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A smart antibacterial biomaterial based on a keratin hydrogel with pH-dependent behavior and Zinc
Oxide nanoplates as biocide agent has been developed. The pH of a chronic wound is basic due to bacte-
rial metabolism. Originally shrank at acid pH, keratin hydrogels swell upon contact with a bacterial con-
taminated media leading to the release of the nanoparticles. The material has been thoroughly
characterized by infrared spectroscopy, Raman, scanning electron microscope, swelling behavior,
Differential scanning calorimetry, Small-angle X-ray scattering, rheology, antimicrobial activity and cyto-
toxicity. The results show that 5% of Zinc Oxide nanoparticles concentration is the optimum for wound

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The infection of a wound is one of the main concerns regarding
its cure [1]. Infection usually occurs due to the interaction between
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the microorganisms with the wound and the used dressings [2-4],
preventing wound healing. Historically, wound treatment has
evolved with mankind civilization. Many years ago, the wound
was only covered to protect the area and absorb the exudates.
Nowadays, different types of dressings are used to maintain mois-
ture, prevent infection and promote healing [5]. There are many
types of dressings: fibers, sponges, membranes, etc. Dressings
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may be made from synthetic or natural materials. Recently, hydro-
gels have also been used since they can swell in a liquid medium
and maintain a humid environment, avoiding dehydration of the
wound. The generated wet environment provides optimum condi-
tions to reduce pain, promote cell mobility and maintain hydration
and tissue structure [6,7].

Keratin is a low cost and highly available precursor for hydro-
gels development [8,9]. It can be obtained from waste materials
from the livestock and poultry industry, such as hair, wool, hooves,
horns, feathers, and also, from a human source. Due to the charac-
teristics of the material, porous sponge-like structures or flexible
films can be obtained [10,11]. In a previous work, a pH-
responsive Keratin hydrogel was obtained by a partial hydrolysis
method. Two extreme states were detected. One at low pH, for
which swelling is minimum, and one at high pH, for which swel-
ling is maximum. In addition, the material responsiveness was
reversible [12].

The incorporation of nanoparticulate materials into different
matrices has attracted attention because it has demonstrated the
capacity to reinforce the structure of biomaterials [13,14] and
may add other characteristics such as antimicrobial power
[15,16]. In this sense, the study of the incorporation of nanoparti-
cles presents a promising alternative for obtaining nanocomposites
to be used as dressings [17-19].

ZnO nanoparticles (nZnO) have shown to possess great antibac-
terial activity without generating adverse effects on eukaryotic
cells [20]. The enhanced bactericidal effect of nZnO compared to
Zinc salts has been attributed to their small size and high surface
to volume ratio, which allow them to interact closely with micro-
bial membranes. Besides, their antimicrobial activity is not merely
due to the release of metal ions in solution but also to the genera-
tion of reactive oxygen species with subsequent oxidative damage
to cellular structures [21,22]. Moreover, the Zinc ions released from
the nanoparticles promote the migration of keratinocytes to the
wound, favoring the healing [23-25]. In recent years, several devel-
opments have been performed in which hydrogels are combined
with ZnO nanoparticles to be used as dressings [16,18,25,26].

In this work, a smart material was developed and characterized,
in order to establish its potential use as an antimicrobial wound
dressing, an application of high relevance for the medical products
industry. Three nanocomposites were obtained and named accord-
ing to the nZnO concentration: 1% nZnO Ker hydrogel, 5% nZnO Ker
hydrogel and 10% nZnO Ker hydrogel. This smart material
responded to changes in the pH of the medium. At basic pH, the
gel matrix is expanded increasing the swelling and at acid pH, is
collapsed, decreasing it. The pH of a chronic wound is basic
because of the products of bacterial metabolism and as the wound
heals, the pH becomes more acidic [27,28]. In this way, when the
bacterial contamination is low, the pH of the medium will be
lower, leading to a lower swelling of the gel, a smaller pore size
and the lesser release of the nZnO. With the pH change occurring
as a consequence of bacterial contamination, the keratin hydrogel
will swell, the pore size will increase and the release of the
nanoparticulate biocidal agent will occur to a greater extent.

