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ABSTRACT: Hyaluronic acid (HA) is a naturally occurring

biopolymer that has been employed for a plethora of medicinal Functionalizaton thya“ir,oﬂgfqd!{iftg;ﬁ{nzo’ %00 respect i e thymol
applications. Nevertheless, as HA is a natural polysaccharide, it can iér\& "'”/ﬁol)é&i%ﬂf)) f ;2 ATy

be a substrate able to promote microbial growth and proliferation. e ‘ ;;Ium?: s “ 8 25{ mHAThy-25
Biopolymer—drug conjugates have gained attention over the years (Thy) A o —8—=o—o

to overcome drawbacks of each single component. Within this e o T Free or inked thymol (mh)
context, thymol (Thy) , a phenolic compound occurring in essential & [ OD/Me ) , 00 biofilm formation

oils (EOs) extracted from Thymus and Origanum, has been largely o ":OHZC §§ 751

studied for its antimycotic applications. However, it is charac- ”{oé%\;%%m}n@ EE 501

terized by a low water solubility and moderate cytotoxicity. Herein, AThy 95 2°1

we report an innovative HA—thymol conjugate (HA-Thy) ' 0

125 250 500
Free or linked thymol (ug/mL)

biomaterial to circumvent the drawbacks of free thymol use by
providing the polymer conjugate with the beneficial properties of
both components. Preliminary biological tests evidenced the decrease of thymol cytotoxicity for the HA-Thy conjugate, paired with a
promising antibiofilm formation activity against Candida albicans, similar to pure thymol, highlighting its potential application as a
preservative biomaterial in formulations.
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I I yaluronic acid (HA) is a multipurpose biomaterial with a water'® and cytotoxic effects toward both healthy and

wide variety of biological activities, widely used in both pathological cells."®'” For these reasons, the scientific
cosmetic and medicinal formulations." ™ From a structural community has focused its efforts over the selection of suitable
point of view, it is a negatively charged linear polysaccharide conjugation methodology of the EOs, or of pure components,
composed of a disaccharide unit of p-glucuronic acid and N- to low molecular weight molecules'® or to their encapsulation
acetyl-n-glucosamine linked by p-(1,4) and p-(1,3) glycosidic into 2D and 3D polymeric matrices.'” The physical loading of
bonds. Interestingly, its physicochemical as well as biological Thy into chitosan-based nanoge1520 or liposome521 and
properties can be easily tuned by chemical modifications and cellulose nanoparticle522 ensures the persistency of its
conjugation to other molecules. Indeed, due to its features and antibacterial and antimycotic properties against Staphylococcus
biocompatibility, HA has been employed as a polymeric aureus, Acinetobacter baumanii, and Pseudomonas aeruginosa or

support for drug conjugates made to deliver active principles Candida species, providing, at the same time, low cytotoxic
and for bioactive polymeric materials.”~° effects of the drug carriers on human cells. Also, HA, in the

Essential oils (EOs) are a wide class of naturally occurring form of 11posome§, gels, or elect1jospun ﬁbers, has been
molecular structures that have attracted the attention of the empl(yed as matrices for. conventional antx@ycotlc drugs,
scientific community over the years due to their extensive and al'lown.lg .t'he hydrophob{c mo lecules to improve th_elr
various biological activities. Among the vast realm of EOs, bioavailability by encapsulation.”™ Due to healthcare attention

thymol (2-isopropyl-5-methyl phenol, Thy) is a natural an.d improv'ement and massive or wrong mec'licinal usage, many
hydrophobic phenol monoterpene found in essential oils microorganisms have developed drug resistance, increasing
derived from Thymus, Origanum, and Coridothymus that shows
antibacterial,'' anti-inflamatory,'” antifungal,’”” and antitu- Received: April 6, 2023
mor'* activities, among others. When dealing with such a Accepted: July S, 2023
large variety of biological activities, the selective targeting of
active principles remains a key challenge for medicinal
applications. Moreover, the use of thymol and EOs, in general,
for biological applications is hindered by its low solubility in
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their lower limit of susceptibility to common drugs. This
phenomenon is known worldwide as drug resistance. Among
the species belonging to the genus Candida, Candida albicans is
the species that most frequently causes disease and that
constitutes one of the principal causes of nosocomial
infections.”* C. albicans expresses strong resistivity to conven-
tional antifungal drugs, such as fluconazole and amphotericin
B, and, unfortunately, the formation of resistant biofilms
exacerbates its acuteness compared to planktonic cells.”” Since
the Candida biofilm are usually found in prosthetic devices,
catheters, and cardiac devices, the treatment of biofilm
infections is still challenging.”® Thereby, the urgency for the
development of a system able to eradicate eukaryotic or
prokaryotic microorganism biofilms represents one of the main
challenges of this century of biomedicine.

