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Abstract

Cysteine-S-sulfonated keratin, protein extracted from wool fibers by sulfitolysis, is a natural
polyelectrolyte typically used in biomedical materials like scaffolds and smart biointerfaces.
In order to extend and tune its properties, a study of the content of secondary structures,
thermostability, biocidal activity and in vitro tests of cell viability on lyophilized cysteine-S-
sulfonated keratin were carried out as a function of the pH solution (after keratin extraction
and before purification). The results offer considerable evidence of the formation of protein-
ligand complexes due to the protonation of keratin, with the presence of bisulfite, citrate,
formate and acetate ions. These interactions modify the content of secondary structures in
cysteine-S-sulfonated keratin, increase its thermostability (~50°C), enhance the stability of
positive charges that confers its biocidal activity (pHsoltion<5.2) and change the interaction
between cysteine-S-sulfonated keratin and human mesenchymal stem cells. Lastly, in vitro
and antibacterial tests confirm that pH changes may also influence cell and bacteria response,
in terms of proliferation, due to the changes of protein secondary structure and
positive/negative charges. These results give relevant insights into the process of tuning
keratin properties for biomedical applications — i.e., drug delivery, wound healing.
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1. Introduction

Polyelectrolytes are polymers that contain ionizable groups in their structure. This type of
polymers has demonstrated many applications which depend on their charge, concentration,
pH, etc. [1-4]. Polyelectrolytes can be synthesized or extracted from natural sources [4-6].
Natural polyelectrolytes have shown a lot of potential thanks to their biocompatibility [1,3,4].
Furthermore, it is well known that the protonation/deprotonation of polyelectrolytes can
influence the growth/adhesion of cells and bacteria [7,8]. For example, chitosan and alginate
have been widely used as natural sources of polycations and polyanions [1,4]. Nevertheless,
other natural polyelectrolytes, like proteins, have a great potential to exploit: collagen, casein
and keratin are the most popular among them. In particular, the latter can be extracted from
many natural sources such as horns, feathers, hair and animal fibers [9,10].

Keratin is a valuable biopolymer that has multiple ionizable side chains. These contain a
variety of functional groups that permit the adsorption of ions (heavy metals and dyes) from
aqueous solutions [11-13]. This protein can be extracted from wool fibers by the reduction,
oxidation or sulfitolysis of their disulfide bonds which produce kerateine (cysteine residues),
keratose (cysteic acid residues) or cysteine-S-sulfonated keratin (cysteine and cysteine-S-
sulfate residues), respectively. In particular, the latter is obtained thanks to the presence of
sodium dodecyl sulfate as a surfactant, urea as a denaturing agent of hydrogen bonds and
sodium metabisulfite as a reducing agent of disulfide bonds [14,15].

Keratin is made of intermediate filament proteins, which are mainly classified into keratin
type I (acid family = pl between 4.75 and 5.4) and keratin type II (neutral-basic family = pl
between 5.4 and 6.7) [16]. Additionally, different isoelectric points (pI) have been found and
demonstrated for these keratin types during separation processes in two-dimensional gel
electrophoresis [16-18]. Consequently, the titration of these protein types could have
underlying effects on the stability/properties and the separation of cysteine-S-sulfonated

keratin during its purification process.
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and after extraction) on the properties of cysteine-S-sulfonated keratin by studying the pH of

the solution, the content of secondary structure and the thermal properties of lyophilized

cysteine-S-sulfonated keratin. In addition, in order to extend the applications of this

, a study of the biocidal activity and the cell viability on the resulting

biomaterials has been carried out.

2. Materials and methods



were wrung out and the solvent was evaporated in a chemical fume hood. Fibers were
successively scoured in deionized water for 1 h at room temperature and for 1 h at 50 °C.
Finally, fibers were dried in an oven for 4 h at 50 °C and stored for 24 h at 20 °C and 65 %RH.
2.2. Keratin Extraction and Titration