2. Materials and methods
2.1. Materials

The bovine horn was kindly provided by Veterinarian Juan Fer-
nandez Pego, Zinc Sulfate (ZnSO4. 7 H,0, 99.8%) was purchased
from Mallinckrodt (New York, USA) and urea was purchased from
Biopack (99.8%, Buenos Aires, Argentina). The bacterium Staphylo-
coccus aureus ATCC 29213 was kindly provided by the Microbial
Culture Collection of the Faculty of Pharmacy and Biochemistry

(CCM 29) and the bacterium Escherichia coli wild type was isolated
from a hospital environment. Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from Life
Technologies Corp. (Carlsbad, USA). The other reagents used were
of analytical grade.

2.2. Synthesis of zinc oxide nanoplates

Zinc sulfate was mixed with urea to total dissolution, concen-
trations of Zn?* and urea in the solutions were adjusted to 2.4
and 3.3 mM, respectively. Then a solution of 3 M NaOH was added
drop-wise until a whitish suspension was obtained. The product
was washed with water 3 times by centrifugation and resuspen-
sion. The yield of the synthesis was 77.5%.

2.3. Hydrogel synthesis

Horn was milled and sieved through a 250 pum sieve. Then, the
horn powder was washed three times with distilled water and
with ethyl acetate to remove fat. After that, the powder was dried
at 37 °C overnight. Keratin (1 g) powder was mixed with 7 ml dilu-
tion of 1 N NaOH in Ethanol (25 ml). The mixture was left at 45 °C
for 4 h. After that, it was mixed with different amounts of nZnO (in
order to obtain a 1, 5 and 10% w/w nZnO Ker hydrogels), the mix-
tures were homogenized through a syringe and left until complete
dryness at 45 °C. The final product was a dry block of keratin that
was easily hydrated in water to form the hydrogel. The keratin
blocks obtained, were thoroughly washed with deionized water
in order to remove all NaOH residue. After hydration, the hydrogel
form of the material was obtained.

2.4. Characterization

2.4.1. Spectroscopic characterization

ATR-FTIR (diamond attenuated total reflectance) of keratin
materials were recorded using a Nicolet iS50 Advanced Spectrom-
eter (Thermo Scientific). ATR-FTIR spectra were recorded with 32
scans and a resolution of 4 cm~!. FT-Raman spectra were acquired
with an excitation laser beam of 1064 nm, 0.5 W laser power, res-
olution of 4 cm™!, 50 scans. All samples were previously dried for
24 h at 60 °C to avoid water related bands interference.

2.4.2. Swelling behavior

In order to assess the swelling behavior of the material, 0.02 g of
a keratin block were equilibrated in different 10 mM phosphate
solutions ranging from pH 4 to pH 8. After equilibrium was
reached, the hydrogels were removed from the solution and accu-
rately weighted.

2.4.3. Scanning electron microscopy (SEM)

Electron microscopy images were obtained on a Zeiss Supra 40
and Quanta FEG 250 scanning electron microscopes. The hydrogels
were dried and coated with gold, before the observation.

2.4.4. Rheological behavior

The rheological behavior of the hydrogels with different nZnO
content was studied. Amplitude sweeps were performed first in
order to determine the linear viscoelastic range (LVR). The elastic
or storage modulus, G’ (®), the viscous or loss modulus, G” (®)
and complex viscosity (n*) of the studied materials were obtained
in small-amplitude oscillatory shear flow experiments using a
rotational rheometer from Anton Paar (MCR-301) provided with
a CTD 600 thermo chamber. The tests were performed using paral-
lel plates of 25 mm diameter and a frequency range of 0.1-500 s .
The measurements were carried out at room temperature (20 °C).
All the tests were performed using small strains (y=0.5%) to
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ensure the linearity of the dynamic responses. All the runs were
repeated using different samples. The gap width used was 700-
800 pm.