Within this context and taking advantage of our group
expertise in the synthesis of bioactive organic compounds,
biomaterials, molecular carriers for active principles delivery
and polymer chemistry,””—** we envisioned the possibility of
developing a facile strategy for the grafting of thymol onto HA
(Figure 1). In this way, by merging the key polymeric features

OH OH OH
iPr o
H 0 HO&&
\©\ (‘oé&o O}n
Me HO OH /NH

Ac

1 2

Thymol (Thy) Hyaluronic Acid (HA)

- naturally derived

- antimycotic properties

- low solubility in water

- cytotoxic at high dosage

- natural biopolymer

- high biocompatibility

- high solubility in water

- easy chemical modification

This work
1
Thymol (Thy)

- antibiofilm formation activity
- reduced citotoxicity
3 - high solubility in water

Br o
O,
J@rm
[eXNe] HA-TBA
A AN

Me

HA-Thy

Figure 1. Structures of the natural essential oil thymol (Thy, 1),
hyaluronic acid (HA, 2), 4-bromobutyryl chloride (linker, 3), thymol
ester (4), and the biomaterial HA-Thy (5) synthesized in this work.

of HA with the biological activity of Thy, it is possible to
simultaneously tackle the main issues of solubility and toxicity
of the phenol monoterpene. Moreover, if the peculiar
physicochemical and biological properties of both ingredients
are maintained, the HA—thymol conjugates could represent an
innovative and unprecedented ingredient for biomedical
formulations with, for instance, preservative alctivi’fy.34 Herein,
our results on the synthesis and physicochemical properties of
an innovative thymol-functionalized HA biomaterial are
presented, highlighting how the functionalization not only
drastically reduces the cytotoxicity of thymol, but also
furnishes potential antifungal activity to HA.

1080

Our investigation started with the identification of a suitable
linker for the con}ugatlon of thymol (1) and HA (2). Based on
our previous works,” we envisioned the possibility of
esterifying the thymol-OH group with 4-bromobutanoyl
chloride (3). In fact, the so-obtained thymol ester with the
terminal Br substitution (4) could react with a tetrabutylam-
monium hyaluronate (HA-TBA) salt, simply prepared from
commercially available HA, in a nucleophilic substitution,
yielding the diester HA-Thy (5). The advantage of using such
a linker resides in the presence of labile ester functionalities
that are practical, easy to insert, and also susceptible to
hydrolysis in biological media, allowing for a possible release of
the unmodified components of the bioconjugate over time.

Thus, compound 4 was efficiently prepared by simple
esterification between 1 and 3, yielding 94% of compound 4
('H and *C NMR and ATR-FTIR spectra in Figures S1, S2,
and S3, resgectively). HA-TBA, prepared following a reported
procedure®™ from commercially available HA (1000—1500
kDa), was reacted in DMSO at room temperature with
compound 4 for § days, using two different 4/HA-TBA ratios,
0.25:1 and 0.50:1. The chosen ratios of reactants were carefully
selected to ensure a partial functionalization of HA-COOH
moieties, hence obtaining water-soluble HA derivatives
(concentration between 2% and 0.5 wt %/v for homogeneous
polymeric solutions). Crude § samples, isolated by precip-
itation in brine/EtOH directly from the reaction mixture,
followed by centrifugation, were subsequently purified via
extensive dialysis (14 kDa MWCO) for S days. The two HA-
Thy derivatives, obtained with the two different reagent ratios,
gave cotton-like material after freeze-drying, and they were
completely characterized by FTIR, UV, and "H NMR analyses.
Compared to pristine HA, the FTIR spectra of the obtained
samples highlighted the presence of a new distinctive broad
band of ester functionalities at ca. 1740 cm™, proving the
formation of new ester moieties in the HA-Thy derivatives
(Figure S4). A qualitative analysis of the incorporation of
thymol on HA was performed by UV—vis spectroscopy, which
evidenced the presence of a distinctive band at 264 nm,
ascribable to the thymol aromatic ring, blue-shifted and
broadened with respect to that of pure thymol (276 nm)
due to the esterification of the phenolic OH group and to the
conjugation to the polymeric backbone (Figure S5). This
result was further confirmed by '"H NMR analysis, which
allowed the quantification of the degree of substitution via
integration of the characteristic peaks at 2.00 ppm, related to
the acetylic group in HA and between 6.90 and 7.40 ppm of
thymol phenyl groups. These studies highlighted that by using
reagent ratios of 0.25:1 and 0.50:1, the obtained degrees of
substitution of HA-Thy were ca. 25% (HA-Thy-25, Sa) and
50% (HA-Thy-50, Sb), respectively (Figures S6, S7, and S8).
Preliminary semiquantitative tests showed that the presence of
a higher concentration of lipophilic thymol moieties bonded to
HA reduces the water solubility of Sb (less than 0.5 wt %/v;
[HA-Thy-50] = 10 mM, containing S mM of bonded thymol
at 25 °C; free thymol solubilizes in water at 5.7 mM at the
same temperature),’® dramatically hindering the bioapplica-
tions of the conjugate. Due to these findings, we decided to
proceed with the bioactivity studies only on HA-Thy-25
(solubility up to 1.5 wt %/v; [HA-Thy-25] = 33 mM
containing 8.3 mM bonded thymol at 25 °C).

