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One of the long-standing challenges in materials science involves synthesizing biomaterials that

recapitulate important features of native biological tissues. Even though, the number of available

biomaterials at the moment are virtually limitless, few of them has unlocked all the secrets of the human

body by mimicking the combinatorial-like material properties of our tissues and organs. Inspired by the

human body, we have developed a polymeric gum, which combines stretchability, toughness, strength,

flexibility, and self-healing. It also exhibits a high bioactivity that can target and eliminate bacterial

infections fast and reliably. Notably, this material is moldable into almost any complex shape, and

therefore suitable as a building block for wearables designed to conform directly with the curved and

personalized anatomy of patients. It also exhibits excellent drug retention and release capacity, which

altogether makes it suitable for applications in personalized wearable drug-delivery devices.

In recent years, self-healing and stretchable biomaterials have
received increasing interest in wearable devices, epidermal electro-
nics, implants and cybernetics.1–6 Indeed, desirable materials for
these applications must be able to blend perfectly with organs and
tissues for long period without any unwanted outcomes, while
at the same time retaining their predefined functions and
inherent properties. These materials also need to mimic the
complex and curvilinear architecture of the human body, as well
as recapitulate some of the mechanical and biological abilities
of the target tissue or organ. In this respect, some of the unique
aspects of many organs and tissues in the body—including
musculoskeletal, skin, cardiac and tooth—is their robustness,
flexibility and ability to withstand dynamic forces from day-to-day
activities as well as their ability to quickly remedy biological

injuries inflected upon them.7 However, unfortunately, as we
speak, a number of profound challenges need to be addressed
to pave the road for such combinatorial materials. Because, how
does one develop a biomaterial that is both sufficiently strong,
flexible, load-bearing, and self-healing at the same time? Is such a
design even feasible with non-toxic chemistry and without com-
promising biocompatibility and scalability? The long-standing
conflict between toughness, strength and self-healing also stands
in the way for achievements on this scale.8,9 We have surmounted
the aforementioned obstacles using an ingenious, low-cost and
green ‘‘design & mixing’’ procedure of only two components.

Inspired by the hierarchical organization of materials such
as spider silk, bone, nacre and wood, which simultaneously
combine strength, flexibility and toughness, we have employed
a similar hierarchical scheme based on hydrogen bonds to
achieve the same portfolio of material properties in the
laboratory.10,11 Hydrogen bonds are reversible; therefore our
hypothesis is that this scheme also can facilitate self-healing
properties because such weak bonds can break and re-form in a
indefinite manner. This ability, in turn, can also facilitate high
stretchability because of the continuous energy dissipated from
bond breaking and re-forming during straining.6,12–14

Specifically, we have combined two materials—tannic acid
(TA) and polyvinyl alcohol (PVA)—both of which are rich in
hydroxyl groups prone to forming hydrogen bonds.15–17 Indeed,
by simply mixing these two components we have successfully
developed a unique PVA–TA biomaterial (referred to as PATA)
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that in its consistency and appearance in many ways resembles
chewing gum. This gum-like biomaterial can stretch up to 30 000%
of its original length before failure, rapidly and repeatedly self-
heals within seconds, has an elastic modulus of B160 kPa and
can be molded into complex and curvilinear architectures
similar to those in the human body. Moreover, since TA is
widely recognized for its pronounced anti-oxidant capacity, our
unique biomaterial also displays various desirable biological
properties including antibacterial and anti-inflammatory efficacy.
Since the biomaterial itself shares hydrogel-like characteristics it
can be used as a drug carrier as well (Fig. 1).18,19 For these reasons,
we truly believe that we have developed an unusual material that
fulfills a wide range of biomaterial criteria necessary in the field of
biomedical engineering without compromising manufacturing
time and cost. Advantageously, this novel material is highly
moldable. Therefore, we foresee that it can be used as a building
component for custom-built wearables that can be manufactured
to fit perfectly with the anatomy of the target tissue in terms of
shape, size and architecture. Furthermore, because the material
is self-healing, flexible and tough—like human tissue—it could
potentially integrate completely with the human body in a
personalized manner.

We have exploited these exciting characteristics to develop a
customizable oral drug-delivery device to target mucositis, one of
the many adverse effects of chemo- and radiotherapy.20,21 In
simple terms, mucositis is characterized by painful inflammation
in the oral cavity and potentially lethal bacterial infections,

which TA can readily target and eliminate (Fig. 1). Specifically,
we employed a laser cutting approach to manufacture a custom-
made holder that can attach to a patient’s teeth, and which our
moldable material could fit perfectly within to deliver drugs in a
sustainable manner within the oral cavity (Fig. 1). Indeed, the
speed and low-cost of the laser cutting methodology, in combination
with our highly moldable drug-eluting biomaterial, could enable
on-demand and on-site manufacturing of personalized wearables to
target a wide range of diseases in a patient-specific manner. In this
scenario, the laser cutting technology can be combined with 3D
scanning technology to yield drug delivery-devices that can perfectly
meld with a patient’s anatomical features. In summary, our proof-
of-concept work demonstrates the potential of the aforementioned
biomaterial gum for the development of custom-made and person-
alized drug-delivery devices.

Results

Polyvinyl alcohol (PVA) is a synthetic polymer with many hydroxyl
groups located on its side chains (Fig. 2a); this property makes it
highly water-soluble.16 PVA is also non-toxic, biodegradable and
biocompatible and is therefore considered to be one of the most
suitable polymeric biomaterials for biomedical engineering
applications.22 Tannic acid (TA), on the other hand, is a naturally
occurring compound that exists within the bark and fruits of
trees and plants.15,23 In brief, TA is made from a central core of
polyhydric alcohols that are covalently linked to five digallic acid
units (Fig. 2a). Each of the digallic acid units contains numerous
hydroxyl groups, which endow TA with pronounced anti-oxidant
and free radical scavenging properties. Consequently, TA is
recognized by many experts for its antimicrobial, anticarcinogenic
and antibacterial properties. For these reasons, TA has found a
broad application base within the biomedical community.24 In
view of its abundant hydroxyl side groups, TA can also facilitate the
formation of hydrogen-bonded networks,17 especially with alcohol-
containing polymers such as PVA. We therefore hypothesize that a
simple water solution blending of PVA and TA into PVA–TA (PATA)
can yield a hydrogel via the formation of OH–OH hydrogen bonds.
Since PVA alone also crosslink physically via polymer entangle-
ment and OH–OH bonding we expect a hierarchical bonding
scheme to persist in PATA consisting of crosslinks of tuneable
binding strengths. In the following sections, we characterize the
chemical, self-healing and mechanical properties of this novel
biomaterial system. We also examine its degradation profile,
drug-loading capacity and biological performance before testing
its use as a customizable drug-delivery device.