2.4.5. Small angle X-ray scattering (SAXS)

SAXS experiments were performed at INIFTA (La Plata, Argen-
tina, project “Nanopymes”, EuropeAid/132184/D/SUP/AR-Contract
331-896) facilities using a XEUSS 1.0 equipment from XENOCS
with a Ko-Cu radiation microsource (A =0.154 nm). A PILATUS-
100 K detector (DECTRIS AG, Switzerland) was used in two sample
to detector distances, 530 mm and 2495 mm. An exposure time of
600 s was used. The samples were placed with their surfaces per-
pendicular to the direction of the incident X-ray beam and parallel
to the X-ray detector. The scattering intensity (I) was measured as
a function of the scattering vector (g) from 0.004 to 0.66 A~'. The
background and parasitic scattering were determined by using an
empty sample holder and were subtracted for each measurement.

2.4.6. Differential scanning calorimetry (DSC, thermal analysis)
Differential scanning calorimetry was performed using a Shi-

madzu DSC-50 device. Freeze-dried samples were tested from

20 °C to 260 °C at a heating rate of 10 °C/min, under nitrogen flow.

2.5. Zinc quantification.

The total Zinc concentration in the hydrogels was determined
by treating the samples (10-20 mg) with nitric acid and hydrogen
peroxide (9:1) (1 ml). To determine the release of Zn under differ-
ent pH conditions, an agar suspension was prepared in solutions at
pH 4 and 8. They were heated until complete dissolution was
achieved. Then disks of 1.5 cm in diameter and 1 ml in volume
were assembled. Disks of the keratin hydrogel with and without
nanoplates were supported on these discs and left in contact for
18 h. After that time, the release of Zn to the agar-agar gel was
evaluated by mineralization as described above and determined
by Atomic Absorption Spectroscopy using a Perkin Elmer Analyst
200.

2.6. Antimicrobial effectiveness tests.

The minimum inhibitory concentration was performed by
microdilution according to the standards of the Clinical and Labo-
ratory Standards Institute (CLSI) [38]. The nZnO were tested at the
concentrations of 3.1-31.2 ug mL~! against E. coli. The microplates
were incubated for 24 h at 35° C and then counted by the spread
plate method.

The antibacterial activity of the hydrogels against E. coli and S.
aureus was performed according to a modified assay from Japanese
Industrial Standards (JIS) Z 2801 [29]. For this test microorganisms
were grown in LB medium for 24 h. The challenge inoculum was
prepared diluting the grown bacteria with a culture medium (LB
medium diluted 500-fold in physiological sterile solution) until
the microorganism concentration was 5.3 10° cfu/mL for E. coli
and 4.0 10° cfu/mL for S. aureus.

The samples (0.5 cm diameter disks) were disinfected with 1 ml
of 70% ethanol and used for the antibacterial efficacy assay after
washing three times with sterilized water. Then, they were incu-
bated placing 20 ul of the previously prepared bacterial suspen-
sions on the upper side of the disc at 37 °C. The assay was
performed in a chamber in which a container with sterile distilled
water was placed to maintain humidity.

After 24 h, the surviving bacteria on the supernatants were
counted by the spread plate method. For this purpose, decimal
dilutions were spread on a Petri dish that contained LB agar and
were incubated at 35 °C for 24 h [30].

The results were presented in terms of value of antibacterial
activity (R(log); Eq. (1)) and % bacterial reduction (D%; Eq. (2)).

R(log) = [log(A) — log(B)] (1)

D% = (A - B)/B x 100 )

where A is the average of the number of viable cells of bacteria on
the control hydrogel sample after 24 h and B is the average of the
number of viable cells of bacteria on the hydrogels loaded with
nZnO after 24 h.

