of cDNA
corresponding to 50 ng of starting RNA using 5 x HOT FIREPol
Evagreen qPCR Supermix (Solis Biodyne, Tartu, Estonia). The
forward (F) and reverse (R) primers were either downloaded from
the Primer Bank (https://pga.mgh.harvard.edu/primerbank/index.
html) or designed with the Primer3 tool (https://bioinfo.ut.ee/
primer3).36 GAPDH was used as the housekeeping gene. The
sequences and IDs of the primers used are listed in Table 1.
Statistical Analysis. Data related to the viability assay are the

mean ± SD of three separate experiments. For each experimental
time, results are expressed as the percentage of the values obtained in
the corresponding control cells set equal to 100%. Differences
between group means were assessed by analysis of variance followed

by the post hoc Newman−Keuls test. Data related to the gene
expression are the mean of two separate experiments.

■ RESULTS AND DISCUSSION

Synthesis
In the recent past, a procedure to prepare conjugates of
hyaluronan with natural fatty acids was performed via
mechanical milling of the polysaccharide with the anhydrides
of oleic, linoleic, and palmitic acids, in the presence of
K2CO3.

5,20 The MW irradiation was employed to activate the
esterification process, since the radiation was very efficiently
and directly adsorbed by polar/ionic compounds, thus
generating a molecule-focused heating. Starting from these
experimental conditions, a MW-assisted protocol to conjugate
CUR to HA was developed.

As shown in Scheme 1, the synthesis of our conjugates was
carried out by esterification of the hyaluronan carboxylic
functions with the CUR hydroxyl groups. This strategy
required that first, the hyaluronan carboxylic functions were
activated, and this was obtained via the N,N′-diisopropylcar-
bodiimide (DIC) coupling protocol.

The reaction was performed in the absence of any solvent
and in the presence of an organic base such as 4-
dimethylaminopyridine (DMAP) (Steglich conditions)37 or
an inorganic base (K2CO3). In addition, the activation was also
performed in the absence of any base (Scheme 1). All reactants
were finely milled by an agate mortar, and then, the mixture
was placed into a specific MW reaction vessel. The solid-state
reaction was activated by microwave radiation while the
temperature was left at the fixed value of 80 °C. Then, different
reaction times were explored until we come up to a reliable and
reproducible protocol. In particular, conditions of entry B (80
°C and 2 min for both activation and esterification steps) were
selected as conditions of entry A were characterized by a low
degree of functionalization, while it is likely that conditions of
entry C triggered some degradations of both molecules (Table
2).

It is worth remembering that the activation−esterification
protocol employing DMAP is reported as very effective, even
in the absence of any solvent.38,39 In major detail, DMAP

Scheme 1. Synthetic Strategy to HA-CUR Conjugates. Panel
A: Activation Step with DMAP (Route 1), K2CO3 (Route
2), or Without Any Base (Route 3). Panel B: Esterification
Reaction

Table 1. Sequences and IDs of the Primers Used for the
Experimentsa,b

gene primer ID sequence

IL-10 24430216c1 F 5′-GAC TTT AAG GGT TAC CTG GGT
TG-3′

R 5′-TCA CAT GCG CCT TGA TGT CTG-3′
GAPDH F 5′-CGG GAA ACT GTG GCG TGA TG-3′

R 5′-ATG CCA GTG AGC TTC CCG TT-3′
aEach Sample Was Tested in Duplicate with the Quantitation Cycle
(Cq) Values Averaged. bEach sample was tested in duplicate with the
quantitation cycle (Cq) values averaged. The relative mRNA amount
was calculated with the 2−ΔΔCq method, where ΔCq = Cqsample −
CqGAPDH and ΔΔCq = ΔCqtreatment − ΔCqcontrol.

Table 2. Microwave Reaction Times for the Synthetic Steps
to Prepare HA-CUR Conjugates

entry temperature (°C) activation (min) esterification (min)

A 80 1 2
B 80 2 2
C 80 3 2
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activates the carboxylic function, thanks to its great
nucleophilicity, by reacting with the O-acylisourea intermediate
to form the acylated pyridinium ion (Route 1), as electrophilic
species are very sensitive to promptly react with the alcoholic
function of CUR. On the other hand, the activation of the
hyaluronan carboxylic functions as O-acylisourea species was
obtained in the presence of K2CO3 (Route 2) or in the absence
of base (Route 3). Concerning these derivatives, they are quite
unstable and can easily decompose or rearrange to stable N-
acylisourea when dissolved in a liquid solvent. In our case, a
solvent-free reaction is performed, and due to their lower
polarity, these activated intermediates are less sensitive to the
“heating” produced by MW radiation. These conditions are a
key factor for the success of our protocol.