Chemical and thermal characterization

The biomaterial gum formed almost immediately after mixing
and vortexing PVA and TA solutions together. From the Fourier-
transform infrared spectroscopy (FTIR) analysis presented in
Fig. 2b, it is clear that hydrogen bonds are one of the driving
forces behind the transformation of PVA and TA into solid
PATA. Specifically, the stretching vibrations of the hydroxyl
group (–OH) for PVA (3340 cm�1) and TA (3320 cm�1) in PATA

Fig. 1 The wide spectrum of properties that PATA exhibits are illustrated
here. Indeed, PATA is highly stretchable and exhibits antibacterial, anti-
inflammatory and self-healing properties. It is also capable of long-term
drug delivery into the oral cavity. Finally, PATA is moldable and can be
custom-fitted within wearable drug delivery devices. Herein, we have used
this concept to develop a wearable device that specifically targets mucositis.
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are in accordance with the formation of hydrogen bonds
between hydroxyl groups present in PVA and TA.17 On the other
hand, the stretching vibrations of CQO in PVA at 1735 cm�1

and TA at 1700 cm�1 are shifted to 1710 cm�1,25,26 indicating

the existence of yet another and stronger type of intermolecular
hydrogen bond between CQO and –OH. Furthermore, the
characteristic band for stretching vibration of methylene
(–CH2) from PVA (2930 cm�1) and the stretching vibrations

Fig. 2 Chemical characterization of PATA. (a) Schematic depiction of the chemistry behind the formation of our hydrogel-like gum, the synthesis
process, and corresponding scanning electron microscopy (SEM) image of PATA. (b) FTIR spectra, (c) DSC analysis, (d) TGA analysis, (e) DTG analysis, and
(f) the tabulated thermal values retrieved from DSC, TGA and DTG for PVA, TA, and PATA.
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from the TA aromatic rings at 1610 and 1450 cm�1 are clearly
visible in PATA, which confirms the assembly of PATA from its
precursor components PVA and TA.26

A number of studies have established a relationship between
high polymer mobility and a low glass transition temperature
(Tg).27 Likewise, the melting and decomposition points of a
material are also linked with important properties such as
crystallinity, elasticity and stability; parameters that are intimatly
linked with mechanical properties and self-healing capacity of
any given material. For these reasons, we carefully characterized
the thermal properties of PATA to gain a better mechanistic
understanding of its mechanical and self-healing properties.

In this regard, Differential Scanning Calorimetry (DSC) is a
widely recognized tool for probing both the energy required for
breaking crystalline regions and the Tg;28 whereas Thermal
Gravimetric Analysis (TGA) can probe the various thermal
phases of materials.28 We used both methodologies to study
the fundamental characteristics of PATA. As shown in Fig. 2c
and f, the DSC curves of PVA revealed a Tg at 49.6 1C (typical
values range between 37.5 and 88.1 1C).29–31 which remained
largely unchanged after TA incorporation. Its melting temperature,
on the other hand, was around 169 1C, which is a bit lower than
usual (typical values range between 193 and 220 1C).29,30 It
is noteworthy that this value dropped to 126 1C after the
incorporation of TA. The DSC results therefore confirm a high
molecular mobility within our PATA biomaterial which in turn
could facilitate autonomous self-healing. The PVA melting
enthalpy (DH) retrieved from the DSC data was also almost 9-
fold smaller than that retrieved for PATA. This finding might
simply be a result of the manifold higher DH value retrieved for
TA alone.

The TGA curves (Fig. 2d and f) indicated that the thermal
resilience of PVA decreased a bit after the incorporation of TA.
To be more specific, we transformed the TGA curves into
Differential Thermal Gravimetric (DTG) curves. From here, we
observed two obvious degradation peaks for PVA over the
temperature range of 200–480 1C, which were slightly shifted
to lower values after the addition of TA. In the PATA case, a
sharp peak at B124 1C was also observed, which could be
ascribed to the evaporation of moisture and the large amount
of water that was trapped in the polymer network; and thus a
strong indicator of hydrogel-like characteristics. From the TGA
and DTG curves, we can thus conclude that the presence of TA
did not negatively affect the thermal stability of PVA but instead
facilitated the formation of a highly hydrated biomaterial.

Stability studies

To optimize the physicochemical properties of PATA, we tested
seven different preparation conditions. In all methods, PVA was
dissolved in PBS (pH 7.4) while TA solution was prepared in
different solvents including, water, PBS, and sodium hydroxide
(NaOH) with different molarities. The physiochemical properties
of PATA—such as its degree of swelling, water retention and
stability in different solvents—are presented in Fig. 3. It is evident
that PATA shares many of the same characteristics as hydrogels,
albeit with a significantly lower swelling ratio and water content
than most conventional hydrogels (Fig. 3). The swelling ratio of
PATA was strongly dependent on the presence of NaOH in the TA
solution; the highest NaOH concentration resulted in the highest
swelling rate (Fig. 3a). On the other hand, the water content
remained fairly stable (between 55% and 70%) depending on the
aqueous solvent of TA (Fig. 3b). We also performed water

Fig. 3 Physiochemical characterization of PATA. In brief, PVA was dissolved in PBS (pH 7.4) and TA in various solvents, including water, PBS (pH 7.4) and
NaOH with different molarities to test (a) swelling ratio, (b) water content, (c) water retention ratio, and (d) weight loss of the prepared composites.
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retention studies for three biomaterials with the highest, middle
and lowest swelling ratios (Fig. 3c). We found that the water
retention decreased to less than 35% after 10 hours for all
conditions. Even though the water content is substantially lower
than that of most hydrogels (70–99%),32,33 the water retention
profile is more prolonged compared with conventional hydrogels,
which dehydrate almost immediately when moved to non-aqueous
environments. This is critical because many of the properties that
hydrogels exhibit are conditioned by their hydration.7,9,33–35 PATA
was also fairly stable in PBS with a pH value of either 6.8 or 7.4;
the best stability observed at a pH of 6.8. The total mass loss
ranged from 6.5% at pH 6.8 to 12% at pH 7.4 after 24 hours
(Fig. 3d). We attribute most of this mass loss to TA because
nearly 40% of the entrapped TA was released into the environment
after 24 hours at a pH of 7.4; this release was nearly two-fold higher
than that at a pH of 6.8 (Fig. S1, ESI†).

Overall, we can conclude from the results listed in Fig. 3 that
PATA displays hydrogel-like properties but not in a conven-
tional sense. Notably, PATA displayed high water retention and
stability in PBS over water, rendering it useful in both aqueous
and dry conditions. Moreover, our assumption was that a higher
swelling ratio would lead to a more rapid release of TA, which is
not desired; we conversely assumed that the lowest swelling ratio
might reduce the drug-release rate and thus decided to exclude
the NaOH conditions in further down-stream studies.36,37 There-
fore, due to its stability and reasonable swelling ratio in PBS,
we selected this physiological medium for additional studies to
optimize drug delivery kinetics for applications in drug delivery.

