Biocleaning of starch glues from textiles by means of a-amylase-
based treatments

Mariagrazia Tortora?, Francesca Gherardil™ Enrico Ferrari?, and Belinda Colston®"
1School of Chemistry, University of Lincoln, Lincoln LN6 7TS, UK;
Email and ORCID number: mtortora@lincoln.ac.uk, 0000-0003-2149-3775
fra.gherardi@gmail.com, 0000-0003-0469-8154
bcolston@lincoln.ac.uk, 0000-0003-4457-0323
2School of Life Sciences, University of Lincoln, Lincoln LN6 7TS, UK;
Email and ORCID number: eferrari@lincoln.ac.uk, 0000-0002-9102-7422

Corresponding authors: fra.gherardi@gmail.com
bcolston@lincoln.ac.uk

Abstract

Glues based on starch are widely used for the consolidation of brittle fibres in historic and
archaeological textiles. Aging fabrics are affected by hydrolysis/oxidation and cross-linking of these
glues, a decrease of glues’ solubility, the formation of cracks, and discoloration. The hydrolytic action
of enzymes on starch-based glues is promising, as molecular recognition offers great selectivity.
However, a systematic assessment of the best methods for applying enzymatic formulations has not
been explored yet. Here, a-amylase was applied either by pipetting a solution or combining with gellan
gel (embedded in the gel or spread on the gel surface). The effectiveness of the different formulations
on the removal of potato and wheat starch was evaluated by Fourier Transform Infrared (FTIR)
spectroscopy, Scanning Electron Microscopy (SEM) and colorimetric measurements. Enzymes
dispersed in gel showed weak diffusion at the surface, resulting in poor starch breakdown and
removal. On the contrary, amylase applied by pipette and spread on gel resulted in high starch
removal selectivity and efficiency, with neither swelling nor damage to the fibres. These results
validate protocols for the assessment of the enzymatic activity on glue-consolidated fibres, identify
best application methods and confirm the excellent properties of amylase dispersions for the
conservation of historic and archaeological textiles.

Key points
1. Application of a-amylase by pipette and combined with gellan gel to remove starch glues from
wool.

2. Systematic assessment of the best application methods following a multi-analytical protocol.

Enzymes dispersed in gel exhibit poor diffusion at the surface, leading to weak starch removal.

4. Enzymes applied by pipette and spread on gel are efficient in starch cleaning, without damage
to the fibres.
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Introduction