The validation of the activation step could only be provided
by the subsequent esterification, which was performed by CUR
hydroxyl groups. The same MW instrumental conditions
employed to conjugate fatty acids to HA were set up. The solid
reactants were mechanically milled and transferred into the
MW reactor to be irradiated at T = 80 °C for 2 min (step B of
Scheme 1).
Structural Characterization

The FT-IR spectra of HA−CUR conjugates are shown in
Figure 1, and for comparison purposes, a spectrum of native
HA is also included. The chemical modification of the HA
produced a main change of the spectrum, i.e., a new band in
the C�O ester stretching region (1730 cm−1) appeared. It
accounted for the esterification of the hyaluronan carboxylic
functions with the hydroxyl groups of CUR. Concerning the
band at 1639 cm−1, it featured stretching of the HA carboxylic

function. The reduction of its intensity in the HA-CUR spectra
could be ascribed to the esterification process (Figure 1, Panel
B). Finally, the characteristic bands around 1000 cm−1 were
typical of skeletal HA stretching and also of the aromatic
structure of CUR. FT-IR spectra allowed us to conclude that
the esterification was efficiently performed by following all
activation protocols.

HA-CUR conjugates were investigated also by 1H NMR
analysis in D2O and in 3:2 v/v DMSO-d6−D2O. The spectra
measured in D2O showed only the typical signals associated
with the HA backbone (at 4.6−3.3 ppm) and the acetamido
functionality (at 2.0 ppm) decorating the aminosugar residues,
while no significant signals could be detected in the aromatic
region (7.7−6.7 ppm) typical for the curcumin moiety
(Figures S1 and S2, Supporting Information). Conversely,
the 1H NMR spectrum measured in 3:2 v/v DMSO-d6−D2O
showed the presence of both HA polysaccharide (at 4.6−3.0
and 1.8 ppm) and curcumin signals (at 7.5−6.5 ppm).
Noteworthily, the latter was clearly detectable also in a
diffusion-ordered (1D-DOSY) spectrum (Figure 2), which is
usually employed to distinguish between signals associated
with low-molecular weight contaminants, typically faster self-
diffusing in solution, and the cut off in the 1D-DOSY
spectrum, and peaks related to slowly diffusing macro-
molecules.40 Therefore, the presence of curcumin signals in
the 1D-DOSY spectrum demonstrated the covalent con-
jugation of curcumin moieties to the HA backbone.
Furthermore, the low intensity characterizing the curcumin
signals could be due to the amphiphilic nature of HA-CUR,
exposing the polysaccharide backbone toward the solvent
(D2O or 3:2 v/v DMSO-d6−D2O), while the apolar moieties
of the curcumin are likely embedded in the inner core of a
macromolecular aggregate structure and therefore not present
at all or not highly intense in D2O or 3:2 v/v DMSO-d6−D2O
NMR spectra, respectively.

Therefore, for a more accurate evaluation of the curcumin
content in HA-CUR conjugates, UV−vis absorption spectros-
copy was employed to estimate the curcumin concentration in
each conjugate obtained using the different synthetic
conditions (routes 1, 2, and 3 in Scheme 1). This
determination was mandatory for the subsequent biological
tests. UV−visible and fluorescence spectroscopies have been
mostly used to characterize the integrity of CUR in the water/
ethanol (EtOH) solvent system.41−43 It was reported that a
prominent band at 429 nm, related to the tautomeric keto−
enol form, together with a weaker band at 350 nm, related to
the diketo tautomer, is observed upon registration of UV−vis
spectra of CUR dissolved in water containing a certain
percentage of EtOH. An increase of the peak intensity at 429
nm and a gradually concomitant reduction of that at 350 nm
are observed in the presence of a high percentage of EtOH.41

As shown in Figure 3, UV−vis of our HA-CUR conjugates
resulted very similar to that of pristine CUR, having acquired
both in the same solvent system (3:2 v/v EtOH−H2O).

By using the equation of Lambert−Beer (eq 1), the
concentration of CUR (C) in the HA-CUR conjugates was
determined (Table 3). In particular, an amount of HA-CUR
(m) lower than 1.0 mg was dissolved in 10 mL of the solvent
system, and the absorption intensity (Abs) at λmax = 432 nm (ε
= 51,818 M−1 cm−1) was measured. In addition, we could also
estimate through eq 2 the degree of substitution (DS), i.e., the
average amount of carboxylic acid effectively functionalized as
CUR ester conjugates per HA repeating unit.

Figure 1. FT-IR spectra of HA (blue) and HA-CUR conjugates
obtained by activation with DMAP (dark green) and K2CO3 (orange)
or in absence of any base (light green) (A) and expansion of HA-
CUR FT-IR spectra (B).
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C Abs
1000= ×

(1)

C
DS

m( / MW) 1000
10

= ×
(2)

To further gain insights into the chemical structure of the
CUR covalently bound to hyaluronan, we registered
fluorescence spectra of HA-CUR and pristine CUR in the
same solvent system (3:2 v/v EtOH−H2O). The obtained
results revealed that the behavior of both compounds totally
matches the same characteristic emission spectrum upon
excitation at the same wavelength (430 nm) (Figure 4).