As mentioned previously, the nonselective cytotoxic effect of
thymol poses a significant challenge to its use as an antimycotic
agent.'”'” To explore the potential application of the newly
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prepared HA-Thy-25 bioconjugate as an antimicrobial materi-
al, we conducted a cytotoxicity test on COS-7 cells, a
fibroblast-like cell line derived from monkey kidney tissue,
using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay to assess cell viability (cells density:
100000 per well). In this assay, the MTT salt is reduced to
purple formazan crystals by mitochondrial dehydrogenase,
which is active in healthy cells. The amount of formazan
produced is proportional to the number of cells in the culture
and could be measured spectrophotometrically. The COS-7
cells were treated with varying concentrations of Sa, ranging
from 0.4 to 12.8 mM, for 48 h. Free thymol and pristine HA
were used as comparisons at concentrations adjusted to the
amount of each moiety in Sa. For instance, 1 mL of a 12.8 mM
solution of HA-Thy-25 (500 pg/mL) contained 3.2 ymol of
thymol. Thus, a parallel experiment was conducted starting
from a 32 mM solution of pure thymol. The 1:2 serial
dilutions of the Thy solution were made for all the following
experimental points. Additionally, another control sample was
carried out with 1:2 dilutions from a 12.8 mM solution of
pristine HA, since the molecular weights of HA and HA-Thy
are essentially similar (Table S2). The concentrations of Sa
selected for the treatment were chosen to test the active
concentration of free thymol against C. albicans (vide infra).””
As indicated in the Methods section (Supporting Information),
the compounds were dissolved at room temperature and in the
dark for 24 h before the experiment. To determine whether the
incubation of the medium at r.t. could result in the
deterjoration of the medium components, the result of a
MTT experiment conducted using the medium left at r.t. for
24 h was compared to that obtained with a medium kept at 4
°C. The findings demonstrated that this incubation did not
affect the viability of the COS-7 cells (data not shown).

The graph in Figure 2 shows the result of the MTT viability
test in COS-7 cells treated with free thymol, HA-Thy-25, and
HA alone. Values are normalized to the viability of untreated
control COS-7 cells. As expected, free thymol caused a striking
toxicity at the highest concentrations (0.8, 1.6, and 3.2 mM),
which diminished with decreasing concentration, as assessed
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Figure 2. Cell viability MTT assay of cultured cells treated with free
thymol (green), HA-Thy-25 (orange), and HA (blue) for 48 h. The
concentrations of free thymol, HA-Thy-25, and HA are reported on
the x-axis and are explained in the main text. All experiments were
performed at least 3 times. Statistical test used: Students’ ¢ test; p
value: *p < 0.01; **p < 0.002; ***p < 0.0009.
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also by Garcia-Salinas at al.*® Instead, the cell viability in the
presence of HA-Thy-25 was comparable to that of cells treated
with HA at all tested concentrations. The high variability of the
results obtained from the HA sample was likely due to its high
viscosity, resulting in the variable recovery of dissolved
formazan crystals for that group of samples.

Prompted by these excellent results and considering that
thymol could interfere with C. albicans biofilm formation, as
well as acting on mature biofilms,”” we tested the plausible
antifungal properties and biofilm inhibition of Sa against C.
albicans ATCC 10231. The antimicrobial activity of HA-Thy-
25 and thymol was studied by comparing the same amount of
free 1 and conjugated thymol in Sa. Hyaluronic acid activity
was investigated at concentrations equal to that of HA-Thy-25.
Similarly to the cytotoxicity measurements, all the compounds
were dissolved directly in the microorganism growth medium
(RPMI 1640 medium) at low temperature and in the dark for
24 h. All compounds were then diluted 1:2 for each data point.
The minimum inhibition concentration at 48 h (MIC) was
tested in a range of thymol concentration between 0.977 and
500 pg/mL (corresponding to 0.006 and 3.2 mM). The
minimum biofilm inhibition concentration (BMIC) was
instead evaluated at 125, 250, and 500 pug/mL of thymol
(0.8, 1.6, and 3.2 mM) after 48 h of experiments. As far as
sessile cells, the results showed the same antifungal activity, i.e.,
MIC values, for HA-Thy-25 and Thy after 24 and 48 h (250
and S00 ug/mL, Table S3). The MICs doubled after 2 days,
with the highest values obtained for pristine HA at the two
experimental times. For what concerns the biofilm inhibition,
the BMIC values for 1, Sa, and HA are represented in Figure 3
(the numeric values in ug/mL are listed in Table S4).

