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a b s t r a c t

Hypothesis: Gelatin is one of the most popular constituents of biodegradable/edible films. Because of its
poor mechanical properties, it typically needs to be cross-linked. In this regard, the use of tannic acid has
attracted significant interest. Whereas the biodegradability of gelatin is well established, little is known
on how different crosslinking methods affect biodegradability. In most cases, the ionic strength at which
protein films are grown has a drastic effect on their structure. Thus, it is expected that by controlling the
ionic strength during the growth of cross-linked gelatin films it should be possible to tune the access to
relevant cleavage sites by proteases and, therefore, their biodegradability.
Experiments: Gelatin-tannic acid were grown at different ionic strengths by means of the layer-by-layer
self-assembly method. The growth of these multilayers and their response to the presence of different
proteases were monitored by means of Electrochemical Impedance Spectroscopy and Quartz Crystal
Microbalance with Dissipation.
Findings: Gelatin-tannic acid multilayers grown at low ionic strength exhibited a swollen structure that
allowed easy access to their cleavage sites by proteases. Multilayers formed at physiological ionic
strength exhibited a compacter structure, which limited their proteolytic degradation.

� 2018 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein films are of high interest for a wide range of applica-
tions. They stand out e.g., as ideal substitutes of the highly contam-
inant synthetic films. The use of synthetic packaging films is

indeed the source of a major environmental problem. Due to their
non-biodegradability, these materials constitute a major waste
management issue with associated problems for wildlife and even
for human health [1]. Thus, there is a vital need to develop
biodegradable and environmentally friendly packaging materials
[2]. In this regard, edible materials, specially protein films, stand
out not only because of their guaranteed biodegradability, but also
because of their extraordinary potential use in the food industry
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[3]. Beside this, protein films are of interest in many other applica-
tions such as biosensors [4,5], biofuel cells [6,7] and coatings for
implants and biomedical devices [8,9]. For all these applications,
it is of high relevance to understand how protein films resist pro-
teolytic degradation as this process can reduce the performance
and lifespan of the films but also ensure their biodegradability.

This work focuses on gelatin-based films. Gelatin is a protein
widely used as a biomaterial in pharmaceutical, food, and medical
applications [10]. Moreover, it is a renewable, biodegradable and
edible material [11] that provides low gas permeability [12–14].
However, gelatin exhibits poor mechanical properties, especially
when exposed to wet and/or humid conditions. To enhance its
mechanical strength and water resistance, structural modifications
are normally required. Specifically, this have been achieved by
crosslinking gelatin with a variety of compounds e.g., formalde-
hyde [15]. However, many of these compounds present toxicity
concerns. In order to avoid this risk, non-toxic compounds such
as phenolic compounds have attracted significant interest [16]. In
this regard, significant research has been performed on the use of
tannic acid (TA) to crosslink gelatin [17–20] due to its ability to
render films with enhanced water barrier and mechanical proper-
ties [21].

The biodegradability of gelatin is well-established [22,23]. This
is obviously one of the main advantages of gelatin-based films
(along with its food compatibility). Thus, it is of main importance
to know whether this aspect is affected if a crosslinking method
is employed to construct gelatin-based films. However, only few
works have addressed the biodegradability of chemically cross-
linked gelatins e.g., [24,25], and none of these studies focused on
gelatin-TA films. The original aim of this work was to address this
gap in knowledge. For this, we constructed gelatin-TA films at dif-
ferent ionic strengths by means of the layer-by-layer self-assembly
method and subsequently exposed them to proteases of different
origin. We monitored this process by means of Electrochemical
Impedance Spectroscopy (EIS) and Quartz Crystal Microbalance
with Dissipation (QCM-D). Our results evidenced that gelatin-TA
films grown at physiological ionic strength exhibited a high resis-
tance to proteolytic degradation. Thus, they are better suited for
applications where a long lifespan is desirable. On the contrary,
gelatin-TA films grown at low ionic strength were quickly
degraded by proteases. This, along with the fact that this process
could be well characterized by means of EIS, suggest that these
films could be employed e.g., in bacterial/biofilms electrochemical
sensors. To further explore this aspect, we also investigated the
incorporation of gold nanoparticles (AuNPs) into gelatin-TA films
as a way that could enhance the EIS response to the presence of
proteases in solution. However, our results showed that the incor-
poration of AuNPS in the films drastically hindered their prote-
olytic degradation independently of the ionic strength at which
they were grown.