These results assessed that the hotspot solid-state ester-
ification process is fully successful by using all the exploited
activation procedures (1, 2, and 3), which means that the

employment of a hazardous substance, such as DMAP, to
accelerate the reaction can be avoided.
Biological Evaluation
The biocompatibility of a HA-CUR conjugate was investigated
using an MTT assay that evaluates the mitochondrial
metabolic activity and therefore is considered a good indicator
of cell viability. We selected route 2 (see Scheme 1) to prepare

Figure 2. 1H NMR spectra (600 MHz, 298 K, 3:2 v/v DMSO-d6−D2O) of HA (black) and HA-CUR (blue) and 1D-DOSY NMR spectrum (red)
of the latter.

Figure 3. UV−vis normalized spectra in 3:2 v/v EtOH−H2O of HA (blue), CUR (red), and HA-CUR conjugates (light green) obtained with three
synthetic strategies (see Scheme 1).

Table 3. DS of HA-CUR Conjugates Obtained with Three
Different Synthetic Strategies (see Scheme 1)

entry (route) Abs432 m [mg] C [mM] DSa

route 1-DMAP 0.09259 0.50 0.00178 0.026
route 2-K2CO3 0.08890 0.30 0.00171 0.042
route 3-no base 0.19331 0.70 0.00373 0.0096

aCalculated by applying eq 2 with MW = HA-CUR repeating unit
molecular weight = 729.67 g mol−1

Figure 4. Absorption and fluorescence emission spectra (λexc = 430
nm) of CUR (A) and HA-CUR (B) in 3:2 v/v EtOH−H2O.
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three independent samples (named A, B, and C), since this
route ensured the highest content of CUR conjugation to HA.

The results reported in Figure 5 evidenced no significant
reduction of viability of HFF-1 fibroblasts at various
concentrations of HA-CUR as a function of the experimental
time.

Moreover, the morphological analysis of treated cells
evidenced no changes in comparison with untreated ones
(Figure S4, Supporting Information). In addition, no detached
cells (corresponding to dead cells) were present in the culture
medium (data not shown), which confirmed the high
biocompatibility of the developed HA-CUR conjugate. Besides
the in vitro cytotoxicity test, preliminary experiments were
performed to evaluate the bioactivity of the HA-CUR
conjugate as an anti-inflammatory agent. It is reported that
HA, as a signaling molecule, can exert opposing actions, such
as pro- or anti-inflammatory effects, depending above all on its
molecular weight.44 On the other side, CUR binds several
receptors, interfering with the expression of several factors;
among them, CUR is able to upregulate interleukin-10 (IL-10),
a well-known anti-inflammatory molecule.32 Therefore, we
investigated the expression of IL-10 in human cultured
fibroblasts HFF-1, upon treatment with the HA-CUR
conjugate. For this purpose, the real-time PCR technique
was employed. The results (Figure 6) confirmed that HA-CUR
is able to increase (2.5- or 1.6-fold, respectively) the IL-10
mRNA content when compared with that of cells untreated or
treated with the native HA polysaccharide alone. These

preliminary results are a good indicator for designing further
anti-inflammatory studies of the HA-CUR conjugate.

■ CONCLUSIONS
A new synthetic strategy to conjugate CUR to HA using a
solvent-free protocol was developed. It consists of an effective
microwave-promoted, solid-state acylation of the hydroxyl
function of CUR with the carboxylic groups of hyaluronic acid,
which were previously activated by carbodiimide chemistry.
The novelty of the protocol consists of performing each step of
the reaction in the absence of any solvent. Even the activation
of the hyaluronan carboxylic groups was a MW-promoted,
solid-state synthetic step performed on the same molecule and
in the absence of DMAP, which, to the best of our knowledge,
is an unexplored chemical process until now for HA.45 The
great advantage of totally eliminating the use of organic
solvents and a toxic reagent, such as DMAP, along with a very
short activation time performed by MW radiation, makes the
conjugation strategy even more ecocompatible in terms of
chemical and energy consumption. In addition, the reaction
conditions allowed us to preserve the integrity of a sensitive
molecule, such as CUR, as proven by the spectroscopic
characterization performed on the obtained HA-CUR
conjugate. The biocompatibility studies evidenced that the
HA-CUR conjugate does not induce any significant decrease of
the human fibroblast viability, which is a fundamental
requirement for the implementation of the newly developed
material for healthcare applications. In addition, the higher
expression of the anti-inflammatory molecule IL-10 found for
HA-CUR-treated human fibroblasts suggests that the con-
jugate is endowed with a good bioactivity that deserves further
investigation.
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