The extraction of cysteine-S-sulfonated keratin from fibers was carried out by using a solution
of sodium metabisulfite 0.6 M, urea 8.0 M and sodium dodecyl sulfate 0.07 M. The pH value
and temperature of extraction were set at 6.5 (with NaOH 5 M) and 65 °C; the extraction time
was 2 h and 30 min, as it is reported in the literature [14]. Afterward the solution was filtered
and all titrations were done in a conditioned environment at 20 °C. About 20 ml of the
extraction solution with cysteine-S-sulfonated keratin were titrated up to a pH value above 6.5
(7.0, 7.5 and 8.0) and below the value of 6.5 (6.0, 5.5, 5.0, 4.5, 4.0 and 3.5). The solutions
having a pH above the value of 6.5 were prepared by the addition of NaOH 5 M, while the pH
values below 6.5 were achieved by the addition of different acid solutions (citric acid 3.6 N,
formic acid 13.3 N, acetic acid 8.7 N and HCI 6.0 N). Citric, formic and acetic acids were
included in acid titrations as these weak acids can be employed in the processing of cysteine-
S-sulfonated keratin powders (in particular formic acid). The addition of acid/basic solutions
was done by using manual Transferpette® (Single-channel from BrandTech®). Finally,
solutions after pH adjustment and prior to dialysis were kept at room temperature for at least 2
h.

The final solutions, with cysteine-S-sulfonated keratin at different pH, were purified by using
dialysis tubing cellulose membrane (molecular weight cutoff 14000 Da). Dialysis were
carried out in 800 ml of deionized water (pH 5.63 + 0.16 and conductivity 6.5 + 2.8 pS cm™)
for 3 days in a conditioned environment at 20 °C. Every day the deionized water was changed
at least 3 times and its pH and conductivity were measured, through a Pc 8 Instrumental
Bench (pH/mV/COND/TDS/°C) — Carli Biotec equipped with a polymer electrode for pH and

a conductivity electrode (VPT 51/01 for a range between 0.1 pS cm™ and 1 mS cm™! —
4



Standards solutions: 5, 500 and 1413 uS cm™'). Moreover, the variation of conductivity over

The solutions of purified cysteine-S-sulfonated keratin were filtered in vacuum with a
qualitative filter paper (Whatman® grade 1, pore size 11 um) to separate the insoluble



Guide - Reduced Sample. Finally, electrophoresis were run with the suitable running buffer
(NuPAGE Tris-acetate SDS - 20x from Invitrogen) at 200 V. The Coomassie Blue-R staining
was used to stain the proteins.
2.4. FT-IR Analysis

The spectrums of lyophilized cysteine-S-sulfonated keratin were recorded from 4000 to 650
cm™ with 100 scans and 4 cm™ band resolution, by a Thermo Nicolet Nexus spectrometer
with an ATR accessory - Smart Endurance (diamond crystal ZnSe focusing element). All
spectrums were normalized at 1645 cm™ (amide I peak).

The secondary structure quantification of cysteine-S-sulfonated keratin samples was carried
out by fitting the Amide I peak with Gaussians. For all spectrums a baseline correction was
employed between Amide I and Amide II peaks. The wavenumber of each secondary
structure was determined by means of the second derivate method using the quadratic
Savitzky-Golay smoothing (third-order polynomial with five points). The frequency of
secondary structures was assigned as follows: intermolecular 3-sheets 1611, 1618, 1625 and
1695 cm™! [28-30], intramolecular B-sheets 1674 cm™ [31], the bands between 1630 and 1640
cm’! can be assigned to inter and/or intramolecular B-sheets [31,32] and were called “B-sheets
II” to express the effect of bands in this region, B-turns 1668, 1682 and 1689 cm™' [29,30], o
helix 1645, 1651, 1659 cm™ [33-35], random coil 1645, 1651 and 1659 cm™ [33,34].
Furthermore, the small bands contributions due to side-chain (1594 and 1604 cm™) and
carboxylic groups adsorptions (1714, 1725 and 1731 cm™') were also considered [33,36,37],
but the quantification of secondary structures was carried out excluding those areas. All data
were analyzed by using the function peak analyzer of OriginPro 2015. As reported in the
literature, the fitting of Amide I peak was carried out limiting the values of Full Width at Half

Maximum (FWHM) between 10 and 30 cm™!, allowing any positive value for the height of



Gaussians and fixing the band position [33]. The estimation for each acid/alkali titration was
conducted twice.