B Thymol
100 + BHA-Thy-25
BHA
‘0 80 A
S Z 60 -
© c
OE
S '3 40 4
X a
20 A
0 -4

125

250
Free or linked thymol (ug/mL)

500

Figure 3. Inhibition of C. albicans ATCC 10231 biofilm formation in
the presence of free thymol (green) and HA-Thy-25 (orange) after 48
h. At each point, HA concentration (mM) is equal to that of HA-Thy-
2S.

Hyaluronic acid does not display any inhibition against the
C. albicans biofilm, having always a BMIC value of 0 pg/mL.
As expected, bioactive molecule 1 gave a dose-dependent
interference with the biofilm, with around 60% inhibition at
125 ug/mL (0.8 mM) that grows to 98% at 500 ug/mL (3.2
mM). Interestingly, the BMIC of HA-Thy-2S increases with
the increase of concentration, varying from 50%, when linked-
thymol is 0.8 mM, to 85%, when it is 3.2 mM. In this regard, it
is worth noting that even if 1 possesses a massive antibiofilm
activity, it is expressed in a concentration range in which the
monoterpene is highly toxic versus fibroblast-like cells
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(concentration range between 0.8 and 3.2 mM, Figure 2).
Conversely, conjugate Sa maintains a certain level of
interference against the C. albicans biofilm, albeit with good
cell compatibility, comparable to that of virgin hyaluronic acid.

In conclusion, we report here the unprecedented synthesis of
a HA-Thy bioconjugate with a degree of thymol functionaliza-
tion of 25% and 50% relying on the introduction of a
commercially available linker. The degree of functionalization
was easily tuned by adjusting reagent ratios. The simplicity of
the HA-Thy synthesis appears suitable for large-scale
preparation. The successful esterification of thymol onto the
HA backbone was evidenced by '"H NMR, ATR-FTIR, and UV
characterization. By semiquantitative preliminary tests, the
increase in conjugated-thymol water solubility was evidenced
mainly for the derivative with 25% functionalization (HA-Thy-
25). The latter was tested to assess its cytotoxic and antifungal
effects against COS-7 line cells and C. albicans, respectively.
Biological results clearly identified a concentration in which the
material is completely noncytotoxic (similarly to free HA) and,
simultaneously, shows an antibiofilm activity similar to free
thymol. These results highlight the extreme efficiency of
chemical conjugation in overcoming the insolubility of Thy in
water and its toxicity, successfully pairing the properties of HA
and Thy in a new biopolymer with promising applications as
an antibiofilm formation material.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00208.

Materials and methods, synthetic and in vitro exper-
imental procedures, 'H-NMR, “C-NMR, ATR-FTIR
spectra, and UV spectra for all presented compounds
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Elisa Sturabotti — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy; ©® orcid.org/0000-
0001-8941-088X; Email: elisa.sturabotti@uniromal.it

Fabrizio Vetica — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy; © orcid.org/0000-
0002-7171-8779; Email: fabrizio.vetica@uniromal.it

Francesca Leonelli — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy;
Email: francescaleonelli@uniromal.it

Authors

Vyali Georgian Moldoveanu — Department of Chemistry,
Sapienza University of Rome, 00185 Rome, Italy

Alessandro Camilli — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy

Andrea Martinelli — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy; © orcid.org/0000-
0002-6401-9988

Giovanna Simonetti — Department of Environmental Biology,
Sapienza University of Rome, 00185 Rome, Italy

Alessio Valletta — Department of Environmental Biology,
Sapienza University of Rome, 00185 Rome, Italy

Ilaria Serangeli — Department of Biology and Biotechnologies
“Charles Darwin”, Sapienza University of Rome, 00185
Rome, Italy

1082

Alessandro Giustini — Department of Biology and
Biotechnologies “Charles Darwin”, Sapienza University of
Rome, 00185 Rome, Italy

Elena Miranda — Department of Biology and Biotechnologies
“Charles Darwin”, Sapienza University of Rome, 00185
Rome, Italy

Luisa Maria Migneco — Department of Chemistry, Sapienza
University of Rome, 00185 Rome, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.3c00208

