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ABSTRACT: Herein we report a novel family of deep eutectic
monomers and the corresponding polymers, made of (meth)acrylic
ammonium salts and a series of biobased polyphenols bearing
catechol or pyrogallol motifs. Phenolic chemistry allows modulating
molecular interactions by tuning the ionic polymer properties from
soft adhesive to tough materials. For instance, pyrogallol and
hydrocaffeic acid-derived ionic polymers showed outstanding
adhesiveness (>1 MPa), while tannic acid/gallic acid polymers with
dense hydrogen bond distribution afforded ultratough elastomers
(stretchability ≈1000% and strength ≈3 MPa). Additionally,
phenolic polymeric deep eutectic solvents (polyDES) featured
metal complexation ability, antibacterial properties, and fast
processability by digital light 3D printing.

Deep eutectic solvents (DES) have attracted great interest
in the past decade as green and low-cost solvents in high-

demanding applications.1 DES are expected to substitute
classic ionic liquids (ILs) due to their easier preparation and
possibilities for biosources. DES solvents are mixtures of two
or more pure compounds for which the eutectic point
temperature is significantly below that of an ideal liquid
mixture.2 These negative deviations from ideality are often
caused by strong interactions between the usually solid DES
components, called hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA).3

DES chemistry is also being applied to the design of new
ionic polymers.4,5 In particular, deep eutectic monomers
(DEMs) that are polymerizable DES and the resultant
polyDES have stepped into the spotlight of materials science.
Traditional DEMs rely on mixtures of hydrogen bond donor
monomers such as acrylic acid,6−9 methacrylic acid,10,11 and
acrylamide,12−14 among others,15,16 with HBA ammonium
salts. As one example, these polyDES have recently been
reported as conductive elastomers and strain sensors.17−22 The
second class of DEMs consists of polymerizable ammonium
salts (e.g., cholinium bromide and chloride-derived (meth)-
acrylates) and proper HBDs, like organic acids and urea.23,24

Regrettably, both types of DEMs show limited functional
features beyond their intrinsic ionic conductivity.25 Therefore,
innovative active components are being fervently sought for
multifunctional material design to broaden the application
scope of this emerging class of ionic polymers.

This letter presents a fascinating set of DEMs where natural
polyphenols have been introduced as multifunctional HBDs in

combination with methacrylic and acrylic quaternary ammo-
nium monomers. The evaluated phenolic derivatives such as
pyrogallol (PGA), tannic acid (TA), gallic acid (GA),
protocatechuic acid (PA), hydrocaffeic acid (HCA), and
vanillyl alcohol (VA) showed strong interactions with both
ammonium (meth)acrylic monomers resulting in complete
suppression of the mixture melting point. The chemical
structures and respective acronyms of the DEM and polyDES
components studied in this work are shown in Scheme 1.

The simple heating/solvent drying method of DES
chemistry was used to obtain phenolic DEMs, as shown in
Scheme 1B. [2-(Methacryloyloxy) ethyl] trimethylammonium
chloride (M1) or [2-(acryloyloxy) ethyl] trimethylammonium
chloride solutions (M2) were mixed with various polyphenols
at 70 °C under stirring until getting a clear solution. After
freeze-drying, the successful formation of the DEMs was
proved by differential scanning calorimetry (DSC) and Fourier
transform infrared spectroscopy (FTIR) analyses. Table 1
summarizes the different HBD:HBA molar ratios explored to
prepare the DEMs and the thermal properties of the obtained
mixtures.
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The second heating cycle is presented for all DSC
experiments. Interestingly, all DEMs showed a glass transition
temperature (Tg) instead of a melting point, behaving as low-
transition-temperature mixtures (LTTMs) and thereby sug-
gesting the existence of strong interactions between the HBDs
and the HBAs. As an illustrative example, DSC curves of PGA-
based DEMs are presented in Figure 1A. The DEMs’ Tg varied
depending on the polyphenol structure from −48.8 to −6.7 °C
for PCA-M1 (1:2) and VA-M1 (1:1), respectively. In addition,
the DEMs’ Tg could also be modulated by changing the
HBD:HBA molar ratio (see Table S1 in the SI). In general, for
the same HBD:HBA molar ratio, lower Tg values were
obtained with M1 (methacrylic monomer) compared to M2
(acrylic monomer), except for PGA- and VA-based DEMs.
Although further studies are required to understand this
behavior deeply, we hypothesized that the polyphenols and the

acrylic monomer have a higher affinity, leading to stronger
interactions and increasing the glass transition.