A diffusion assay was also performed on LB agar to confirm
antibacterial activity [31]. These tests were performed against
E. coli and S. aureus as models pathogens of Gram negative and
Gram positive bacteria, respectively to incubate for 24 h at 37° C.
In this method, an LB agar plate enriched with the vital dye triph-
enyl tetrazolium chloride was inoculated with a bacterial suspen-
sion adjusted to 10° cfu/ml. The hydrogels were then rested on
the inoculated medium and after incubation at 37° C for 24 h, the
zone of inhibition was observed.

All experiments were performed in triplicate, each time using a
fresh cell culture. It was verified that the conditioning procedure of
the sample do not alter its swelling behavior.

2.7. Cytotoxicity

2.7.1. Cells and culture conditions

The mammalian continuous cell line derived from the kidney of
an African green monkey, Vero cells, were purchased from ATCC
(ATCC No: CCL-81). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and maintained at 37 °C in a humidified atmosphere
of 5% CO,.

2.7.2. Cytotoxicity assays

Cells were seeded in 12-well plates (1.0 x 10° cells/well), grown
overnight and the cytotoxic activity of the hydrogels at different
concentrations (1%, 5% and 10%) was determined after 24 h of incu-
bation using the trypan blue exclusion assay according to the UNE-
EN ISO 10993-5: 2009 standard [32] which describes the methods
that allow to evaluate the in vitro cytotoxicity of medical devices.
In this assay, two different methods of incubation were carried
out: (i) by direct contact of the hydrogels with the cell monolayer
and (ii) by adding the hydrogel extracts obtained by elution to the
culture medium.

In the first case, after incubating the hydrogels to UV to ensure
their sterility, samples were cut with a sterile scalpel so that they
were the appropriate size (0.4 cm?) to cover one tenth of the cell
monolayer. In the second case, after incubating the hydrogels with
physiological solution for 24 h at 37 °C the resulting extracts were
sterilized with 0.22 pm filters and added to the cell cultures. In all
cases, 5% DMSO was used as a positive control for cytotoxicity.
Untreated cells were used as negative control. These assays were
performed in triplicates. It was verified that the conditioning pro-
cedure of the sample do not alter its swelling behavior.

2.8. Statistics

All quantitative results were obtained from triplicate samples.
Data were expressed as means + SD. Statistical analysis was carried
out using a One-way ANOVA test and a Bonferroni post-test, except
where it was indicated otherwise. A value of p < 0.05 was consid-
ered to be statistically significant.
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Fig. 1. Swelling behavior of the different Ker hydrogels (£SD, n = 3).

3. Results and discussion
3.1. Spectroscopic characterization

Fig. S1 (Supporting Information) shows the FT-IR spectra of the
hydrogels and the nZnO. In the nZnO spectrum the typical bands
could be observed. The bands between 600 and 400 cm~! were
present due to the Zn—O stretching. In the nanoplates synthesis,
the Zn?* reacted with the urea. Firstly, Zn,CO5(OH)s-HO0 is formed.
That specie was slowly oxidized to form ZnO. The band present at
3280 cm~! corresponded with the O—H stretching of the water
molecules [33]. The other bands (959, 1025 and 1123 cm™!) corre-
sponded to remains of the carbonate formed during the nZnO for-
mation [34]. It could be concluded that in the ZnO nanoplates, ZnO
as well as Zn4CO3(OH)s-H,0 were present.

In the hydrogel spectra Keratin characteristic bands could be
found: peaks were observed at 1638 cm™!, which corresponded
to the vibration of the C=0 bond, and at 1535 cm™~', which corre-
sponded to a combination of the C—N stretching and N—H defor-
mation vibrations [35,36]. The strong peaks at around 1100 cm™!
could be assigned to SO%~ groups [37]. The lack of ZnO related
bands may be due to the low concentration.