2.5. Differential Scanning Calorimetry (DSC) Analysis
DSC analysis were performed by using a Mettler Toledo DSC from 30 to 500 °C with a
heating rate of 10 °C min™'. The calorimeter cell was flushed with 100 mL min™ of nitrogen
and the mass of every sample of cysteine-S-sulfonated keratin powder was ~1.0 mg. This test
was conducted twice for each acid/alkali titration.

2.6. Antibacterial Tests
For every test, the ASTM E2149-2013 "Standard test method for determining the
antimicrobial activity of antimicrobial agents under dynamic contact conditions" Test Method
was used employing the Gram-positive Staphylococcus aureus ATCC 6538. The incubated
test culture in a nutrient broth was diluted in a buffer (pH 7.0) to give a concentration of 1.5—
3.0 x 10° CFU mL! (working dilution). Each sample was transferred to flask containing a
volume of the working solution at the ratio 50 mL:1 g. All flasks were shaken for 2 h at 190
rpm. After a series of dilutions, 1 mL of the solution was plated in nutrient agar. The
inoculated plates were incubated at 37 °C for 24 h and surviving cells were counted. The
antimicrobial activity was expressed in percent reduction of the organisms after contact with
the test specimen compared to the number of bacterial cells surviving after contact with the
control, according to Equation 1:
Reduction (%) = (B—A)/B x 100 (1)
where A is CFU mL! after contact (end test) and B is CFU mL™' at zero contact time.
Antibacterial test for each acid/alkali titration was conducted twice.

2.7. Cell culture tests
For these tests, 50 mg of lyophilized cysteine-S-sulfonated keratin were compressed with 10
ton press to produce protein pellets of 13 mm diameter and 0.3 mm thickness using a manual

hydraulic press. The selected samples were sterilized with ethanol (>99.8 %) for 24 h.
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Human mesenchymal stem cells (hMSCs, SCC034 from Sigma-Aldrich, Milan, Italy) were
used for in vitro tests. Firstly, AMSCs were cultured in a 75 cm? cell culture flask in Eagle’s
alpha minimum essential medium (a-MEM) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, Milan, Italy), antibiotic solution (streptomycin 100 pg mL"' and penicillin
100 U mL!, Sigma-Aldrich, Milan, Italy) and 2mM of L-glutamine, incubated at 37 °C in a
humidified atmosphere with 5% CO; and 95% air. h(MSCs from 5-6 passage were used for
cell proliferation assays. Before cell culture, samples were cut and put in a 96-well culture
plate, then rinsed with PBS and dried under hood. hMSCs were seeded at 5 x 10* to perform
proliferation assays using cell counting kit-8 reagent (CCK-8; Dojindo Laboratories) at 1, 3
and 7 days. Cell culture media was removed and changed. At each time point by 100 pL of
fresh medium with 10 pL of CCk-8 reagent per well and incubated 4 hours in standard
conditions. The supernatant was collected, and absorbance was measured at 450 nm using a
microplate reader.
3. Results and discussion
3.1. Properties of cysteine-S-sulfonated keratin solution — pH and As

As far as titrations are concerned, it is important to remember that the extraction solution has
a considerable amount of chaotropic agent (urea) and surfactant (sodium dodecyl sulfate),
which induce an unfolded structure in proteins [38,39]. It facilitates not only the protonation
of side-chains but also modifies the solvation shell of cysteine-S-sulfonated keratin due to the
presence of sulfite ions, citric acid, formic acid, acetic acid and their dissociated forms.
During the dialysis process, the concentrations of chaotropic agent and surfactant are reduced
allowing the protein refolding. Nevertheless, sulfite ions, citric acid, formic acid, acetic acid
and their dissociated forms are ligands and these could remain bound to the protein. For more
information about these ligands and their interactions with other proteins, visit the Protein
Data Bank. Consequently, the formation of protein-ligand complexes between bisulfite