Indeed, FTIR analysis revealed good interaction between the
HBA monomers and all the phenolic HBDs evaluated. For
instance, spectra of PGA, M1, and the PGA-based DEM are
presented in Figure 1B. As observed, the characteristic band of
PGA at 3600−2800 cm−1 (O−H ν) became broader and
shifted from 3205 to 3135 cm−1 after DEM formation.
Furthermore, the asymmetric C−O ν peak belonging to M1
significantly shifted from 1177 to 1155 cm−1 in PGA-M1
DEM. These changes in the characteristic vibrational modes of
the pure compounds suggest the constitution of robust
hydrogen bonding interactions, probably responsible for
suppressing the mixtures’ melting point.

Moreover, the DEMs showed good thermal stability with
decomposition temperature values of 5% weight loss (Td5%)
and maximum decomposition temperatures (Tdmax) ranging

Scheme 1. A) Structure of Polyphenols and Quaternary Ammonium Monomers Used for DEM Preparation, B) Schematic
Representation of the DEM Preparation Procedure, and C) Photopolymerization Step of DEMs to Produce Phenolic PolyDES

Table 1. Main Prepared DEMs and Their Thermal Properties

HBD HBA HBD:HBAa Tg (°C) Td5% (°C) Tdmax (°C) Aspect

TA M1 1:20 −32.2 176.1 255.9 Highly viscous brownish liquid
M2 1:20 −13.7 152.7 241.7

GA M1 1:3b − − − Viscous transparent liquid
M2 1:3 −20.5 203.6 250.6

PCA M1 1:2 −48.8 79.3 262.7 Viscous, yellowish liquid
M2 1:2 −31.0 193.1 257.1

HCA M1 1:2 −40.4 99.2 289.1 Low-viscosity yellowish liquid
M2 1:2 −30.7 148.0 255.7

PGA M1 1:1 −24.5 196.6 272.0 Transparent liquid. Low viscosity
M2 1:1 −38.1 139.9 303.6

VA M1 1:1 −6.7 140.7 263.0 Transparent liquid
M2 1:1 −16.8 180.3 291.6

aNote that molar ratios where the mixtures were found to be liquids at room temperature do not certainly correspond to the eutectic compositions.
bThe DEM was not stable, showing phase separation after a few days.
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from 79 to 204 °C and 242−304 °C, respectively (Table 1).
The lowest Td5% value corresponds to PCA-M1 (1:2), while
the highest was obtained for GA-M2 (1:3). It is worth noting
that Td5% values lower than 100 °C could be associated with
water loss due to the highly hygroscopic nature of these
eutectic monomers. As a representative case, Figure 1C
exhibits the TGA curves obtained for PGA-based samples
and corresponding values of Td5%.

Then we analyzed the temperature effect on the viscosity of
the DEMs (Figures 1D and S1). All the mixtures presented
similar rheological profiles where the viscosity decreased with
the temperature. Curiously, M2-based DEMs presented higher

viscosities for all the polyphenols evaluated, probably because
stronger HBA−HBD interactions increase the DEMs’ flow
resistance. Furthermore, we found that the higher the
functional density of the phenolic molecule, the higher the
mixture viscosity, probably because the establishment of
multiple hydrogen bonding interactions is promoted. As a
result, TA-based DEMs showed the highest viscosity.

After obtaining the phenolic DEMs, we proceeded with their
photopolymerization to produce a set of functional ionic
polyDES (Scheme 1C). Figures 2A and B show the 1H NMR
spectra of PGA-M1 before and after light irradiation for a few
seconds. As can be observed, the vinyl proton signals at 5.6−

Figure 1. A) DSC curves and Tg values for PGA-based DEMs (1:1). B) FTIR analysis for PGA, M1, and PGA-M1 DEM. C) Thermal stability of
the PGA-based DEMs. D) Evolution of viscosity vs temperature for DEMs based on methacrylic ammonium monomers.