Fig. S2 (Supporting Information) showed the FT-Raman spectra
of the nZnO and the different keratin hydrogels. In the nZnO

spectrum, the characteristic peaks could be found. The peak at
394 cm™! corresponded to the E, high- E, low (multi-phonon pro-
cess), the peak at 447 cm™! corresponded to the A; phonon mode

100 nm* EHT = 3.00kV WD = 3.7 mm Mag = 100, Signal A = InLens

KX

Fig. 2. SEM image of the nZnO.
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and the peak at 611 cm™!

mode. The peak at 986 cm
[38-40].

The FT-Raman spectra of the different hydrogels showed the
characteristic bands of the keratin: the band at 1315 and at
1448 cm™! corresponded to C—H and CH,—CH; bending modes
respectively. The band at 1606 and 1664 cm~' corresponded to
the presence of amide II and I respectively. The bands at 2941
and 3385 cm™! corresponded to CH; asymmetric stretching and
O—H stretching respectively [41]. The presence of nZnO in the
hydrogels could not be evidenced by this method probably due
to its low concentration. Nevertheless, these spectroscopic assays
showed that no covalent bonds or other types of strong interaction
as the ionic interaction were formed.

corresponded to the E, high phonon
~1 corresponded to the optical overtone

[\

S S

200 pm

14

',_r'”_.

det spot mag 0|
/ ETD 7.0 mm | 1.5 00

3.2. Macroscopic characterization and water absorption.

The dried keratin blocks had a rigid structure which swelled
upon contact with water forming a hydrogel. The nZnO keratin
hydrogels were rigid and compressible and could be handled
easily. A pH-dependent behavior of the medium was observed by
equilibrating the obtained gels between pH 4 and 8 (Fig. S3, Sup-
porting Information).

The swelling behavior of the different hydrogels was studied by
stabilizing them in media with different pH values. As it is shown
in Fig. 1, in all cases the swelling behavior of hydrogels increased
when the pH values rose (p < 0.001). However, the swelling transi-
tion points and the swelling % depended on the presence of nZnO.
In the Ker and the 1% nZnO hydrogels the swelling transition

Fig. 3. SEM images of Ker hydrogel (A), 1% nZnO Ker hydrogel (B), 5% nZnO Ker hydrogel (C), 10% nZnO Ker hydrogel (D), nZnO in 10% nZnO Ker hydrogel with Secondary

Electron detector (E) and with Backscattered Electron detector (F).
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occurred between pH 5 and 6 (they are significantly different
p <0.001). The swelling values at pH 7 and 8 were significantly
higher than those achieved at pH 6 (p <0.05) and the difference
between pH 7 and 8 was not significant (p > 0.05). In 5% nZnO
Ker and 10% nZnO ker hydrogels, no abrupt change could be
observed between the swelling behavior at the subsequent pH val-
ues (p > 0.05). Besides the % swelling was lower in these hydrogels.
The different behavior can be interpreted in terms of the steric hin-
drance of the keratin chains due to the presence of nZnO. Besides, a
certain percentage of the weight corresponded to the nZnO mass,
which did not contribute to the swelling.

3.3. Microscopic characterization of Zinc Oxide nanoparticles and
hydrogels.

The nanoparticles were observed by scanning electron micro-
scopy. It was observed a nanoplate like structure with polydisperse
nanoscale dimensions (Fig. 2). The nanoobjects diameter size was
342.0 +69.2 nm and their thickness were 31.1 + 8.8 nm.

In order to study the microscopic topography of the hydrogels,
SEM analysis was carried out (Fig. 3). In a previous work [12], it has
been observed that the Ker at low pH values had a collapsed struc-
ture and, at higher values of pH, the network was expanded. The
observed samples had been equilibrated at pH 7, and a similar
structure to the ones observed in the work cited above. The pres-
ence of the nanoplates was verified in the nanocomposites by
switching to a Backscattered detector. In these images the ele-
ments with higher Z were observed with a higher intensity. As
could be seen in the Fig. 3F the intensity of the nanoplates is higher
than in Fig. 3E. In the 10% nZnO hydrogel the nZnO were dis-
tributed heterogeneously and agglomeration was observed.