ions/weak acids in dissociated forms and cysteine-S-sulfonated keratin is possible.
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It is necessary to highlight that even though acid/alkali titrations included the isoelectric
points of keratin type I (acid family — pl between 4.75 and 5.4) and keratin type II (neutral-
basic family — pI between 5.4 and 6.7), these underwent a coagulation without complete
flocculation (Figure S1). The presence of surfactant (sodium dodecyl sulfate), chaotropic
agent (urea) and ionic species (Na', Cl, H", OH", bisulfite, citrate, formate or acetate) prevent
cysteine-S-sulfonated keratin from a complete flocculation during its titration. The
flocculation and precipitation of proteins take place mainly during dialysis when species
different from cysteine-S-sulfonated keratin are removed from solution. The aggregation of
cysteine-S-sulfonated keratin takes place because of the fact that the majority of electrostatic
repulsion disappear. However, the presence of charges in this polyelectrolyte and the
formation of protein-ligand complexes improve the stability of cysteine-S-sulfonated keratin
in solution and prevent its complete precipitation under the experimental conditions studied in
this work.

pH measurements before and after dialysis for every titration are reported in Figure S2 (in this
figure boxes labelled Ri=1, 5 are used to indicate samples with similar pH values after dialysis).
The experimental data were fitted by linear/nonlinear regressions and the results are reported
in Table S2 and Figure S2 (the pl ranges for keratin type I and II were also included). The
results of citric acid, formic acid and acetic acid can be represented by the logistic function
dose-response in pharmacology/chemistry. In comparison with HCI, the deviation from
linearity is likely due to weak acids bound to cysteine-S-sulfonated keratin. These results
show that those protein-ligand complexes have the property to act as a buffer protein system
and this capacity can be considerably enhanced by weak acids, mainly acetic acid. The pH in
acid titrations confirms that H" ions have protonated cysteine-S-sulfonated keratin and its
protonated state can be kept in aqueous solutions after dialysis, as described by the Gibbs-

Donnan effect [40-42].



Additionally, it is possible to say that the affinity of ligands (sulfite ions, citric acid, formic
acid, acetic acid and their dissociated) towards the protonated cysteine-S-sulfonated keratin
allowed the formation of protein-ligand complexes. This affinity was increased and decreased
by the reduction and the growth of pH, respectively. This means that this affinity was better
when compounds with negative charges (acetate, citrate, formate and sulfite ions) were
employed during acid titrations. The strong interactions between the positive charges of
polypeptide chains and the negative charges of anions are the main cause of the formation of
buffer protein system (in solution) and proteins-ligand complexes (in lyophilized powder).
The latter can also manifest pH memory after freeze-drying, as reported in the literature for
other proteins [43,44]. All subsequent pH should be henceforth treated as the pH values after
the dialysis process, unless otherwise indicated.

All As measurements are reported in Figure S3. When the pH before dialysis was at the pl of
keratin type I, a minimal value was reached in titrations done with carboxylic acids. The
minimal for HCI was found almost at the same point. At its pl, the net electrical charge of
cysteine-S-sulfonated keratin in aqueous solution was neutral and its capacity of binding
additional ions (C1°, OH", bisulfite, citrate, formate or acetate) and transporting charges was
minimal as well. Above and below the pl of keratin type I, the average value of As tended to
increase even with a similar pH value after dialysis (see R1—R5s in Figure S3). Furthermore, R3
(pH 4.50 and pH 4.75) can be considered the region where the precipitation of keratin occurs
due to its pl. Therefore, cysteine-S-sulfonated keratin could undergo variations in its
composition below R3.

Also, a considerably increase of standard deviation for pH values after dialysis (Figure S2)
and for As values was observed (Figure S3) when acid titrations with HCl and formic acid
were below the pl of keratin type I. In citric acid and acetic acid cases, the standard deviations
were smaller than in the other two acids cases. It is necessary to highlight that a greater value

of standard deviation increases the possibility of obtaining heterogeneous cysteine-S-
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of cysteine-S-sulfonated keratin in solution, which in turn results in sponges instead of
powders after lyophilization.
3.3. Conformational properties of lyophilized cysteine-S-sulfonated keratin