Self-healing properties

Tissues of the human body are strong, resilient, adaptable and
capable of undergoing self-healing when damaged. For any
device to blend completely with the organs and tissues of the
body, it must encompass at least some of the aforementioned
properties. This situation is particularly true for wearable devices
intended to be used on flexible, curvilinear or load-bearing parts
of the human body. Here, we demonstrate that PATA is a flexible,
moldable and self-healing material capable of making wearables
more ‘‘human-friendly.’’ We have showcased some of these
exciting properties in photographic images, which are displayed
in Fig. 4. From Fig. 4a, it is evident that destructed PATA sections
can immediately self-heal; and that the material itself is highly
moldable and stretchable, mainly as a result of abundant hydrogen
bonds in the structure of PATA as described in the previous
section. Notably, excellent mechanical recovery was observed after
reconnecting broken PATA’s for only 240 seconds (Fig. 4b). PATA
healed rather remarkably, and the fracture gap was almost
completely refilled after 20 seconds (Fig. 4c). This finding was
confirmed through Scanning Electron Imaging (SEM) as well
(Fig. 4d), and Fig. S2 (ESI†) further supports the above-listed
properties in terms of polymer stretchability of healed parts and
their mechanical integrity.

Mechanical analysis

Generally speaking, self-healing behavior is facilitated by polymer
chain mobility, whilst strength is typically proportional to the

density and degree of crosslinking of the matrix.38 Accordingly,
PATA’s exceptional self-healing ability might compromise its
mechanical strength since crosslinking density is an antagonist
to chain mobility. Moreover, the mechanical properties of bio-
materials are crucial for optimal performance within the
demanding environments of the human body. In Fig. 5 we have
therefore performed an elaborate characterization of PATA’s
mechanical properties as an ‘‘add-on’’ to the self-healing analysis
presented in the previous section.

The specimens were evaluated in tensile mode to retrieve
stress, strain and toughness at fracture point (Fig. 5). To this
end, a series of cyclic stress–strain curves were obtained and
displayed in Fig. 5a and b together with photographic images of
the stretched specimens. We did not push the samples to the
limit—we tested only to a maximum strain value of 15 000% to
perform many consecutive cycles. But, as can been concluded
from ESI,† Fig. S3, PATA could stretch to 30 000% of its original
length. In comparison, most elastomers display a maximum
elongation between 100% and 1000%.55 Recently, however, a team
at Stanford University developed an ultra-stretchable PDMS-based
polymer that could elongate to over 10 000% its original length.5

We also note that PATA exhibits an ultimate stress (between 35 and
55 kPa) and a tensile modulus that is substantially higher
(100–160 kPa) than that of most hydrogels.4,17,39 Moreover, we also
notice that the mechanical properties of PATA were in general higher
in the PBS than in water (Fig. 5c); which could be due to a higher
ionic strength of PBS and the associated enhancement in hydrogen
bonding forming capacity compared to water. Advantageously,
PATA shows a high mechanical recovery at around 100% after
being healed for 2 hours and could keep this recovery efficiency
constant for many repeated cycles (Fig. 5f).

According to the stability results shown in Fig. 3 and ESI,†
Fig. S1, PATA experienced weight losses caused by the release of
TA. This observed TA release might compromise the long-term
mechanical integrity of PATA, since TA is the mediator of many
of its exciting mechanical and self-healing properties discussed
thus far. To address this concern, we performed a series of
mechanical analyses following TA release for up to 72 hours
(Fig. S4, ESI†). From these data, it is evident that TA release did
not compromise the mechanical properties of PATA. We spec-
ulate that this interesting phenomena is most likely caused by
the presence of substantial amounts of unbound TA; which
therefore does not affect the mechanical integrity of PATA after
their release from the system.

We also examined the mechanical recovery of PATA after
drying and rehydration (24 hours) (Fig. S5, ESI†), since practical
usage dictates that PATA needs to be dried to enable its long-
term storage. Interestingly, the results shown in ESI,† Fig. S5
confirm that the mechanical properties of PATA remained
largely the same after a drying–rehydrating cycle. Overall, these
results indicate that PATA displays sufficient mechanical sta-
bility for both long-term usage and storage purposes.

A customized oral drug delivery device

Wearable healthcare devices have been developing at a rapid
pace, and their spectrum of applications appears virtually
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limitless at the moment.3 They especially hold great promise as
personalized devices that can increase the efficacy of therapy by
blending in with the shape, size, weight and specific anatomy
of their wearer. Despite the overwhelming interest that wear-
able devices have garnered, they have not yet unleashed their
full potential in the field of orthopedics and dentistry. Here, we
have used our moldable and drug-retainable PATA as a drug-
eluting carrier within a wearable oral delivery device to target
muscositis. Mucositis is defined as the inflammation and
ulceration of mucous tissues in the digestive tract and oral

cavity;20,21 and it typically arises after intensive chemo- and
radiotherapy. Our hypothesis is that PATA possesses sufficient
anti-inflammatory and anti-bacterial properties to prevent
mucositis from occurring during cancer treatment. In combination
with painkilling drugs (analgesics), we propose that PATA can
be used to generate an oral delivery device for mucositis
therapy. The idea is that this device can eliminate mucositis
through its anti-inflammatory and bacteria-killing abilities,
while at the same time preventing the pain and agony asso-
ciated with the disease.

Fig. 4 Self-healing properties of PATA. (a) Hydrogels loaded with green and red dyes were prepared and cut into small pieces to test the self-healing,
moldable and stretchable properties of PATA. As shown, pieces with different colors were rapidly healed by putting the fresh surfaces into contact with
one another. Flexibility and moldability of the self-healed hydrogel is shown in section a4. (b) Stretchability of two separate pieces of PATA after self-
healing. The images shows that PATA can extend more than 50 times its original length after healing – without any rupture. (c) Photographs of the healing
process and corresponding optical images. (d) SEM image of the healed area after 240 s of healing.
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Therefore, we investigated the antibacterial properties of
PATA (Fig. 6a–c) on S. aureus, which is one of the main causes of
oral infection in patients suffering mucositis.40 The results
depicted here clearly show that TA released from PATA can
inhibit the growth of S. aureus bacteria as compared to a control
PBS buffer solution (Fig. 6a). In addition, the area devoid of
bacterial growth (inhibition zone) grew steadily from around
9 mm to 15 mm in 24 hours (Fig. 6b). SEM imaging confirmed
this interesting trend, as the bacterial growth declined as
compared to the control sample when S. aureus was treated
with TA released from the hydrogel for 1 hour. Notably, the SEM
images indicate that bacteria were completely eradicated after
being exposed to TA released from PATA for 24 hours, since only
debris structures were observed. From ESI,† Fig. S6, it is evident
that released TA was the primary ingredient responsible for the
bacteria growth inhibiting properties of PATA.