3.4. Small angle X-ray scattering (SAXS)

The study of the keratin chain organization together with the
nZnO was studied at the nanoscale level by means of SAXS. As it
can be seen in Fig. 4, the nZnO profile showed three correlation
peaks probably due to ZnO nanoplates long periods, that in accor-
dance to the Bragg's law (d=2m/q) represented a distance of

12.62 A, 11.89 A and 10.61 A. These peaks were not evidenced in
the 1% and 5% nZnO Ker profiles suggesting that the nanoplates
were well dispersed within the protein matrix, or not detected.
The 10% nZnO Ker profile presented the major peak indicating
the presence of agglomerates of the nanoplates as shown by
SEM. In the Ker SAXS log-log plot (Fig. 4a) a short regime with
lower slope that accounts for the local organization keratin chains
was observed. According to the relation I(q) ~ g%, an o value of 1.2
in the q range of 0.02-0.06 A~! was shown. o values near 1 might
account for rod-like structure [42]. This regime was lost in the pro-
files of the nZnO containing hydrogels. In Fig. 4b, the Kratky repre-
sentation, used for evidencing the folding state of proteins,
highlighted the conformational changes induced on the Kkeratin
structure by the presence of increasing concentrations of nZnO in
the hydrogels.

3.5. Rheology

Fig. 5 shows the rheological behavior of the hydrogels. The stor-
age modulus (G’) was higher than the loss modulus (G”) in all the
samples, meaning that the elastic behavior of the material was pre-
dominant over the viscous component, a typical characteristic of a
gel-like material [43]. The viscoelastic properties of the gels
strongly depend on the nZnO concentrations. From SAXS results,
it was expected that the changes in the keratin structural organiza-
tion might impact on the mechanical properties of the hydrogels.
As long as nZnO concentration increased, G was higher, demon-
strating that the addition of the nanoobject reinforced the material.
However, this behavior was not observed in the 10% nZnO Ker
hydrogel, where G was lower than in treated and untreated sam-
ples. This result suggested structural heterogeneity at high nZnO
concentrations [44].

Fig. 5 also shows the complex viscosity of the gels according to
the frequency. In all the samples, the complex viscosity decreased
linearly with the rise of frequency, which implied a shear thinning
behavior in which the material becomes more fluid as the applied
frequency increases. Complex viscosity was lower in the 10% nZnO
gel, this was caused by the structural inhomogeneity at high nZnO
concentrations.

a b
§ 4
8 3
o Ker
8 -
e 3
. ]
S
11% nZnO Ker 1 % nZnO Ker
—~ 2] 3
s £ &
S 5% nZnO Ker (\l?
= ; S
i 10% nZnO Ker
-] /
E nZnO
5% nZnO Ken
S 3
S 4 10% nZnO Ker
< T L | T I T T I T T
0.01 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
5 -1
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Fig. 4. SAXS profiles of the Ker and the nZnO Ker nanocomposites. Log-log (a) and Kratky representation (b).



378 M.E. Villanueva et al. /Journal of Colloid and Interface Science 536 (2019) 372-380

10000
100000 | Ker Hydrogel
4 1% nZnO Ker Hydrogel
° A 5% nZnO Ker Hydrogel
—o—o—° —@ "~ 4 10% nZnO Ker Hydrogel
4 o— @
oo o ¢ i A
* -4
5 = ‘ -
< o * .
o 9;; * A
= * .
100 - >
—y—V—VV—y + =
- ‘ b
W0 ev? -
\d
k4
LA | s Trrrrrel T ol ™rr L § o2 A 10 - - Lt ' el o
10 100 10 100
Angular frecuence (Hz) Angular frecuence (Hz)

Fig. 5. Storage modulus (G) and complex viscosity (r*) frequency dependence of the Ker hydrogel and the nZnO Ker nanocomposites.