All FT-IR spectrums and the content of secondary structures are reported in Figure S2-S7 and
Figure 2-3, respectively. In terms of intermolecular f—sheet structures, it can be seen that pH
modifications by acids (citric acid, formic acid, acetic acid and HCI) tend to increase the
percentage of this structure, while NaOH induces reductions with a rise of standard deviations.
As mentioned above, the content of intermolecular B—sheet is given by bands at 1611, 1618,
1625 and 1695 cm™! [28-30]; however, the bands at 1625 and 1695 cm™ are probably the main
responsible for the increase of intermolecular f—sheet conformation, as these are associated to

interactions among separate proteins that cause aggregation processes [28,32].
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Figure 2. Secondary structures content of cysteine-S-sulfonated keratin from citric (a — f) and
formic (g —1) acid titrations. The arrow indicates the sample without addition of acids or

alkali.
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Figure 3. Secondary structures content of cysteine-S-sulfonated keratin from acetic acid (a —
f) and HCI (g — 1) titrations. The arrow indicates the sample without addition of acids or alkali.
As regards intramolecular B—sheet, small reductions are induced by acetic acid and formic
acid compared to HCI and citric acid, where the two latter have shown a sharp drop and a
steep growth of this type of conformation, in particular for HCl above R3. —sheet II
contributions for HCI and citric acid had similar variations before R3; after that, these
structures drops in citric acid case with an increase of standard deviations. The changes of
B—sheet II for formic acid were minimal, while acetic acid has shown a slight fall up to R3. In
NaOH, a reduction is noticed for intramolecular f—sheet conformations and for B—sheet II

contributions variations were neglected.
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On the other hand, f—turn structures reported a growth up to R3 with a subsequent decrease
for all samples obtained from acids, excepting formic acid that had its increase at pH 5.3. A
tendency to decrease or keep stable o—helix conformation was observed for acetic acid,
formic acid and HCI. In contrast, citric acid displayed an increase after R3, but standard
deviation rose as well. In literature, it has been reported that compounds with a great capacity
to generate hydrogen bonds (citric acid and hexafluoroisopropanol) can raise the content of
o—helix structures in cysteine-S-sulfonated keratin [45,46]. NaOH showed also a slight
increase of a—helix structures. In terms of random coil, the content of this structure tended to
rise by reducing pH and the only exception was citric acid, whose content decreased (before
R3).

The contributions of carboxylic groups above 1700 cm™!, on the fitting of amide I peak, are
reported in Figure 4 (a-d). These contributions are associated with the protonation of
carboxylic groups (R—COOH) [15,47,48] and confirmed the addition of H" ions in cysteine-S-
sulfonated keratin structure by the side-chains of amino acids (glutamic and aspartic acid). All
acids stepped up the content of protonated R—COOH while NaOH reduced it, as expected.
Furthermore, a maximum at pH 4.7 was observed with HCl and for any other acid a
maximum was reached at pH 4.25, as Figure 4 (a-d) shows. The differences between HCI and
weak acids are probably due to acid traces (citrate, formate and acetate ions). Moreover, when
NaOH was employed, the stretching band of carboxylate group at 1397-1405 cm™ was also
detected [49,50], Figure 4 (€). The presence of this band involved the formation of R—-COO~
and the deprotonation of glutamic/aspartic acid in cysteine-S-sulfonated keratin structure after
alkali titrations, which confirmed the assumption made in Section 3.2 and demonstrated the

effect of R-COO™ groups on the mechanical properties of cysteine-S-sulfonated keratin.
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Figure 4. (a — d) Percentage of R—-COOH in amide I peak, (¢) R—-COO~ peak in FT-IR
spectra, (f—1) peak ratio I1023/11645 and (j) bisulfite peaks between 1050-1150cm™ in FT-IR
spectra. The arrow in (a — d) and (f—1) indicates the sample without addition of acids/alkali.
pH values on (€) and (j) correspond to titrations values.
Changes in the intensity of amide IIT (1200 cm™) and Bunte’s salt residues (1023 cm™) were
also seen (Figure S7). For this reason, the peak ratio of Bunte’s salt residues/amide I