Figure 2. A) 1H NMR spectra of PGA-M1 and B) poly(PGA-M1). C) FTIR spectra and D) DSC curves for poly(PGA-M1) and poly(PGA-M2).
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6.0 ppm in PGA-M1 completely disappear in poly(PGA-M1),
revealing complete monomer conversion and excellent
efficiency of the photopolymerization process. In addition, a
slight shift in the methyl peak of the quaternized nitrogen at
around 3.0−3.3 ppm anticipates strong intramolecular forces in
the polyDES. FTIR analysis also supported the obtention of
the polyDES. As shown in Figure 2C, a band broadening and a
hypsochromic shift of the O−H ν (3000 cm−1) and C�O ν
(1716 cm−1) were observed for poly(PGA-M1), probably
because of multiple interactions along the polymer backbone.
However, the disappearance of the C�C ν band (1615 cm−1)
after polymerization was unclear, as it could overlap with the ar
C−C vibrations of the phenolic molecule (1620 cm−1).
Furthermore, we observed significant changes in �CH δ ip
(1315 cm−1), C−O ν (1155 cm−1), and �CH δ oop (650
cm−1) signals, attributed to the polyDES formation. Regardless
of the polyphenol type, the obtained eutectic polymers were
water-soluble and slightly hygroscopic (Figure S2).

We carried out DSC analyses for the phenolic polyDES,
finding that the Tg of these materials seems to be affected by
both the type of the HBA (M1 or M2) and the degree of
functionality of the polyphenols (Figure S3). For example, TA-
based polyDES showed very high Tg values above 100 °C due
to the great number of catechol (5 units) and pyrogallol (5
units) groups in the phenolic molecule, allowing for multiple
hydrogen bond interactions. These materials were brittle and
nondeformable, whereas other polyDES, such as those from
PGA and VA, resembled very viscous gums showing
stretchable and adhesive properties. DSC curves of poly-
(PGA-M1) and poly(PGA-M2) are shown in Figure 2D,
evidencing a Tg of ≈33 and 22 °C, respectively.

Small amplitude oscillatory shear (SAOS) was used to
investigate the viscoelastic properties of the novel phenolic
polyDES. As expected, amplitude sweeps showed that
multifunctional TA led to fragile viscoelastic solids (storage
modulus, G′ = ≈2 × 107) with an extremely short linear
viscoelastic range (<0.1%) (Figure S4A). On the contrary, the

rest of the polyDES behaved like viscoelastic liquids with a loss
modulus (G″) slightly higher than G′ in the whole strain range
evaluated. For instance, the dynamic moduli vs strain curve for
poly(PGA-M1) is displayed in Figure S4B. This behavior is
typical of un-cross-linked amorphous polymers (above their
Tg) in the transition or terminal zones. Indeed, frequency
sweeps for poly(PGA-M1) (Figure 3A) showed a crossover
point in the range of 0.1−100 rad/s, where the material
behaves like a viscoelastic solid (G′ > G″) at high frequency.
Meanwhile, poly(TA-M1) featured a frequency-independent
behavior of G′ and G″ typical for cross-linked polymers
(Figure 3B). Overall, the viscoelastic properties of the polyDES
are strongly influenced by the polyphenol type, where small-
sized and multifunctional molecules can lead to liquid-like or
solid-like materials, respectively.

In this vein, most polyDES were too soft after polymerizing,
and only four formulations afforded self-standing materials:
poly(TA-M1), poly(TA-M2), poly(PCA-M1), and poly(GA-
M2). Therefore, we further studied their mechanical properties
by a tensile test, and the results are presented in Figure 3C. It
is worth mentioning that poly(TA-M1) was too brittle to be
tested and was excluded from this study. Similarly, due to the
dense distribution of hydrogen bonding in the TA, poly(TA-
M2) can only withstand small deformations of ≈2% with
tensile strength as high as 11 MPa (inset Figure 3C). On the
other hand, poly(PCA-M1) and poly(GA-M2) were flexible
materials showing elongation at break values of 210 and 1175%
and strengths of 3 and 0.5 MPa, respectively. Evidently, the
molecular structure of the polyphenol can regulate the
hydrogen bonding density in the polyDES, which in turn
dominates the mechanical performance of these materials.
Indeed, when analyzing Young’s modulus of the materials, it
decayed from 525 to 0.17 MPa for poly(TA-M2) and
poly(GA-M2).