3.6. Differential scanning calorimetry (DSC, thermal analysis)

The thermal behavior of the keratin hydrogel and the nanocom-
posites was studied by DSC, as shown in Fig. 6. Two endothermic
events were observed in the thermograms of all samples. The first
event, accounted for the desorption of the adsorbed moisture in
keratin samples (Td). The second event, near 230 °C, accounted
for the denaturation of the more crystalline structure of the protein
(Tm) [45]. From SAXS and Rheological assays it could be expected
that the Tm peak might vary among samples. Nevertheless, since
in this assay all the samples were at the dried state, probably the
conformational changes seen in SAXS and in relation to the rheo-
logical behavior observed would not be evidenced. On the other
hand, the change in the temperature of the Td peak, which is higher
for the 10% nZnO Ker thermogram could be originated in the expo-
sure of different quantity and type of residues of the protein due to
a larger interaction interface induced by the presence of nZnO
agglomerates.

10% nZnO Ker hydrogel

4

3

5 5% nZno Ker hydrogel
T 14 1% nZnO Ker hydrogel
8
z 09
2 Ker hydrogel
5
(0]
T L,

-3

4

5 . "

T 4 T ¥ T ¥ T
50 100 150 200 250
Temperature (¢C)

Fig. 6. DSC thermograms of the Ker and the nZnO Ker nanocomposites.

3.7. Zinc release at different pH values

The total Zinc concentration of the hydrogels was 0.63%, 3.40%
and 7.28% for the ones named 1, 5 and 10% respectively. The
nomenclature used for naming the different samples accounts for
the original amount of nZnO used for the hydrogel synthesis. The
difference in the final Zn concentration probably became for disso-
lution of the nanoparticles during the washing steps.

To perform this test, 10% nZnO Ker hydrogels were contacted
with an agar gel equilibrated at pH 4 and pH 8 for 24 h. After that
time, the amount of Zn that had been transferred to the agar was
quantified. The Zn release at pH 4 was 23.4+19ugg ' and at
pH 8 it was 40.4 + 1.0 ug g~ '. At pH 8 the release was greater than
at pH 4 (p < 0.0001, Student’s test), suggesting that at basic pHs the
pores of the hydrogel expanded allowing a greater release of
nanoparticles or the Zn ion. Probably with the pore opening, the
intrusion of water increased the intraparticle diffusion enhancing
the mobility of the Zn?* specie formed by the dissolution of the
particle. This increment in the water content of the pore would
lead the displacement of the nanoparticle dissolution equilibrium
favoring the Zn?* release.

3.8. Antimicrobial studies

The nZnO minimum inhibitory concentration was 7.8 ug mL™".
Results (Table 1 and Fig. S4, Supplementary information) showed
that those hydrogels having a concentration of 5 and 10% nZnO
exhibited a good antimicrobial activity against both a Gram posi-
tive (S. aureus) and a Gram negative (E. coli) bacteria at the pH of
the culture medium which is 7.0. The R(log) was above 2 in all
cases, which was the value required by the ]IS standard to consider
a material as an effective antimicrobial. As expected, the 10% nZnO
Ker hydrogel presented a better performance that the 5% nZnO Ker
hydrogel. The nZnO was more effective for S. aureus, since 1% nZnO
Ker hydrogel displayed antimicrobial activity for S. aureus but not
in E. coli.