Author Contributions

The manuscript was written through contributions of all
authors. All the authors have given approval to the final version
of the manuscript. CRediT: ELISA STURABOTTI conceptu-
alization (lead), data curation (equal), formal analysis (equal),
methodology (lead), funding acquisition (equal), investigation
(lead), writing-original draft (equal), writing-review & editing
(equal); Vyali Georgian Moldoveanu data curation (equal),
formal analysis (equal), investigation (equal), methodology
(equal); Alessandro Camilli data curation (equal), formal
analysis (equal), investigation (equal), methodology (equal);
Andrea Martinelli data curation (equal), investigation (equal),
methodology (equal), writing-review & editing (equal);
Giovanna Simonetti data curation (equal), investigation
(equal), methodology (equal), writing-original draft (equal),
writing-review & editing (equal); Alessio Valletta data
curation (equal), investigation (equal), methodology (equal),
writing-original draft (equal), writing-review & editing (equal);
Ilaria Serangeli data curation (equal), formal analysis (equal),
investigation (equal), methodology (equal),writing-original
draft (equal), writing-review & editing (equal); Alessandro
Giustini formal analysis (equal), methodology (equal); Elena
Miranda data curation (equal), investigation (equal), method-
ology (equal), writing-original draft (equal), writing-review &
editing (equal); Luisa Maria Migneco data curation (equal),
investigation (equal), methodology (equal), writing-review &
editing (equal); Fabrizio Vetica conceptualization (equal),
data curation (equal), funding acquisition (equal), inves-
tigation (equal), methodology (equal), writing-original draft
(lead), writing-review & editing (equal); Francesca Leonelli
conceptualization (equal), data curation (equal), funding
acquisition (lead), investigation (equal), methodology
(equal), writing-original draft (equal), writing-review & editing
(lead).

Funding

Financial support by Sapienza University of Rome (Research

Grants RG12117A5DS586DA9, RP12117ASCOCAO0CC, and
AR222181692DA18E) is gratefully acknowledged.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Collins, M. N.; Birkinshaw, C. Hyaluronic acid based scaffolds
for tissue engineering-a review. Carbohydr. Polym. 2013, 92 (2),
1262—1279.

(2) Fakhari, A,; Berkland, C. Applications and emerging trends of
hyaluronic acid in tissue engineering, as a dermal filler and in
osteoarthritis treatment. Acta Biomater. 2013, 9 (7), 7081—7092.

(3) Maiz-Fernandez, S.; Perez-Alvarez, L.; Ruiz-Rubio, L.; Perez
Gonzalez, R.; Saez-Martinez, V.; Ruiz Perez, J.; Vilas-Vilela, J. L.
Synthesis and Characterization of Covalently Crosslinked pH-

https://doi.org/10.1021/acsmacrolett.3c00208
ACS Macro Lett. 2023, 12, 1079-1084


https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00208?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00208/suppl_file/mz3c00208_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Sturabotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8941-088X
https://orcid.org/0000-0001-8941-088X
mailto:elisa.sturabotti@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Vetica"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7171-8779
https://orcid.org/0000-0002-7171-8779
mailto:fabrizio.vetica@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Leonelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:francesca.leonelli@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vyali+Georgian+Moldoveanu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Camilli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Martinelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6401-9988
https://orcid.org/0000-0002-6401-9988
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanna+Simonetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessio+Valletta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilaria+Serangeli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Giustini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Miranda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luisa+Maria+Migneco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00208?ref=pdf
https://doi.org/10.1016/j.carbpol.2012.10.028
https://doi.org/10.1016/j.carbpol.2012.10.028
https://doi.org/10.1016/j.actbio.2013.03.005
https://doi.org/10.1016/j.actbio.2013.03.005
https://doi.org/10.1016/j.actbio.2013.03.005
https://doi.org/10.3390/polym11040742
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

Responsive Hyaluronic Acid Nanogels: Effect of Synthesis Parame-
ters. Polymers (Basel) 2019, 11 (4), 742.

(4) Price, R. D.; Berry, M. G.; Navsaria, H. A. Hyaluronic acid: the
scientific and clinical evidence. J. Plast Reconstr Aesthet Surg. 2007, 60
(10), 1110—-1119.

(5) Salwowska, N. M.; Bebenek, K. A; Zadlo, D. A; Wcislo-
Dziadecka, D. L. Physiochemical properties and application of
hyaluronic acid: a systematic review. J. Cosmet Dermatol. 2016, 15
(4), 520—526.

(6) Zheng Shu, X; Liu, Y.; Palumbo, F. S.; Luo, Y.; Prestwich, G. D.
In situ crosslinkable hyaluronan hydrogels for tissue engineering.
Biomaterials 2004, 25 (7—8), 1339—1348.

(7) Burgalassi, S.; Fragai, M.; Francesconi, O.; Cerofolini, L.; Monti,
D.; Leone, G.; Lamponi, S.; Greco, G.; Magnani, A.;; Nativi, C.
Functionalized Hyaluronic Acid for “In Situ” Matrix Metal-
loproteinase Inhibition: A Bioactive Material to Treat the Dry Eye
Sydrome. ACS Macro Lett. 2022, 11 (10), 1190—1194.

(8) Leonelli, F; La Bella, A; Francescangeli, A.; Joudioux, R;
Capodilupo, A. L.; Quagliariello, M.; Migneco, L. M.; Bettolo, R. M,;
Crescenzi, V.; De Luca, G.; Renier, D. A New and Simply Available
Class of Hydrosoluble Bioconjugates by Coupling Paclitaxel to
Hyaluronic Acid through a 4-Hydroxybutanoic Acid Derived Linker.
Helv. Chim. Acta 2005, 88 (1), 154—159.