Therefore, we wonder if the stiffness and stretchability of
these ionic polyDES could be modulated by producing
copolymers from the brittle TA and soft GA-based

Figure 3. A) Frequency sweep for poly(PGA-M1) and B) poly(TA-M1). C) Strain vs stress curves for TA-, PCA-, and GA-based polyDES. D)
Strain vs stress curves for deep eutectic copolymers based on GA and TA.
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formulations, which were utterly miscible. As displayed in the
inset of Figure 3D, mixtures of GA:TA = 25:75 and 50:50 wt %
ratio only slightly improved the extensibility of the materials
compared to poly(TA-M2). However, when increasing the
content of the soft DEM up to 65:35 and 75:25, a radical
increase in the stretchability and toughness of these polyDES
was reached. For instance, poly(GA-TA-M2) 65:35 resulted in
an ultratough elastomer (20 MJ/m3) with a maximum
elongation of 1070% and a strength of 3 MPa. Further

characterization of this outperforming copolymer, including 1H
NMR, FTIR, and DSC analysis, is presented in the SI (Figure
S5).

Catechol and pyrogallol groups in the phenolic HBD are
well-known chemical motifs responsible for the extraordinary
underwater adhesion of several marine organisms like mussels
and ascidians.26,27 Therefore, HCA- and PGA-based polyDES
showing viscoelastic liquid behavior are excellent candidates to
be explored as adhesives. We found that methacrylate-based

Figure 4. A) Adhesive stress vs strain curves for poly(PGA-M2) and poly(HCA-M2). B) Adhesive stress vs adhesive energy for both adhesive
polyDES. C) Photo of a water-filled flask and a vial joined by a poly(PGA-M2) adhesive layer while lifting the piece of around 0.5 kg.

Figure 5. A) Photo of a flower manufactured by digital light processing 3D printing from GA-M2 ink. B) Photo of poly(TA-M1) 3D-patterned into
a honeycomb-like scaffold with 1 mm pores. C) Photo of poly(TA-M1) scaffold after iron coordination. D) UV−vis spectrum of the TA-Fe(III)
complex released from poly(TA-M1) after immersion in 0.02 M FeCl3 TRIS buffer solution (pH 8). E) Antibacterial activity of poly(TA-M1)
against Escherichia coli after 18 h of incubation. (i): Plate with the discs. (ii): Plate without the discs.
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formulations of these polyphenols present poor adhesive
properties, as shown in Figures S6A,B. On the other hand, the
acrylate-based HCA and PGA polyDES resulted in extremely
sticky materials with adhesive stresses around 1.25 MPa
(Figures 4A,B). Indeed, the excellent adhesive properties of
poly(PGA-M2) allowed holding a water-filled flask and a vial
joined while lifting the pieces of around 0.5 and even up to 1.6
kg (Figures 4C and S6C).

Since poly(TA-M2) and poly(PGA-M2) exhibited well-
distinctive stiff and soft features, we investigated the molecular
weight (Mw) of these polyDES as it could affect their behavior
beyond the polyphenol structure. Both polyDES showed broad
molecular weight distributions with Mn and polydispersity
values of 9.9 kDa and 5.3 for poly(TA-M2) and 66.1 kDa and
3.2 for poly(PGA-M2) (Figure S7).