2. Materials and methods

2.1. Materials

The following chemicals were purchased from Sigma-Aldrich
and used without further purification: gelatin from cold water fish
skin (Prod. No. G-7041), trypsin from porcine pancreas (Prod. No.
T7409) and proteinase K from Tritirachium album (Prod. No.
P5056). All other chemicals were at least of analytical grade and
also purchased from Sigma-Aldrich: poly-L-Lysine hydrobromide
(Prod. No. P-2636), tannic acid (Prod. No. 403040), sodium
ferrocyanide decahydrate (Prod. No. 13425), potassium hexa-
cyanoferrate (III) (Prod. No. 393517), gold (III) chloride trihydrate
(Prod. No. 520918), sodium citrate dehydrate (Prod. No.

W302600), phosphate buffered saline (PBS) tablets (Prod. No.
P4417) and Hellmanex III (Prod. No. Z805939).

Gold nanoparticles (AuNPs) were synthesized by reduction of
Gold (III) chloride trihydrate by sodium citrate dehydrate as
detailed in [26]. The size and concentration of the AuNPs in water
solution were ca. 28 nm (determined by Dynamic Light Scattering)
and 1.44 � 1011 ml�1 (determined from Ultraviolet–visible spec-
troscopy [27]) respectively.

PBS buffer was prepared from the tablets according to Sigma-
Aldrich instructions resulting in 137 mM NaCl, 2.7 mM KCl and
10 mM phosphate buffer solution (pH 7.4 at 25 �C). Either solutions
were prepared in this PBS buffer, or in what we named diluted PBS
buffer (dPBS) were the original PBS buffer was diluted in Ultra High
Quality (UHQ) water 10 times in volume.

2.2. Layer-by-layer growth of gelatin-tannic acid films

Multilayers were grown from gelatin, tannic acid (TA) and poly-
l-lysine (PLL) solutions at a 0.1 mg ml�1 concentration in either PBS
or dPBS buffer (each experiment was performed by using a single
type of buffer). Immediately after preparation, all solutions were
stored at -20 �C and only thawed just before being used. For build-
ing the multilayers, a PLL solution was initially flowed through the
experimental chamber during 10 min, then flow was stopped and
the layer stabilized for another 10 min and finally the specific buf-
fer of the experiment was rinsed for an additional 10 min period.
Then, gelatin and tannic acid multilayers were formed by following
the same time steps i.e., 10 min flow of the solution, 10 min stabi-
lization under non-flow conditions and 10 min rinsing with the
specific buffer used in the experiment. Multilayers were grown
until a 5th gelatin layer was adsorbed. In some experiments this
was followed by 20 min exposure of the multilayer to a protease
solution (trypsin or proteinase K) at a concentration of 0.1 mg
ml�1; always in PBS buffer (independently of the buffer used for
building the multilayers). In some other experiments, exposure
to the proteases was preceded by the adsorption of gold nanopar-
ticles (AuNPs). This was done by flowing over the 5th gelatin layer
the AuNPs in UHQ water solution specified above for 10 min fol-
lowed also by a 10 min stabilization period and a 10 min rinsing
in the specific buffer of the experiment.

2.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements
were conducted with an Inter-Digitated gold Electrodes (IDEs)
(G-IDEAU10, DropSens, Llanera, Spain) placed in a flow chamber.
G-IDEAU10 comprised 250 � 2, 10 mm broad, electrode fingers
with 10 mm gap in between. The IDE was connected in two-
electrode configuration to a potentiostat (Iviumstat, Ivium Tech-
nologies, Eindhoven, The Netherlands). EIS was run in a frequency
range from 1 Hz to 0.1 MHz with five frequencies per decade. The
amplitude of the applied alternating voltage was 0.02 V, DC voltage
was 0 V.

For EIS experiments, multilayers were grown as specified above,
with the difference that the buffer used in each rinsing step con-
tained 1 mM Na4[Fe(CN)6] and 1 mM K3[Fe(CN)6] to enable the
EIS measurement after each rinsing step. Results were fitted to
an equivalent circuit model consisting on a solution resistance
(RS) connected in series with a parallel combination of a constant
phase element (CPE) and charge transfer resistance (RCT). CPE
accounts for the electric double layer capacitance at the elec-
trodes–electrolyte interface, and a charge transfer resistance
reflected the heterogeneous charge transfer process between the
redox reagent in solution and the surface of the IDE electrode
[28]. Fittings were performed by means of the IviumSoft software
(Ivium Technologies, Eindhoven, The Netherlands).
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