Next, we examined the anti-oxidant and anti-inflammatory
properties of PATA (Fig. 6d–g). Because one of the important
hallmarks of inflammation is intimately linked with oxidative
stress caused by free radicals released by the body’s own immune
cells;41 we therefore screened the free radical-scavenging capacity
of PATA. Indeed, PATA effectively removed important free
radicals such as DPPH and ABTS within a few hours (Fig. 6d
and e). We also examined the reducing power and reductive
oxidative stress (ROS) reduction capacity of TA released from
PATA (Fig. 6f and g) at two different pH values (6.8 and 7.4). The
pH of the oral cavity, which is the target site of our device, is
around 6.8.42 Besides, pH 7.4 is the normal pH in many parts of
the human body and is thereby recognized as a gold standard in
most biological assays. Our results indicate that, similar to
DPPH and ABTS studies described above, the reducing power
was higher for TA released at a neutral pH value compared with

Fig. 5 Mechanical analysis of PATA. (a) Snapshots showcasing the high stretching property of PATA. Specifically, the images show that PATA could be
stretched to 130 times its initial length, from 2 mm to more than 265 mm without any breakage. (b) Cyclic tensile–strain curves (up to five cycles)
corresponding to PATA hydrogels prepared in either PBS or water. (c) The tensile stress, (d) Young modulus, (e) toughness and (f) self-healing efficiency of
the respective hydrogels are displayed here.
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a more acidic buffer. Furthermore, the ROS reduction capacity
was not significantly affected by the pH value of the release
media. Notably, both the reducing power and ROS values were
substantial demonstrating the strong anti-inflammatory properties

of PATA. Based on ESI,† Fig. S7, it is evident that these anti-
inflammatory properties primarily stem from TA. Indeed, TA
displayed a much higher free radical scavenging effect than
vitamin E (a-tocopherol); which is considered to be among the

Fig. 6 Antibacterial and antioxidant activity of PATA. (a) The growth of S. aureus on an agar plate after treatment for 24 h with TA released from PATA for
1, 4, 8, and 24 h at the pH values of 6.8 and 7.4 of the release media. (b) Quantitative values of inhibition zones against S. aureus due to TA released from
PATA. (c) SEM images of bacteria treated with PBS (pH 7.4; control) or TA released from PATA for 1 h and 24 h. (d) DPPH scavenging effect, (e) ABTS�+

scavenging effect, (f) reducing power of PATA at two different pH values, and (g) anti-ROS activity stemming from the PATA gel at different time points.
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best free-radical scavengers.43 We therefore also reason that the
better bioactivity observed at pH 7.4 is most likely caused by the
higher degree of TA release from PATA at this condition
compared with release at pH 6.8 (Fig. S1, ESI†).

Finally, we developed a customized wearable holder through
laser printing and exploited the ‘‘easy-to-mold’’ feature of PATA
to fit the material nicely into this holder, thereby fabricating a
novel and versatile wearable oral drug delivery device (Fig. 7a
and b). Then, doxepin—a widely used analgesic in mucositis
treatment44—was loaded into PATA and the release profile of
both TA and doxepin was followed for one week (Fig. 7c). A
gradual and sustained release profile was evident for both
compounds during this time period. Moreover, doxepin loading
did not change the mechanical and self-healing properties of

PATA as evident from the results displayed in ESI,† Fig. S8. We
also observed that TA released from PATA strongly reduced
TNF-a production by J774 macrophages (Fig. 7d). To ensure
that the TA dose was not cytotoxic to nearby epithelial cells, we
tested its impact on the viability of three common types of
epithelial cells (primary, Caco-2 and CAL-17 epithelial cells).45

Interestingly, the viability remained close to 100% for all cell
lines regardless of the pH value for up to 24 hours (Fig. 7e and
Fig. S9, ESI†). We also examined chemotherapy-induced apoptosis
(induced by 5-Fluorouracil (5FU) exposure) of primary epithelial
cells in the presence of doxepin-loaded PATA using a combined DAPI
and TUNEL staining assay (Fig. 7f). DAPI stains all nuclei blue, while
cells undergoing apoptosis are additionally stained by green TUNEL,
thereby giving rise to turquoise-colored cells (apoptotic cells).

Fig. 7 A customized and wearable drug delivery device. (a) Photographic images demonstrating a successful molding of PATA within custom-built
holders as wearable device for oral drug delivery. (b) A schematic showcasing the working principle behind its application for sustained drug release in the
oral cavity after fixation onto the patients tooth. (c) The release profile of doxepin and TA from the gels inserted within the holder. Saliva mimicking
medium was used for release study. (d) Strong reduction of TNF-a production in J774A.1 macrophages treated with a LPS solution caused by TA released
from the PATA biomaterial at different time points. The values represent fold decrease in comparison to the positive control samples treated with LPS
solution only. (e) Viability of primary epithelial cells treated with PATA for 6 h and 24 h at the pH values of 6.8 and 7.4. (f) Fluorescence imaging of cell
apoptosis after treatment with 5-fluorouracil (5FU) alone and 5FU + TA. The images are merged panels of blue color corresponding to the cell nuclei and
green color corresponding to apoptotic cells.
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From these images, it was evident that TA could remedy the
5FU-induced cell apoptosis.

Discussion

Wearable drug-delivery devices that can be customized to blend
directly with the complex, curvilinear and personalized anat-
omy of patients require materials that are flexible, stretchable,
self-healable, tough and moldable. Herein, we have developed
such biomaterials from biocompatible and naturally derived
compounds, namely PVA and TA. Notably, our unique composition
also exhibits high anti-inflammatory and anti-bacterial pro-
perties. These attributes, together with its excellent drug-
loading capacity, make it an ideal candidate for personalized
drug-delivery devices.

Despite the fact that many previous studies have combined PVA
with TA to produce materials with self-healing,46 mechanical,17,47,48

anti-bacterial19,49 and anti-inflammatory properties, none of the
existing PVA and TA biomaterial systems encompass the wide range
of properties that PATA does. Indeed, our PATA biomaterial incor-
porates all of the requested properties mentioned above, including
excellent stretchability and high moldability (Fig. 1). This novelty,
in combination with the innovative methodology outlined for
personalized and wearable drug-delivery devices, renders PATA a
unique biomaterial, which holds strong promise in biomedicine.
But what was the key to unleashing the hitherto secret powers of
PATA? In the following paragraphs we will highlight the mechanistic
pathways underlying the remarkable mechanical and self-healing
properties of PATA before switching focus to its fascinating
biological properties.

The starting point of this story is in the midst of nature; as
nature has it’s own way of developing materials with mechanical
properties similar to the ones encompassed by PATA. For
instance, natural materials such as nacre, bone, wood, bamboo
and spider-silk owe their unique properties due to tight and
hierarchical orchestration of their bonding strengths and architec-
tural complexities at different length scales.8,10,11,50,51 Spider silk,
for instance, is a hierarchical material dominated by crystalline,
rigid and ‘‘hard-to-break’’ domains and weaker hydrogen bonds
linking its amorphous regions together.51 Bone is another example
of such a hierarchical organization, since it consists of a soft and
collagenous phase dominated by weak intermolecular links and
a hard and crystalline dispersed mineral phase.11 As a load is
applied, the reversible and sacrificial bonds on the molecular
scale dissipate the applied energy to enable such materials to
resist more and more loading. Our hypothesis is that a similar
mode of action is giving rise to the high stretchability and
mechanical toughness of PATA.