This expected result is related to the Gram-negative nature of
E. coli, which is typically characterized by an impermeable outer
cell membrane that contains endotoxins and blocks antibiotics,
detergents and dyes, protecting the inner membrane and the cell
wall.
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Table 1
Antimicrobial efficacy assay against S. aureus and E. coli of the hydrogels loaded with different concentrations of nZnO.
% nZnO S. aureus E. coli
cfumL™! R% R (log) Inhibition zone diameter cfumL™! R% R (log) Inhibition zone diameter
0 1.8 108 - - Not detected 7.1 108 - - Not detected
1 1.0 10° 99.985 4.42 Not detected 2.3 107 96.812 1.94 Not detected
5 33107 99.999 6.33 1.35+0.13 2.0 107 99.999 6.45 0.77 £0.10
10 1.66 107 99.999 6.70 1.90 +0.27 1.7 10% 99.999 6.70 0.96 +0.07
Table 2 The introduction of nZnO is an interesting alternative to the Ag
Cytotoxicity evaluation. nanopartlc.les, which .du.e to .the ex.tenswe use of silver ion have
- - shown to induce antimicrobial resistance [46]. Also, nZnO could
nZnO concentration (%) Viable cells (%) be an alternative to Cu nanoparticles which are unstable and need
Control 100 . . . e
caping agents in order to gain stability [47]. Currently, there are
Hydrogel Extract different companies in the world that sell dressings with antimi-
0 98.8 £4.5 97.2£2.7 crobial properties, among the most commercialized are hydrogels,
1 97.0£23 96.5£3.4 hydrocolloids or sponges. In addition, the use of this type of dress-
> 90.4+37 87.2:16 ings releases the biocidal agent regardless of whether an infection
10 44354 322:62 g g g

3.9. Cytotoxicity

The evaluation of cell cytotoxicity was performed both qualita-
tively and quantitatively. The qualitative assay assigned a grade of
cytotoxicity from 0 to 4 according to cell damage. In this regard,
qualitative evaluation a grade 2 or higher is considered a cytotoxic
effect. In the case of Ker hydrogel, the degree of cytotoxicity was 0.
In all cases, the results obtained by the method of direct contact of
the hydrogels with the cell monolayer were in agreement with those
obtained by adding the hydrogel extracts to the culture medium. In
both cases of 1% and 5% nZnO Ker hydrogels exhibited a cytotoxicity
of grade 1. In contrast, 10% nZnO Ker hydrogel, displayed cytotoxic-
ity of grade 3 (Table 2). Regarding the quantitative analysis, a value
<70% of viable cells was considered as cytotoxic. The results are
shown in Table 2. In concordance with the qualitatively assays, the
10% nZnO Ker hydrogel turned out to be cytotoxic.

4. Conclusion

The aim of this work was to develop and characterize a hybrid
material with keratin and Zinc Oxide nanoplates (nZnO) taking
advantage of the known antimicrobial activity of nZnO and the
stimuli responsive behavior of the keratin hydrogels obtained by
a method develop by our previous work [12,15]. This antimicrobial
hydrogel was designed for their potential use as a wound dressing,
in which the biocidal agent (nZnO) will be released to a greater
extent if a bacterial contamination is present. In this way, if the
wound is clean, the dressing would be the barrier that isolates
the injury from the environment and protects it from microbial
contamination and trauma. In the presence of microorganisms
and the pH change that the microbial metabolism generates, the
hydrogel would swell by increasing the size of its pores and would
release the biocide agent to the medium, preventing the spread of
the infection.

The obtained product had a good mechanical strength and was
malleable. It also had good antimicrobial activity and the release of
the antimicrobial agent occurred to a greater extent at more basic
pH values. The biocide effect raised along with nZnO concentra-
tion. Nevertheless, cytotoxicity also raised with nanoparticle con-
centration. Besides, the mechanical strength was lower due to
particle agglomeration. Therefore, the optimum concentration
must consider the three effects, choosing the 5% nZnO hydrogel
as the best one for wound dressing applications.

exists or not, exposing the patient unnecessarily. For a proper stor-
age and application, as many other commercial hydrogels, this
material could be freeze dried, sterilized by gamma irradiation,
and reconstituted by hydration with the desired solution before
application.
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