9) Manju, S.; Sreenivasan, K. Conjugation of curcumin onto
hyaluronic acid enhances its aqueous solubility and stability. J. Colloid
Interface Sci. 2011, 359 (1), 318—325.

(10) Ghorbani, F.; Ghalandari, B.; Khajehmohammadi, M,;
Bakhtiary, N.; Tolabi, H.; Sahranavard, M.; Fathi-Karkan, S.; Nazar,
V.; Niar, S. H. N; Armoon, A.; et al. Photo-cross-linkable hyaluronic
acid bioinks for bone and cartilage tissue engineering applications.
Inter. Mater. Rev. 2023, 1—42.

(11) Nabavi, S. M.; Marchese, A; Izadi, M.; Curti, V.; Daglia, M.;
Nabavi, S. F. Plants belonging to the genus Thymus as antibacterial
agents: from farm to pharmacy. Food Chem. 2015, 173, 339—347.

(12) Braga, P. C; Dal Sasso, M.; Culici, M.; Bianchi, T.; Bordoni, L.;
Marabini, L. Anti-inflammatory activity of thymol: inhibitory effect on
the release of human neutrophil elastase. Pharmacology 2006, 77 (3),
130—136.

(13) Marchese, A.; Orhan, L. E.; Daglia, M.; Barbieri, R.; Di Lorenzo,
A.; Nabavi, S. F.; Gortzi, O.; Izadi, M.; Nabavi, S. M. Antibacterial and
antifungal activities of thymol: A brief review of the literature. Food
Chem. 2016, 210, 402—414.

(14) Kang, S. H.; Kim, Y. S.; Kim, E. K.; Hwang, ]. W,; Jeong, J. H,;
Dong, X,; Lee, J. W.; Moon, S. H,; et al. Anticancer Effect of Thymol
on AGS Human Gastric Carcinoma Cells. J. Microbiol. Biotechnol.
2016, 26 (1), 28-37.

(15) Trombetta, D.; Castelli, F.; Sarpietro, M. G.; Venuti, V,;
Cristani, M.; Daniele, C.; Saija, A,; Mazzanti, G.; Bisignano, G.
Mechanisms of antibacterial action of three monoterpenes. Anti-
microb. Agents Chemother. 2005, 49 (6), 2474—2478.

(16) Llana-Ruiz-Cabello, M.; Gutierrez-Praena, D.; Pichardo, S.;
Moreno, F. J; Bermudez, ]J. M, Aucejo, S.; Camean, A. M.
Cytotoxicity and morphological effects induced by carvacrol and
thymol on the human cell line Caco-2. Food Chem. Toxicol. 2014, 64,
281-290.

(17) Niksic, H.; Becic, F.; Koric, E; Gusic, L; Omeragic, E,;
Muratovic, S.; Miladinovic, B.; Duric, K. Cytotoxicity screening of
Thymus vulgaris L. essential oil in brine shrimp nauplii and cancer cell
lines. Sci. Rep. 2021, 11 (1), 13178.

(18) Clemente, C. M.; Ravetti, S.; Allemandi, D. A.; Hergert, L. Y.;
Pineda, T.; Robledo, S. M. Synthesis, In Vitro Antiprotozoal Activity
and Cytotoxicity of New Thymol Carbonate Derivatives. Chemistry
Select 2021, 6 (25), 6597—6600.

(19) Najafloo, R; Behyari, M.; Imani, R.; Nour, S. A mini-review of
Thymol incorporated materials: Applications in antibacterial wound
dressing. J. Drug Delivery Sci. Technol. 2020, 60, 101904.

(20) Piri-Gharaghie, T.; Beiranvand, S.; Riahi, A; Shirin, N. J;
Badmasti, F.; Mirzaie, A.; Elahianfar, Y.; Ghahari, S.; Ghahari, S.;
Pasban, K; et al. Fabrication and Characterization of Thymol-Loaded

1083

Chitosan Nanogels: Improved Antibacterial and Anti-Biofilm
Activities with Negligible Cytotoxicity. Chem. Biodivers. 2022, 19
(3), No. €202100426.

(21) Miranda-Cadena, K.; Dias, M.; Costa-Barbosa, A.; Collins, T.;
Marcos-Arias, C.; Eraso, E.; Pais, C,; Quindds, G.; Sampaio, P.
Development and characterization of monoolein-based liposomes of
carvacrol, cinnamaldehyde, citral, or thymol with anti-Candida
activities. Antimicrob. Agents Chemother. 2021, 65 (4), e01628—01620.

(22) Wattanasatcha, A.; Rengpipat, S.; Wanichwecharungruang, S.
Thymol nanospheres as an effective anti-bacterial agent. Int. J. Pharm.
2012, 434 (1-2), 360—36S.