Indeed, based on the DSC results shown in Fig. 2, it is clear
that PATA is a semi-crystalline polymer with a melting enthalpy
(DH) of 84.76 (J g�1). Because the DH value for 100% crystalline
PVA is 138.6 (J g�1);29,52 we speculate that PATA exhibits a
crystallinity degree of 61%. From the observed low DH value of
PVA (9.50 J g�1), we also speculate that the PATA crystallinity is
much larger than that of PVA and increases with the incorporation

of TA. A similar trend was observed by Guan et al. These authors
found that PVA crystallinity increased to almost 52% due to the
incorporation of TA.47 Guan et al. argued that the hydrogen bond
networking between PVA and TA improved the ordering of the PVA
polymer to give rise to this higher crystallinity. Moreover, the
FTIR spectra shown in Fig. 2 also revealed evidence for a
hierarchical hydrogen bonding scheme consisting of OH–
CQO (7.4 kcal mol�1) and OH–OH (4.7 kcal mol�1) with the
bonding strength of the first bond being almost two-fold larger
than that of the other.53 This result, in combination with the
physical entanglements between PVA itself, gives rise to four
different mechanical contributors to structural integrity and
material strength. Altogether, these properties result in a wide
range of bonding types with different binding energies. In this
scenario, the more strongly bonded PATA domains will keep
the system intact as more strain is applied, and the weaker
hydrogen bonds will dissipate the loaded energy in a reversible and
continuous manner. This situation not only gives rise to high
stretchability and material toughness but also self-healing properties,
as evidenced by a number of recent studies.6,13,14,38,54–57

For instance, Zhang et al. developed a PVA–poly(ethylene
glycol) PEG material with high self-healing, toughness and
stretchability (400%),56 and speculated that these mechanical
properties were due to a similar hierarchical scheme consisting
of weak hydrogen bonds, chemical bonds and rigid crystalline
regions within PVA. Other studies have shown that the combination
of strong covalent and weak ionic bonds within an alginate–poly-
acrylamide matrix57 as well as reversible metal coordination bonds
mediated by Fe3+ incorporation into PDMS could yield high stretch-
ability of up to 10 000%.4 Even so; this value is nowhere near the
30 000% reported in this study.

This discrepancy between previous literature and our current
results raises the question why PATA is the first PVA-TA biomaterial
that displays such remarkable properties. Firstly, most of the
PVA-TA biomaterials reported thus far have been thin films or
hydrogels in the conventional sense, which do not display the
gum-like characteristics that our PATA does. We believe that
this situation arises from the manufacturing methods used so
far. These methods typically rely on either a freeze/thawing16,48

or solvent casting methodology.47 In this study, we used high
concentrations of TA (50%) to form a gum-like substance with
hydrogel-like characteristics using a simple mixing procedure
with PVA instead. We believe that the key towards this different
behavior relates to the high TA concentrations employed in our
study, since previous reports on PATA biomaterials used TA
concentrations (w/v %) ranging from 0.16–10%. These values
were too low to facilitate spontaneous and homogenous hydro-
gel formation. The high concentration of TA used in this study
also resulted in a significant amount of non-bound TA within
PATA, which subsequently could be released in a sustainable
manner to yield a drug-like carrier. Indeed, one can also argue
that such ‘‘free-moving’’ TA molecules could act as self-healing
agents that could remedy material defects quickly and in an
on-demand manner. This situation may also be one of the key
factors behind the good self-healing capacity of PATA and why a
stretchability of 30 000% was attained.
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TA is also widely recognized for its antibacterial properties,19,58

which is speculated to arise from various mechanisms including
destabilization of the bacterial cytoplasmic membrane, an increase
in membrane permeability and TA ability to negatively interact
with a number of bacterial proteins.59,60 This has prompted its
usage to improve the performance of a number of hydrogel-based
wound dressings.18,19,58,61 For this reason, one of our working
hypotheses was that PATA—because it contains TA—could display
such antibacterial activities as well. To this end, our in vitro
antibacterial tests with PATA included S. aureus, one of the primary
opportunistic strains of bacteria responsible for causing various
types of infections in humans.62,63 Interestingly, PATA exhibited
a strong response against this specific bacteria and almost
completely eliminated its growth after only 4 hours as evidenced
by photographic images, inhibition zone characterization and
SEM imaging (Fig. 6a–c).

Antibiotics are unequivocally one of the most recognized
antibacterial agents by both the broader populace and those
working within the field of medicine. Unfortunately, they also
come with a number of adverse effects, and over the recent
decades a growing number of bacteria types have begun to show
some resistance against antibiotics. Other safer alternatives for
humanity are based on various metal-based nanoparticles with
silver being the most promising and frequently used one.64–66

However, some of these nanoparticles are toxic to the human
body; others such as silver are too expensive. TA was also erro-
neously considered as a human toxicant due to some studies in the
early 1940s that raised concerns over its hepatotoxic effects.
However, more recent studies have come to the conclusion that
these effects most likely stemmed from pathophysiological-based
effects.67 Indeed, numerous studies have recently demonstrated
that TA-based cell cytotoxicity is either non-existent or non-
prominent under the right conditions.24,58,61 We observed the
same trend in our cell viability studies in response to TA released
from PATA (Fig. 7e). Notably, our results demonstrated high
cell viability for three different epithelial cell types, i.e. primary,
Caco-2 and CAL-17 epithelial cells. Therefore, the once-feared TA
cytotoxicity is slowly taking the shape as an urban legend in the
biomedical community. This fact, in combination with the cheap
and abundant nature of TA, renders it a suitable alternative
to some of the aforementioned ‘‘state-of-the-art’’ antibacterial
agents in the field.

Additionally, TA is also known to possess antioxidant and
anti-inflammatory properties like many other polyphenolic
compounds ‘‘out there’’.68,69 TA released from PATA displayed
similar anti-inflammatory properties, as it could reduce the
production of cytokines from LPS activated macrophages to a
substantial degree (Fig. 7d). In combination with doxepin it was
also found that TA significantly reduced chemotherapy-induced
cell apoptosis. This effect is most likely caused by the antioxidant
and anti-scavenging capacity of TA, which in turn may enable it to
perform its anti-oxidant and anti-inflammatory properties on the
epithelial cells that have been damaged by chemotherapy to
prevent them from entering apoptosis.70–72

Overall, the unique combination of properties that PATA
exhibits renders it an ideal drug-delivery carrier to be used in

personalized wearables such as the mucositis-targeting drug-
delivery device developed in this study (Fig. 7). We envision that the
approach outlined here could potentially carve out an exciting
pathway for the on-site and on-demand production of a wide range
of drug-delivery devices that can be customized to meld directly with
a patient’s anatomy. Advantageously, the methodology proposed
here could significantly reduce both waiting time for surgery and
the associated patient healthcare costs.

Conclusion

We have used a cheap, scalable, ecofriendly and simple ‘‘design
and mixing’’ procedure to create a novel biomaterial (referred
to as PATA) with a unique combination of mechanical, self-
healing and biological properties. We demonstrated that it is
displays anti-bacterial and anti-inflammatory properties along
with an excellent self-healing capacity, flexibility, stretchability
and moldability. The group of materials to which PATA belongs can
be termed ‘‘human-friendly’’ because they share many features with
human tissues. We also argued and demonstrated that such
materials are necessary to make wearables that can readily integrate
with the curved, flexible, complex and personalized anatomy of a
patient. Finally, we demonstrated that PATA encompass hydrogel-
like properties, which facilitate excellent control over drug delivery
kinetics. Overall, the proof-of-concept methodology outlined here
may open up a new avenue in the pursuit of advanced functional
materials for the wearables industry and within the field of person-
alized medicine.