Besides their adhesive features, catechol and pyrogallol
groups stand out for their metal ion coordination ability, and
for this reason, natural polyphenols have drawn increasing
interest as promising platforms for water remediation
devices.28−30 Thus, as a proof of concept, we choose the
multifunctional TA-based methacrylic polyDES to evaluate its
ion complexation capacity, employing iron (III) as a metal
model. In addition, since phenolic polyDES are highlighted by
a fast and complete monomer conversion, they are particularly
attractive for digital light processing 3D printing, where
different objects, such as a flower, could be easily manufactured
(Figure 5A). Hence, we patterned poly(TA-M1) into a
honeycomb-like scaffold with 1 mm pores (Figure 5B), aiming
to increase the metal absorption after immersing this material
in an iron chloride solution of TRIS buffer (pH 8). After the
immersing period, the scaffold became utterly dark (Figure
5C), suggesting the formation of a tris complex (inset Figure
5D) between the iron and the polyphenol.31,32 Indeed, UV
analysis revealed that the characteristic peak of TA at 275 nm
(Figure S8) shifted to 535 nm because of the iron
coordination.

Finally, these innovative polyDES could benefit from the
polyphenols’ therapeutic properties, turning them into
attractive materials for biomedical applications.33,34 As an
example, we explored the antibacterial activity of poly(TA-M1)
against Escherichia coli by an agar diffusion test. As shown in
Figure 5E, no inhibition zone was observed after 18 h of
incubation (left image (i)); however, after disc removal, no
bacteria growth was evidenced in the area where the materials
were deposited (right image (ii)). Since TA is a well-known
antimicrobial agent,35 these results suggest that their diffusion
from the polyDES is quite limited due to strong intermolecular
interactions, restricting its antibacterial activity to the contact
zone.

This letter identified an innovative family of phenolic deep
eutectic monomers for designing ionic polymers with multiple
functionalities. Natural phenolic compounds bearing catechol
or pyrogallol groups showed an excellent affinity with
quaternary ammonium monomers, giving liquid eutectic
mixtures with complete suppression of their melting points.
The resulting (meth)acrylic deep eutectic monomers could be
easily photopolymerized. The properties of the obtained ionic
polyDES could be tuned, by selecting suitable phenolic
molecules, from ultratough materials with stretchabilities over
1000% and strengths around 3 MPa, to superadhesive
viscoelastic liquids. Catechol and pyrogallol motifs endow
these polyDES with various functional properties like
extraordinary adhesion, metal complexation ability, antibacte-

rial activity, and potential redox capacity. All in all, this study
represents the first example where polyphenol chemistry is
brought to the innovative deep eutectic monomers realm,
allowing expanding its functionality and range of applications.
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(27) Patil, N.; Jérôme, C.; Detrembleur, C. Recent Advances in the

Synthesis of Catechol-Derived (Bio) Polymers for Applications in
Energy Storage and Environment. Prog. Polym. Sci. 2018, 82, 34−91.
(28) Picchio, M. L.; Minudri, D.; Mantione, D.; Criado-Gonzalez,

M.; Guzmán-González, G.; Schmarsow, R.; Müller, A. J.; Tomé, L. C.;
Minari, R. J.; Mecerreyes, D. Natural Deep Eutectic Solvents Based on
Choline Chloride and Phenolic Compounds as Efficient Bioadhesives
and Corrosion Protectors. ACS Sustain. Chem. Eng. 2022, 10 (25),
8135−8142.
(29) Rahim, M. A.; Kristufek, S. L.; Pan, S.; Richardson, J. J.; Caruso,

F. Phenolic Building Blocks for the Assembly of Functional Materials.
Angew. Chem., Int. Ed. 2019, 58 (7), 1904.
(30) Xu, Y.; Hu, J.; Zhang, X.; Yuan, D.; Duan, G.; Li, Y. Robust and

Multifunctional Natural Polyphenolic Composites for Water
Remediation. Mater. Horizons 2022, 9 (10), 2496−2517.
(31) Ejima, H.; Richardson, J. J.; Liang, K.; Best, J. P.; Van

Koeverden, M. P.; Such, G. K.; Cui, J.; Caruso, F. One-Step Assembly
of Coordination Complexes for Versatile Film and Particle Engineer-
ing. Science 2013, 341 (6142), 154−157.
(32) Geng, H.; Zhong, Q. Z.; Li, J.; Lin, Z.; Cui, J.; Caruso, F.; Hao,