(I1023/1645) 1s reported in Figure 4 (f — 1), the peak ratio of amide III/amide I showed similar

results, Figure S8. Additionally, a new and small peak at 1057 cm™ was also noticed when pH
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was reduced, Figure 4 (j). The presence of this band and the variations of intensity in amide
III (1200 cm™) and Bunte’s salt residues peaks (1023 cm™') are probably a consequence of
bisulfite ions that have been bound to cysteine-S-sulfonated keratin. In particular, HOSO;™ or
its tautomeric form HSOs~ report in literature vibrations at: 1030-1023 cm for SOs
symmetrical stretching in HSO3~, 1050 cm™ for SO, symmetrical stretching in HOSO",
1128-1120 for S-H bending in HSO3™, 1196-1180 cm™ for SO; asymmetrical stretching in
HSO;", 1200 for cm™ S—O stretching in HOSO™ [51,52]. All these results give considerable
evidence of the presence of bisulfite ions and show that the intensity in amide III (or Bunte’s
salts) is also influenced by bisulfite ions (HOSO;™ or its tautomeric form HSO;3"). It is worth
remembering that amide III peak is a complex band also associated with the side-chains and
hydrogen bonds of proteins [53-56]. Nevertheless, in the current work, the changes of
intensity in amide III (or Bunte’s salts) are probably a consequence of variations in the
amounts of bisulfite ions.

Figure 4 (f — 1) show that alkali titrations induce slight variations in comparison with acid
titrations. It is due to the fact that the negative charges of deprotonated cysteine-S-sulfonated
keratin prevent the adsorption of bisulfite ions and, analogously, the positive charges of
protonated cysteine-S-sulfonated keratin enhance the adsorption of acetate, citrate, formate
and bisulfite ions. Finally, it can be seen in Figure 4 (f — 1) that all acid titrations had a
convergent point at R3 that is probably caused by passing the pl of keratin type 1.

As far as FT-IR results are concerned, it is possible to say that the variations of pH and the
adsorption of ions can set the content of secondary structure in cysteine-S-sulfonated keratin.
It gives rise to the formation of protein-ligand complexes, which keep their structures through
hydrogen bonds and salt bridges [57]. The changes of these interactions among proteins can
even modify the mechanical properties of lyophilized cysteine-S-sulfonated keratin, as seen in

Section 3.2.
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3.4. Thermal properties of lyophilized cysteine-S-sulfonated keratin
The thermal properties of cysteine-S-sulfonated keratin were studied and the results of the
endothermic peak of denaturation are shown in the Figure §9. Figure § reports the variations
of the endothermic heat and temperature of cysteine-S-sulfonated keratin denaturation at
different pH values. This peak tended to diminish its endothermic heat (area under the peak)
with pH reduction, Figure 5 (a). In the literature, this peak is associated with the crystallites of
o—helix [58,59]. Therefore, its reduction could represent a decrease in the content of this
structure when pH is reduced and its increase could express a growth of a—helix crystallites
during alkali titrations. Figure 2 and 3 confirms these assumptions, as a—helix content
underwent a slight increase in alkali titrations and a reduction in acid titrations. However, it is
important to highlight that the endothermic heat of denaturation is heavily influenced by the

presence of pyrolysis reactions when the temperature is above 200 °C [45, 60-62].
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Figure 5. Endothermic heat (a) and temperature (b) for the denaturation peak of cysteine-S-
sulfonated keratin. The arrow indicates the sample without the addition of acids or alkali.

Figure 5 (b) shows the temperature of the endothermic peak: the temperatures increased when
the pH value was reduced and slightly decreased when the pH value stepped up. A transition
zone was found between 4.75 and 4.50 (R3) caused by the pl of keratin type I. All acid
titrations showed a considerable increase in the temperature of the denaturation peak (~50 °C),
particularly for pH values below 4.5. Similar results have been reported in the literature for
hair treated at different pH values [60]. These results could originate from the raise of
intermolecular B—sheet structures (as seen in Figure 2 and 3), as the formation of more
aligned chains involves an increase of crystallinity and a rise of melting temperature [63,64].
As a result, intermolecular B—sheet structures contribute to enhance the thermostability of
o—helix crystallites in cysteine-S-sulfonated keratin from acid titrations.