Experimental section
Preparation of the PATA biomaterial

The formation of PATA was initiated by dissolving 10 g of TA
(Sigma-Aldrich) in 20 ml of PBS (pH 7.4) to obtain a 50% w/v
solution. In addition, a solution of PVA (Mw 31 000–48 000;
10% w/v in PBS; pH 7.4) was prepared in another glass bottle
through the constant stirring at 50 1C for 5 h. To form the
hydrogel, 12 ml of 10% PVA solution was placed into a 50 ml
falcon tube and 2 ml of TA (50% w/v) was added stepwise under
vigorous vortexing, followed by mixing with spatula for 1 minute.
The hydrogel was then washed and stored in Milli-Q water at room
temperature for further usage.

Molecular structure and thermal analyses

The molecular structure of the PATA hydrogels was investigated
by Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) using a PerkinElmer Spectrum 100 FTIR spectrometer (USA)
equipped with a diamond crystal attenuated total reflectance (ATR)
accessory after background subtraction ATR sampling accessory.
PATA hydrogel was freeze-dried and grinded into powder prior to
each measurement to identify the occurring interactions between
PVA and TA. The wavenumber region of 4000–500 cm�1 was used
to record the spectra with 16 scans at a resolution of 4 cm�1. All
spectra were baseline corrected and normalized using the Perkin-
Elmer Spectrum software.
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Differential Scanning Calorimetry (DSC) was used to estimate
the crystallinity and stability of the hydrogel. For the DSC measure-
ments, grinded samples were pre-dried in oven for 30 min at 60 1C
and 12 h at 37 1C. Then 5 mg of samples was placed in 30 ml
aluminum pans and sealed. Samples were equilibrate at 25 1C and
measurements were performed from 25 to 300 1C under continuous
50 ml min�1 N2 purge gas flow and an accelerating heating rate of
10 1C min�1. The thermal analysis experiments were performed on
TA Instruments DSC Q200 at least in triplicate.

The thermal stability of the hydrogel was determined by
thermogravimetric analysis (TGA) using TA TGA Q500 Thermo-
gravimetric Analyzer. The thermogravimetry measurements on
freeze-dried samples were carried out under continuous N2 flow
(60 ml min�1). The temperature scan rate was 10 1C min�1 from
30 to 800 1C.

Water content, swelling, retention ration and weight loss
studies

Water content and swelling studies were performed for various
types of PATA hydrogels prepared through the interaction of
PVA solution in PBS buffer (pH 7.4) and TA dissolved in
different solutions (Milli-Q water, PBS pH 7.4, and NaOH with
various molarities). The water content was measured using the
below formula:

Water content ð%Þ ¼Ww �Dw

Ww
(1)

where Ww and Dw are wet weight and dry weight of the hydrogel,
respectively.

To measure the swelling ratio, all above-mentioned hydrogels
were first dried in the oven at 40 1C for 72 h. Next, the samples
were immersed in the PBS buffer (pH 7.4) and the swelling ratio
was calculated as a function of time using eqn (2) through the
measurement of wet weight (Mw) and dry weight (Md) at the
respective time points. Swelling was allowed to continue until
an equilibrium swelling state was reached, i.e. sample weight
remained constant. Before a sample was weighed, water in the
surface of the hydrogel was gently removed with filter paper. At
least three samples were studied for each time point and an
average was calculated.

Swelling ratio ¼Mw �Md

Md
(2)

After swelling for 24 h, which was an equilibrium point, the
samples were removed from the PBS buffer and left at room
temperature in dry condition for 10 days to evaluate the water
retention ratio by the same formula used for the calculation of
swelling ratio.

To assess the rate of weight loss, which can be an indicator
of degradation or component release from the hydrogels, the
sample was first prepared using PVA and TA both dissolved in
PBS (pH 7.4) as the optimal condition and then dried and
weighted. Next, the hydrogels were incubated in PBS (pH 7.4
and 6.8) at 37 1C. At each time point of 1, 2, 4, 8, and 24 h, three
replicates of the hydrogels were removed from the medium and
dried. The weight loss (%) was then calculated using eqn (3),

where the difference of initial dried mass before adding the
samples to the PBS buffer (initial Mw) and the dried mass of
the same samples at each time point post-immersion into the
buffer (Mw(t)) was divided by its measured initial dried weight.
Each combination was replicated 3 times to get an average
value of the weight loss (%).

Weight loss ð%Þ ¼ Initial Mw �MwðtÞ
Initial Mw

� 100 (3)

Mechanical characterization

The mechanical properties of the hydrogels were analyzed
using an Instron (Model 5967, UK) mechanical tester equipped
with a 500 N load cell, under tensile mode with an initial grip
separation of 2 mm and crosshead speed of 100 mm min�1.
Tensile properties, elastic modulus, toughness, and recycling
efficiency were measured for individually prepared hydrogels in
six replicates. Prior to the test, the length, width, and thickness
of the hydrogels were adjusted to 22 mm, 14 mm, and 1 mm,
respectively, using a Vernier caliper. The toughness was estimated
as the area under the stress–strain curve, while recycling efficiency
(%) was calculated as the ratio of toughness in N and N � 1
recovery cycle (eqn (4)):

Recycling efficiency ð%Þ ¼ Toughness ðCycle NÞ
Toughness ðCycle N � 1Þ � 100 (4)

Prior to mechanical testing, all samples were allowed to swell in
Milli-Q water for 24 h. Mechanical properties were investigated in
different conditions, including (1) after hydrogel formation; (2)
every 2 h for up to 8 hours for each individual sample; (3) after
tannic acid release from the hydrogel in PBS (pH 7.4) by changing
the release media every 24 h (shown as 72 h in the figures); (4) after
drying the samples and soaking in PBS (pH 7.4) for different time
intervals (0.5 h, 1 h, 2 h, 3 h, 4 h, 8 h, 24 h); (5) and every 2 h for up
to 8 hours for drug loaded PATA hydrogels. Specimens were placed
in Milli-Q water during the 2 h intervals of cycles.

Self-healing behavior of the PATA hydrogel

Macroscopic self-healing property of the hydrogel was evaluated
visually by screening of the gel recovery after cutting the colored
gels into small separated pieces with a surgical knife and
observing their fusion without the application of a continuous
external pressure. Red and green food colors were loaded into
the gels as staining agents for better visualization. The healing
behavior, stretchability, and moldability were visually observed
for the fused gels of different colors. Moreover, the mechanical
properties of a PATA hydrogel with the length of 22 mm, width
of 14 mm, and thickness of 1 mm were studied after cutting it
and putting separated pieces next to each other for 4 min. In
addition, the central section of a cubic hydrogel was cut off, and
then the separated pieces were put together under an optical
microscopy without any external pressure at room temperature
to record the self-healing process of the hydrogel over time. The
SEM imaging of the healing zone was also obtained after putting
the separated zones together for 4 min.
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DPPH� free radical scavenging activity