(23) Zamboni, F.; Wong, C. K; Collins, M. N. Hyaluronic acid
association with bacterial, fungal and viral infections: Can hyaluronic
acid be used as an antimicrobial polymer for biomedical and
pharmaceutical applications? Bioact. Mater. 2023, 19, 458—473.

(24) Cavalheiro, M.; Teixeira, M. C. Candida Biofilms: Threats,
Challenges, and Promising Strategies. Front. Med. 2018, S, 28.

(25) Kumamoto, C. A. Candida biofilms. Curr. Opin. Microbiol.
2002, S (6), 608—611.

(26) Hawser, S. P.; Douglas, L. J. Resistance of Candida albicans
biofilms to antifungal agents in vitro. Antimicrob. Agents Chemother.
1995, 39 (9), 2128—2131.

(27) Brufani, M.; Rizzi, N.; Meda, C.; Filocamo, L.; Ceccacci, F,;
D’Aiuto, V.; Bartoli, G.; Bella, A. L.; Migneco, L. M.; Bettolo, R. M.
Novel Locally Active Estrogens Accelerate Cutaneous Wound
Healing-Part. Sci. Rep. 2017, 7 (1), na DOI: 10.1038/s41598-017-
02820-y.

(28) Furlotti, G.; Alisi, M. A.; Cazzolla, N.; Ceccacci, F.; Garrone,
B.; Gasperi, T.; La Bella, A.; Leonelli, F.; Loreto, M. A.; Magaro, G.;
et al. Targeting Serotonin 2A and Adrenergic al Receptors for Ocular
Antihypertensive Agents: Discovery of 3,4-Dihydropyrazino[1,2-
bJindazol-1(2H)-one Derivatives. Chem. Med. Chem. 2018, 13 (15),
1597—-1607.

(29) Lettieri, R.; D’Abramo, M.; Stella, L.; La Bella, A.; Leonelli, F.;
Giansanti, L.; Venanzi, M.; Gatto, E. Fluorescence and computational
studies of thymidine phosphorylase affinity toward lipidated 5-FU
derivatives. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 195, 84—
94.

(30) Petaccia, M.; Gentili, P.; Besker, N.; D’Abramo, M.; Giansanti,
L.; Leonelli F; La Bella, A.; Gradella Villalva, D.; Mancini, G.
Kinetics and mechanistic study of competitive inhibition of thymidine
phosphorylase by S-fluoruracil derivatives. Colloids Surf, B 2016, 140,
121-127.

(31) Petaccia, M.; Giansanti, L.; Leonelli, F.; Bella, A. L.; Gradella
Villalva, D.; Mancini, G. Synthesis, characterization and inclusion into
liposomes of a new cationic pyrenyl amphiphile. Chem. Phys. Lipids
2016, 200, 83—93.

(32) Sturabotti, E.; Consalvi, S.; Tucciarone, L.; Macri, E.; Di Lisio,
V.; Francolini, I.; Minichiello, C.; Piozzi, A.; Vuotto, C.; Martinelli, A.
Synthesis of Novel Hyaluronic Acid Sulfonated Hydrogels Using Safe
Reactants: A Chemical and Biological Characterization. Gels 2022, 8
(8), 480.

(33) Di Consiglio, M.; Sturabotti, E.; Brugnoli, B; Piozzi, A;
Migneco, L. M.; Francolini, I. Synthesis of sustainable eugenol/
hydroxyethylmethacrylate-based polymers with antioxidant and
antimicrobial properties. Polym. Chem. 2023, 14 (4), 432—442.

(34) Halla, N; Fernandes, 1. P.; Heleno, S. A.; Costa, P.; Boucherit-
Otmani, Z.; Boucherit, K.; Rodrigues, A. E.; Ferreira, I.; Barreiro, M.
F. Cosmetics Preservation: A Review on Present Strategies. Mol.
2018, 23 (7), 1571.

(35) Oh, E. J.; Park, K; Choi, J. S.; Joo, C. K.; Hahn, S. K. Synthesis,
characterization, and preliminary assessment of anti-Fltl peptide-
hyaluronate conjugate for the treatment of corneal neovascularization.
Biomaterials 2009, 30 (30), 6026—6034.

(36) Yalkowsky, S. H.; Yan, H.; Jain, P. Handbook of Aqueous
Solubility Data; CRC Press, 2016.