Finally, it can be said that the increasing thermostability of proteins is a well-known
consequence of protein-ligand interactions. It usually happens thanks to hydrogen bonds,
hydrophobic interactions and salt bridges between ligands and proteins [65,66]. In this work,
an increase of hydrogen bonds and a strong electrostatic interaction between the protonated
structure of cysteine-S-sulfonated keratin and anionic ligands (bisulfite, citrate, formate and
acetate ions) contribute to the formation of more aligned intermolecular f—sheet structures
which causes an increasing thermostability in lyophilized cysteine-S-sulfonated keratin during
acid titrations. Therefore, the increase of denaturation temperature is due to the energy
required to remove anionic ligands from protein chains before its irreversible unfolding
process happens [65]. To summarize, a schematic representation of cysteine-S-sulfonated

keratin-ligand complexes from acid and alkali titrations has been reported in Schema S1.
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3.5. Antibacterial properties of lyophilized cysteine-S-sulfonated keratin

The biocidal activity of cysteine-S-sulfonated keratin samples was studied against S. aureus.
It is well known that polymers with positive charges can kill bacteria by destabilizing their
negatively charged membrane [67]. Therefore, these tests were employed to quantify the
antibacterial action of cysteine-S-sulfonated keratin-ligand complexes for potential
applications and indirectly confirm the protonation of these samples. The results for samples
without modification and for those resulting from acid titrations are reported in Figure 6. This
figure shows that all samples demonstrated a complete antibacterial activity when the pH was
below ~5.25. That is to say, pH 5.25 corresponds to the point where the protonation effect
becomes significant for antibacterial applications. Below this pH, the protonation of cysteine-
S-sulfonated keratin tends to increase until the saturation of H' ions on side-chains groups, as
seen in Figure 4.

As regards the presence of bisulfite, citrate, formate and acetate ions and their possible effects
on the biocidal activity of protonated cysteine-S-sulfonated keratin, it is relevant to remember
that metabisulfite ions (S20s5>(aq) in aqueous solutions form different species (HSO3 (aq),
HOSO2 (ag), SO3% (ag), SO2(e) and H'(aq)) in equilibrium. The presence and concentration of
each species depend heavily on the pH value of solution [68-70]. Indeed, the dynamic
equilibrium of those ions is the main cause of antimicrobial protection in wines due to the
release of SOy at pH < 4.0, as this gas can diffuse through the cell membrane of
microorganisms and disrupt their metabolism [71-73]. The dominant form in this dynamic
equilibrium (pH 3.5 — pH 6.5) is bisulfite ion (HSO3 g and HOSO> (ag)), that is to say, a
reducing agent that prevents the oxidation of compounds and keeps the organoleptic
properties of foods and beverages.

In HCI case, the pH value of solutions after dialysis was always above 4.0 (see Figure S2 and
S3) and, consequently, the release of SO was not possible. Moreover, considering the fact

that antibacterial tests were carried out in a buffer at pH 7.0 during a contact time of 2 h, the
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As the antibacterial activity of all cysteine-S-sulfonated keratin samples was tested in a buffer
at pH 7.0 during a contact time of 2 h, it is possible to say that the protonation state and the
pH memory of cysteine-S-sulfonated keratin-ligand complexes were kept. The pH memory is
a consequence of a strong affinity between protonated cysteine-S-sulfonated keratin and

anionic ligands. This affinity creates strong ties, which prevents other molecular bindings,

with greater concentration than anionic ligands but lower affinity, affecting cysteine-S-

properties - In the light of this result, the biocidal activity of these
complexes is not considerably affected by pH - especially in the case of samples obtained

from acid titration with a pH value below 5.25.
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Figure 6. Bacterial reduction against S. aureus of cysteine-S-sulfonated keratin powder. The
arrow indicates the sample without addition of acids or alkali

On the contrary, a growth of S. aureus colonies was noticed when the bacteria were brought
into contact with samples from alkali titrations (Figure 7, upper row) which confirmed the
absence of positive charges. Similar behavior was observed for cysteine-S-sulfonated keratin
samples aged up to three years (Figure 7, lower row). Aged cysteine-S-sulfonated keratin was
stored in a container with air at 20 °C and 65% HR. Alkali titrations demonstrated to be a
good method to accelerate the aging process of cysteine-S-sulfonated keratin. Therefore, the
aging process of cysteine-S-sulfonated Keratin is accompanied by an increase of negative
charges on its structure. On the other hand, it is worth mentioning that S. aureus can produce
different types of extracellular enzymes like deoxyribonuclease, lysozyme, lipase and
proteinase [77,78]. Results suggested that S. aureus bacterium produced proteinase and used
the amino acids of cysteine-S-sulfonated keratin as nutrients. Additionally, the negatively
charged structure of cysteine-S-sulfonated keratin exponentially improved the growth of the

bacterium, in agreement with previous studies reported in the literature [8].
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Figure I Antibacterial tests. Upper row: variation of pH; lower row: ageing of keratin.