To measure the scavenging activity of the gels, the bleaching
rate of a stable free radical, DPPH�, was monitored in the
presence of TA released from the gel. For this purpose,
600 mg of the PATA gel was placed in 100 ml of PBS, pH 7.4
and 6.8, separately. At different time points (15 min, 30 min,
90 min, 240 min, 480 min), 200 ml of the PBS medium was
withdrawn and added to glass bottle for drying at 37 1C over-
night. Next, 1.5 ml of ethanol was added to the glass bottles
containing dried TA released from the gel, vortexed for 2 min
and allowed to stand for 20 min. Afterwards, 0.5 ml of DPPH�

solution (0.1 mM) prepared in ethanol was added to glass
bottles. The mixture was vigorously vortexed and incubated in
dark for 30 min before measuring the absorbance at 517 nm
against control samples which were prepared as above without
having the PATA gel within the releasing media of PBS. Ethanol
was used for the baseline correction. In its radical form, DPPH�

absorbs at 517 nm, but its absorption decreases upon reduction
by an antioxidant. Therefore, the lower absorbance of the
reaction mixture is an indicative of higher radical scavenging
activity. Radical scavenging effect was expressed as percentage,
calculated by the following equation:

DPPH� scavenging effect ð%Þ ¼ 1� As

Ac

� �
� 100 (5)

where, As is the absorbance in the presence of tannic acid
released from the gel and Ac is the absorbance of the control
which contains DPPH� solution. The same study was performed
for the free TA and a-tocopherol at various known concentrations
(10, 20, 30, and 40 mg ml�1; results shown in the ESI†).

Total antioxidant activity assay by ABTS�+ radical cation
decolorization assay

The ABTS�+ method is based on the ability of antioxidants to
quench the long-lived ABTS radical cation, a blue/green chromo-
phore with characteristic absorption at 734 nm. For this purpose,
600 mg of the PATA gel was placed in 100 ml of PBS with the pH
values of 7.4 and 6.8, separately. At different time points (15 min,
30 min, 90 min, 240 min, 480 min), 200 ml of the PBS medium
was withdrawn and added to glass bottle for drying at 37 1C
overnight. The dried TA samples were then dissolved in 3 ml of
ethanol. Next, ABTS�+ was produced by reacting 2 mM ABTS in H2O
with 2.45 mM potassium persulfate and allowing the mixture to
stand in the dark at room temperature for four hours. The ABTS�+

solution was diluted in sodium phosphate buffer (0.1 M, pH 7.4) to
get an absorbance of 0.750� 0.023 at 734 nm. Next, 1 ml of diluted
ABTS�+ solution was added to as-prepared 3 ml ethanol solution of
TA released from the gel. After 30 min, the percentage inhibition of
ABTS�+ at 734 nm was calculated relative to a control by measuring
the extent of decolorization using the below equation:

ABTS�þ scavenging effect ð%Þ ¼ 1� As

Ac

� �
� 100 (6)

where, As is the absorbance of the remaining concentration of
ABTS�+ in the presence of tannic acid released from the gel and

Ac is the absorbance of the initial concentration of the ABTS�+ in the
absence of TA released from the gel. The same study was performed
for the free TA and a-tocopherol at various known concentrations
(10, 20, 30, and 40 mg ml�1; results shown in the ESI†).

Reducing power assay of PATA gel

In this experiment, 600 mg of the gel was first placed within
100 ml of PBS buffers with the pHs of 7.4 and 6.8, separately.
At different time points (15 min, 30 min, 90 min, 240 min,
480 min), 200 ml of the supernatant was withdrawn and mixed
with 800 ml of phosphate buffer in a falcon tube. Next, 5 ml of
0.2 M phosphate buffer (pH 6.6) and 5 ml of 1% potassium
ferricyanide solution were added and the mixture was incubated
at 50 1C for 20 min. Afterwards, 5 ml of trichloroacetic acid
(10%) was added and the content was centrifuged at 1000 rpm
for 10 min. The upper layer of the supernatant (5 ml) was then
withdrawn and mixed with 5 ml of distilled water and 1 ml of
FeCl3 (0.1%) under vortex. The absorbance against water blank
was measured using a spectrophotometer at 700 nm. Increased
absorbance of the reaction mixture is an indicative of enhanced
reduction capability. All the experiments were performed in
triplicates. The same study was performed for the known
concentrations of TA (20, 40, 60, 80, 100, and 120 mg ml�1;
results shown in the ESI†).

Effect of released TA on reactive oxygen species (ROS)
inhibition in J774 macrophages

The inhibition of ROS production was studied on J774 cells.
These cells were cultured in Roswell Park Memorial Institute
medium (RPMI) 1640 media, which was supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin.
Cells were grown in 75 cm2 flasks (Corning, MA, USA) at 37 1C
in a mixture of 5% CO2 and 95% air atmosphere. To evaluate
the effect of released TA on ROS generation, 25 000 per well of
J774 cells were seeded in a 96 well plate (Nunc, Denmark) and
allowed to adhere for 24 h. The cells were then washed once
with Dulbecco’s Phosphate buffer saline (DPBS) before incubating
with 200 ml of 10 mM solution of 20,70-dichlorodihydrofluorescein
diacetate for 1 h at 37 1C. Then, the cells were washed once and
incubated with 100 ml of TA released from 600 mg of dried
hydrogel in PBS (pH 6.8 and pH 7.4) at different time points
(15, 30, 60, 240 and 480 min) for 2 h. After the incubation period,
100 ml of 0.03% hydrogen peroxide solution were added to each
well and the microplate was incubated for 30 min at 37 1C. The
UV absorbance of the wells was then read at excitation and
emission wavelengths of 498 and 522 nm, respectively. Triplicate
measurement was performed for each sample.

Doxepin loading in PATA gel

For the loading of doxepin in PATA gel, 100 mg of doxepin was
dissolved in 3 ml of PVA solution (0.1 g ml�1). Then, 0.5 ml of
TA solution (0.5 g l�1) was added dropwise to the doxepin and
PVA solution under continuous vortex. The solutions were
vortex for 60 s, following by manual mixing with a glass rod
for 60 s. The supernatant of the gel was used to determine the
unencapsulated doxepin. The gel was then washed once with
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Milli-Q water and completely dried prior to the release studies.
The encapsulation efficiency (EE) was calculated using the
following equation:

EE ð%Þ ¼

Initial drug amount ðmgÞ �Unencapsulated drug amountðmgÞ
Initial drug amount ðmgÞ

� 100 (7)

The unencapsulated doxepin was determined using a HPLC
instrument (Shimadzu, Japan). A Sunfire C18 column (100 Å,
3.5 mm, 4.6 mm � 150 mm; waters, USA) was used at room
temperature. The aqueous mobile phase comprised of 0.05% (v/v)
trifluoroacetic acid (TFA) in water and the organic mobile phase
consisted of 0.05% (v/v) in acetonitrile. An isocratic system was
developed with a ratio of 65 : 35 (v/v) of aqueous to organic
phase at flow rate of 1 ml min�1. The injection volume used was
10 ml and the detection wavelength was 215 nm.