(37) Braga, P. C; Culici, M.; Alfieri, M.; Dal Sasso, M. Thymol
inhibits Candida albicans biofilm formation and mature biofilm. Int. J.
Antimicrob. Agents 2008, 31 (5), 472—477.

https://doi.org/10.1021/acsmacrolett.3c00208
ACS Macro Lett. 2023, 12, 1079-1084


https://doi.org/10.3390/polym11040742
https://doi.org/10.3390/polym11040742
https://doi.org/10.1016/j.bjps.2007.03.005
https://doi.org/10.1016/j.bjps.2007.03.005
https://doi.org/10.1111/jocd.12237
https://doi.org/10.1111/jocd.12237
https://doi.org/10.1016/j.biomaterials.2003.08.014
https://doi.org/10.1021/acsmacrolett.2c00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.2c00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.2c00455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.200490289
https://doi.org/10.1002/hlca.200490289
https://doi.org/10.1002/hlca.200490289
https://doi.org/10.1016/j.jcis.2011.03.071
https://doi.org/10.1016/j.jcis.2011.03.071
https://doi.org/10.1080/09506608.2023.2167559
https://doi.org/10.1080/09506608.2023.2167559
https://doi.org/10.1016/j.foodchem.2014.10.042
https://doi.org/10.1016/j.foodchem.2014.10.042
https://doi.org/10.1159/000093790
https://doi.org/10.1159/000093790
https://doi.org/10.1016/j.foodchem.2016.04.111
https://doi.org/10.1016/j.foodchem.2016.04.111
https://doi.org/10.4014/jmb.1506.06073
https://doi.org/10.4014/jmb.1506.06073
https://doi.org/10.1128/AAC.49.6.2474-2478.2005
https://doi.org/10.1016/j.fct.2013.12.005
https://doi.org/10.1016/j.fct.2013.12.005
https://doi.org/10.1038/s41598-021-92679-x
https://doi.org/10.1038/s41598-021-92679-x
https://doi.org/10.1038/s41598-021-92679-x
https://doi.org/10.1002/slct.202101461
https://doi.org/10.1002/slct.202101461
https://doi.org/10.1016/j.jddst.2020.101904
https://doi.org/10.1016/j.jddst.2020.101904
https://doi.org/10.1016/j.jddst.2020.101904
https://doi.org/10.1002/cbdv.202100426
https://doi.org/10.1002/cbdv.202100426
https://doi.org/10.1002/cbdv.202100426
https://doi.org/10.1128/AAC.01628-20
https://doi.org/10.1128/AAC.01628-20
https://doi.org/10.1128/AAC.01628-20
https://doi.org/10.1016/j.ijpharm.2012.06.017
https://doi.org/10.1016/j.bioactmat.2022.04.023
https://doi.org/10.1016/j.bioactmat.2022.04.023
https://doi.org/10.1016/j.bioactmat.2022.04.023
https://doi.org/10.1016/j.bioactmat.2022.04.023
https://doi.org/10.3389/fmed.2018.00028
https://doi.org/10.3389/fmed.2018.00028
https://doi.org/10.1016/S1369-5274(02)00371-5
https://doi.org/10.1128/AAC.39.9.2128
https://doi.org/10.1128/AAC.39.9.2128
https://doi.org/10.1038/s41598-017-02820-y
https://doi.org/10.1038/s41598-017-02820-y
https://doi.org/10.1038/s41598-017-02820-y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-017-02820-y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.201800199
https://doi.org/10.1002/cmdc.201800199
https://doi.org/10.1002/cmdc.201800199
https://doi.org/10.1016/j.saa.2018.01.036
https://doi.org/10.1016/j.saa.2018.01.036
https://doi.org/10.1016/j.saa.2018.01.036
https://doi.org/10.1016/j.colsurfb.2015.12.020
https://doi.org/10.1016/j.colsurfb.2015.12.020
https://doi.org/10.1016/j.chemphyslip.2016.08.001
https://doi.org/10.1016/j.chemphyslip.2016.08.001
https://doi.org/10.3390/gels8080480
https://doi.org/10.3390/gels8080480
https://doi.org/10.1039/D2PY01183B
https://doi.org/10.1039/D2PY01183B
https://doi.org/10.1039/D2PY01183B
https://doi.org/10.3390/molecules23071571
https://doi.org/10.1016/j.biomaterials.2009.07.024
https://doi.org/10.1016/j.biomaterials.2009.07.024
https://doi.org/10.1016/j.biomaterials.2009.07.024
https://doi.org/10.1016/j.ijantimicag.2007.12.013
https://doi.org/10.1016/j.ijantimicag.2007.12.013
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters pubs.acs.org/macroletters

(38) Garcia-Salinas, S.; Elizondo-Castillo, H.; Arruebo, M.;
Mendoza, G.; Irusta, S. Evaluation of the Antimicrobial Activity and
Cytotoxicity of Different Components of Natural Origin Present in
Essential Oils. Molecules 2018, 23 (6), 1399.

1084

https://doi.org/10.1021/acsmacrolett.3c00208
ACS Macro Lett. 2023, 12, 1079-1084


https://doi.org/10.3390/molecules23061399
https://doi.org/10.3390/molecules23061399
https://doi.org/10.3390/molecules23061399
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