J. Metal Ion-Directed Functional Metal-Phenolic Materials. Chem.
Rev. 2022, 122 (13), 11432−11473.
(33) Agrawal, M. Natural Polyphenols Based New Therapeutic

Avenues for Advanced Biomedical Applications. Drug Metabolism
Reviews. 2015, 47 (4), 420−430.
(34) Shavandi, A.; Bekhit, A. E. D. A.; Saeedi, P.; Izadifar, Z.; Bekhit,

A. A.; Khademhosseini, A. Polyphenol Uses in Biomaterials
Engineering. Biomaterials. 2018, 167, 91−106.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.2c00657
ACS Macro Lett. 2023, 12, 125−132

131

https://doi.org/10.1021/acs.chemrev.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1021/cr300162p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300162p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2017.09.005
https://doi.org/10.1016/j.progpolymsci.2017.09.005
https://doi.org/10.1016/j.progpolymsci.2017.09.005
https://doi.org/10.1016/j.matt.2021.05.009
https://doi.org/10.1016/j.matt.2021.05.009
https://doi.org/10.1016/j.matt.2021.05.009
https://doi.org/10.1039/C7TC02703F
https://doi.org/10.1039/C7TC02703F
https://doi.org/10.1039/C7CC09209A
https://doi.org/10.1039/C7CC09209A
https://doi.org/10.1021/acssuschemeng.9b07266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b07266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2021.110836
https://doi.org/10.1016/j.eurpolymj.2021.110836
https://doi.org/10.1016/j.eurpolymj.2021.110836
https://doi.org/10.1016/j.eurpolymj.2021.110836
https://doi.org/10.1039/C4TB01407C
https://doi.org/10.1039/C4TB01407C
https://doi.org/10.1021/acs.chemmater.1c01242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b04592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b04592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.130545
https://doi.org/10.1016/j.cej.2021.130545
https://doi.org/10.1021/acsapm.2c00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0PY01159B
https://doi.org/10.1039/D0PY01159B
https://doi.org/10.1021/acs.chemmater.0c04581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c04581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c04581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c04907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c04907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0PY01760D
https://doi.org/10.1039/D0PY01760D
https://doi.org/10.1039/D0PY01760D
https://doi.org/10.1016/j.cej.2020.124685
https://doi.org/10.1016/j.cej.2020.124685
https://doi.org/10.1016/j.cej.2020.124685
https://doi.org/10.1021/acs.chemmater.2c00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2020.122803
https://doi.org/10.1016/j.polymer.2020.122803
https://doi.org/10.1016/j.polymer.2020.122803
https://doi.org/10.1021/acssuschemeng.6b02137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b02137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/marc.201600026
https://doi.org/10.1002/marc.201600026
https://doi.org/10.1021/acs.biomac.7b00921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2018.04.002
https://doi.org/10.1016/j.progpolymsci.2018.04.002
https://doi.org/10.1016/j.progpolymsci.2018.04.002
https://doi.org/10.1021/acssuschemeng.2c01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201807804
https://doi.org/10.1039/D2MH00768A
https://doi.org/10.1039/D2MH00768A
https://doi.org/10.1039/D2MH00768A
https://doi.org/10.1126/science.1237265
https://doi.org/10.1126/science.1237265
https://doi.org/10.1126/science.1237265
https://doi.org/10.1021/acs.chemrev.1c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3109/03602532.2015.1102933
https://doi.org/10.3109/03602532.2015.1102933
https://doi.org/10.1016/j.biomaterials.2018.03.018
https://doi.org/10.1016/j.biomaterials.2018.03.018
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Ninan, N.; Forget, A.; Shastri, V. P.; Voelcker, N. H.; Blencowe,
A. Antibacterial and Anti-Inflammatory PH-Responsive Tannic Acid-
Carboxylated Agarose Composite Hydrogels for Wound Healing. ACS
Appl. Mater. Interfaces 2016, 8 (42), 28511−28521.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.2c00657
ACS Macro Lett. 2023, 12, 125−132

132

https://doi.org/10.1021/acsami.6b10491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b10491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