It is thought that

requires antimicrobial agents to obtain this property [79]. Nevertheless, cysteine-S-sulfonated

keratin has demonstrated to be positively charged below pH ~5.25, giving rise to its biocidal

does not have biocidal activity and that

activity. Moreover, this property is corroborated by the presence of ligands that create protein-

ligand complexes, suitable for the application of cysteine-S-sulfonated keratin in drug

delivery and wound healing as in the case of other proteins (albumin, zein and polylysine)

[80,81]. All these results demonstrate that the biocidal activity of cysteine-S-sulfonated

keratin can be modulated before dialysis by an accurate pH tuning. Finally, the antibacterial
3.6. Cell viability on lyophilized cysteine-S-sulfonated keratin

The viability of hMSC at specific pH values is reported for selected samples — i.e., NaOH,
HCI, citric acid and acetic acid titrations (Figure I). In overall, results show a correlation
between cell growth and the content of intramolecular f—sheet (Figure -). In HCI case,
it was noticed that the highest cell viability values were found where the percentage of

intramolecular B—sheet was minimal and when the variations of B—sheet II structures were
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also minimal. Meanwhile, the smallest cell viability values were found where the percentage
of intramolecular f—sheet was maximal and when the percentage of B—sheet II was at its
minimal value. Similar results were also observed for citric acid. In comparison with cysteine-
S-sulfonated keratin without alkali or acid, a higher viability of hMSC was recognized in the
case of NaOH. These results confirmed that the content of some secondary structures (i.e.,
intramolecular B—sheet) notably influence cell-material interaction, even overcoming the anti-
adhesive effect of negatively charged proteins. Although, the microscopic interactions of
selected ions (such as acetate, citrate, formate and bisulfite ions) with cells are not still
completely understood, the proposed results confirm the positive contribution of bisulfite (pH
5.3 and 4.9) and citrate ions (pH 5.2) on cysteine-S-sulfonated keratin and hMSC interaction
mechanisms - not detectable in the case of acetate ions (pH between 5.3 and 3.8). Furthermore,
it is important to remember that in the literature cysteine-S-sulfonated keratin has also
demonstrated its potential to promote fibroblast adhesion/growth, to act as a drug delivery
system and to be a cytocompatible protein [85]. As a result, protonated cysteine-S-sulfonated
keratin could be used to treat burn wounds as it promotes the proliferation of hMSC and
offers protection against bacterial infections (specifically, S. aureus).
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Figure 8. hMSC viability on cysteine-S-sulfonated keratin discs after different treatments.

4. Conclusion
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The results demonstrated the importance of pH during the processing of cysteine-S-sulfonated
keratin extracted by sulfitolysis, as it influences the biocidal activity, thermostability and in
vitro cell-material interactions. Cysteine-S-sulfonated keratin in aqueous solutions showed its
capacity to act like a protein buffer system, such as plasma proteins or hemoglobin. The
protonation of side-chains and the presence of anionic ligands (i.e., citrate, formate, acetate
and bisulfite ions) contributed to the formation of cysteine-S-sulfonated keratin-ligand
complexes that alter the content of secondary structures. Additionally, the presence of anionic
ligands also contributes to stabilize the biocidal activity of protonated cysteine-S-sulfonated
keratin even in buffer solutions. Despite the fact that protonated cysteine-S-sulfonated keratin
showed an excellent antibacterial activity, the same protein with negative charges increases
exponentially the growth of S. aureus. As a result, the properties of cysteine-S-sulfonated
keratin studied in this work turned out to be pH-switchable and these can be set up before
dialysis, taking into account the presence of different ions in solution.

According to the reported experimental evidence, cysteine-S-sulfonated keratin could be
successfully envisaged as hydrogels for cell culture, scaffolds for wound healing and capsules

for drug delivery.
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