Holder formation and in vitro doxepin release studies in
simulated saliva fluid

Doxepin-loaded PATA gel was placed into a holder with an
average capacity of 13 � 1 mg of the dried gel. As a proof of
concept for the development of small fixable devices on the teeth
for local drug release in the oral cavity, the holder was fabricated
from poly(methyl methacrylate) by laser cutting technology in a
dimension of 4 � 4 � 2 milimeter. The gel loaded holder was
fixed on the wall of a glass vial (2.5 cm above the base of the glass
vial) before adding 15 ml of simulated saliva fluid as the release
medium. The release study was performed at 37 1C under gentle
stirring of the release medium. 200 ml of the medium was with-
drawn at each time point, followed by subsequent replacement with
fresh pre-warmed release buffer. The samples were then centrifuged
at 17 860 � g for 5 min and the supernatant was analyzed using
the HPLC method explained in the previous section to quantify
doxepin. TA release was quantified by UV-vis method at 245 nm
using a calibration curve. The release study was conducted for
seven days in triplicate.

The simulated saliva fluid was composed of sodium chloride
14.4 mM, potassium chloride 16.1 mM, calcium chloride dehydrate
1.3 mM, magnesium chloride hexahydrate 0.55 mM, and dibasic
potassium phosphate 2 mM. The pH of the simulated saliva fluid
was maintained at 6.8.73,74

Inhibition of TNF-a production in J774 macrophages

The anti-inflammatory activity of the TA released from gel was
evaluated in J774 macrophages. For this purpose, 120 mg of the
dried gel was added to pre-warmed buffer solution (pH 6.8 and
pH 7.4) at 37 1C. Then, 300 ml of supernatant was withdrawn at each
time point (15, 30, and 240 min) and subsequently replaced with
pre-warmed fresh buffer. Afterwards, the withdrawn buffer
containing released TA was lyophilized and redispersed in
complete cell-culturing medium consisting of 100 ng ml�1 lipo-
polysaccharides (LPS, Sigma Aldrich). Next, the macrophages
were cultured in DMEM medium supplemented with 10% fetal

bovine serum and kept in a standard incubator at 37 1C in an
atmosphere of 5% CO2 and 95% relative humidity. For the study,
50 000 cells were seeded per well in a 48-well plate and incubated
overnight to allow cells to attach. After incubation, the medium was
removed from the cells and the LPS solution containing released
TA was added to the cells. The cells were also treated with LPS
(100 ng ml�1) alone as positive control. After incubation for 24 h, the
supernatants were collected and centrifuged at 250 � g to remove
any cell debris. The cell free supernatants were then analyzed using
TNF-a ELISA plates (Invitrogen, USA) following the instruction
provided by the manufacture. The results are expressed as fold
decrease in TNF-a secretion calculated by the below equation:

Fold decrease in TNFa = (Concentration of TNFa produced

by cells exposed to LPS)/(Concentration of TNFa produced

by cells exposed to LPS and released TA) (8)

Viability assay

For the toxicity assay, 96 well plates were used. In each well,
25 � 103 cells were placed and left in the incubator overnight.
After cell attachment, media in the wells were replaced and
different amounts of the freeze-dried hydrogel were added in
three repetitions. Control group was only exposed to the
medium. The experiment was performed at two different pH
values, 7.4 and 6.8. After 24 h of treatment, medium was removed
and 200 ml of the phenol red free DMEM was added along with
10 ml of WST-1 solution. After 4 hours of incubation at 37 1C,
absorbance values of all wells were read at 440 nm using an ELISA
plate reader. The viable cells produce yellow color in WST-1 toxicity
test, while dead cells cause no color formation in the wells. Three
different cell lines including, primary epithelial cells, Caco-2
epithelial cells, and CAL 27 epithelial cells.

Anti-mucositis effect of drug loaded PATA gel through
apoptosis assay

To assess chemotherapy-induced apoptosis, 1.5 � 105 primary
epithelial cells were cultured on poly-L-lysine coated coverslips
placed in the lower compartment of a 24 Transwell permeable
plates (Cornings). Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum, 30 U ml�1 penicillin,
and 30 mg ml�1 streptomycin was used for the culturing purpose.
After incubation at 37 1C and under 5% CO2 for 24 h, the drug
loaded gel was added into the upper compartment. The wells
were left then for 1 h to allow the sustain release of the drug and
TA from the gel. Afterwards, 100 ml of a stock solution of
5-Fluorouracil (5-FU) in DMEM was added to the wells to get a
final concentration of 10 mM of 5-FU in each well for the induction
of apoptosis. After 24 h of incubation at 37 1C, the cells were washed
gently with PBS (pH 7.4) for three times and cell apoptosis
was evaluated using the DeadEndt Fluorometric TUNEL assay
(Promega Corp.) according to the manufacturer’s instruction.
TUNEL-positive cells were analyzed using a fluorescence microscope
(Carl Zeiss, Germany). Samples exposed to both the gel and 5-FU
were compared to the cells only treated with 5-FU in the absence of
the gel. Control group received no exposure to the gel or 5-FU.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
5/

4/
20

20
 1

1:
47

:1
8 

A
M

. 
View Article Online

https://doi.org/10.1039/c9tb02156f


This journal is©The Royal Society of Chemistry 2020 J. Mater. Chem. B

Antibacterial effect of the PATA hydrogel

Since the risk of bacterial infection is very high in patients
suffering from mucositis, the inhibitory effect of the TA
released from the gel was evaluated on the Gram-positive
bacteria, S. aureus. First, 600 mg of the freshly prepared PATA
gel was placed in 100 ml of PBS, pH 7.4 and 6.8, separately. At
different time points (1 h, 4 h, 8 h, and 24 h), 1 ml of the buffer
was withdrawn and added to 4 ml of PBS buffer (pH 7.4; 37 1C)
containing approximately 3 � 104 CFU of the bacteria. The
samples were incubated for 24 h at 37 1C after which 75 ml of
the suspension was taken out and cultured on the agar plate
using disposable spreaders. The culturing plates were then left
in incubator at 37 1C overnight before visualizing the TA effect
on the bacterial survival and proliferation. In the control group,
the buffer containing bacterial received 1 ml of PBS (pH 7.4)
instead of the TA released from the gel. The morphology and
change in the rate of bacterial survival were further observed by
SEM using a QUANTA 200 (Philips-FEI, Holland). Bacterial
suspension (3 � 104 CFU in 4 ml) treated with 1 ml of TA
released from the gel at different time points (1 h and 24 h)
were incubated for 24 h at 37 1C. Then, the samples were
centrifuged for bacterial separation before fixation with glutar-
aldehyde (2.5%) for 3 h and serial dehydration using ethanol
(20–100%; 30 min each). In the last step, the samples were
added to double-sided adhesive carbon tapes placed on SEM
stubs and allowed to dry for SEM analysis.

Agar disc diffusion method was also conducted. In this
experiment, the concentration of the bacteria was adjusted to
nearly 100 � 105 CFU per ml. Then, 100 ml of the microorganism
suspension was spreaded on an agar plate before placing 9 mm
sterile paper discs on the agar plate and adding 60 ml of the release
buffers (pH 7.4 and pH 6.8) at various time points (84 h, 8 h, 24 h).
The plate was incubated at 37 1C for 18 h and then the inhibition
zone of microorganism growth was determined as the diameter of
the clean zone around the disc. The tests were performed in
triplicate for each time point of TA release.
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