Glues based on starch, collagen or casein have been widely used to consolidate brittle fibres in historic
and archaeological textiles. However, these glues tend to undergo hydrolysis/oxidation and cross-
linking reactions, becoming insoluble and leading to discoloration, biodeterioration, and formation of
cracks and tensions in the fibres (Mazzoli et al. 2018). For the preservation of textile artefacts,
therefore, it is essential to remove completely aged consolidants and glues. In this context, the
hydrolytic action of enzymes is very promising, as they exhibit great selectivity in the cleaning of
unwanted materials, without compromising the historic and artistic substrates (Bosch-Roig and Ranalli
2014; Cremonesi 2013; Decoux 2002; Mazzoli et al. 2018; Palla and Barresi 2017). Due to their
negligible toxicity, their use as substitutes of organic solvents is widely reported on different
substrates, such as wall paintings (Beutel et al. 2002; Ranalli et al. 2005), paintings on canvas (Pereira
et al. 2013), paper (Decoux 2002; Mazzuca et al. 2014, 2017; Schwarz et al. 1999), textiles (Ahmed and
Kolisis 2011; Bott 1990; Chapman 1986; Ferrari et al. 2017; Shibayama and Eastop 1996), stones
(Valentini et al. 2010, 2012), and acrylic-based graffiti and coatings (Bellucci et al. 1999; Germinario et
al. 2017). In particular, amylases, which catalyze starch hydrolysis, enable adequate removal of starch
films with relatively shorter times compared to those required following traditional methods, like
rinsing and humidification (Schwarz et al. 1999). Starch is a polysaccharide made of two components,
amylose and amylopectin, comprising glucose monomers joined by glycosidic bonds. Two types of
amylases can breakdown starch by catalyzing the hydrolysis of a-1,4 glycosidic bonds. a-amylase is an
endo-enzyme, which causes random hydrolysis of glycosidic bonds and depolymerizes both amylose
and amylopectin. B-amylase is an exo-enzyme, which only works on terminal glucose residues of
amylose or amylopectin and produces maltose and B-limit dextrin (van der Maarel et al. 2002). The
random fragmentation of amylose and amylopectin by a-amylase leads to a rapid reduction in
viscosity and to a fast increase in water solubility, which makes starch easily removable from surfaces
(Gupta et al. 2003; van der Maarel et al. 2002). Thus, a-amylase water solutions have been adopted
for the removal of starch substrates, thanks to their ability to spread and adsorb on the solid surface
(BoZi¢ et al. 2017). Unfortunately, the use of large volumes of water to apply the enzymatic
formulations and to remove the digestion residues can cause swelling of fabrics and solubilization of
dyes. Enzyme immobilization, besides reducing the volume of water required, presents more
convenient handling, and enhancement of enzyme stability (Gherardi et al. 2019; Sheldon 2007). It is
now common practice to use poultices and gels as supports in conservation interventions (Baglioni et
al. 2014). Among these, gellan-gum hydrogel recently received particular attention, due to its stability,
rigidity, transparency, and for its easy preparation. Different systems have been explored to apply
enzymatic solutions, i.e. by dispersing them in gellan gel (Mazzuca et al. 2014) or by spreading them
on the gel (Ferrari et al. 2017). Despite the extensive use of a-amylase in conservation, a systematic
study of its efficacy in starch hydrolysis depending on the method of application has not been
published yet.

This research investigates the effectiveness of a-amylase solutions on the cleaning of potato and
wheat starch-coated wool samples, by testing different application methods: by pipette, embedded
in gellan gel, and spread on gel.

Materials and Methods

Preparation of a-amylase dispersion: Type lI-A from Bacillus sp. (A6380, Sigma-Aldrich, Dorset, United
Kingdom) was dissolved in a buffer solution (20 mM HEPES pH=7.3, 100 mM NacCl) at a concentration
of 3 mg/mL (60 uM). The enzyme has an estimated molecular weight of 50-55 kDa by SDS-PAGE and
>1,500 units/mg protein (biuret) according to the technical data sheet.



Evaluation of the enzymatic activity: Fourier Transform Infrared (FTIR) spectroscopy studies were
performed on PerkinElmer (Waltham, United States) Spectrum 100 FTIR Spectrometer equipped with
a deuterated triglycine sulfate (DTGS) detector. Dispersions of 1% and 2% (w/v) of potato (Sigma
Aldrich, Dorset, United Kingdom) and wheat starch (Kremer Pigmente, Aichstetten, Germany) boiled
in water with stirring for 30 minutes were applied as thin film on silicon polished windows (Crystran
Ltd, Poole, United Kingdom). Following 120 min and 240 min of exposure to enzymatic dispersions,
FTIR spectra were acquired (64 scans, resolution 4 cm™). Background spectra were recorded with
silicon windows and subtracted from the sample spectra. All spectra were normalized on the intensity
of the C-H stretching vibration at ~2930 cm™. The starch hydrolysis (SH, %) was calculated using the
following equation: SH = (Rf —RL-)/Ri %X 100, where R; and Ry are the intensity ratios of the
1045/1022 cm™ peaks before and after treatment with the enzymatic dispersions. Another set of
silicon windows covered with 1% and 2% (w/v) of potato and wheat starch was thermally aged in an
oven for 10 days at 80 °C to simulate the chemical-physical properties of naturally aged starch. The
starch hydrolysis was then evaluated after 120 and 240 min of exposure to amylase. Each experiment
was repeated three times.

Aiming at identifying the most appropriate application procedure in textile conservation, the amylase
dispersions were applied on wool specimens coated with 1%, 2% and 5% (w/v) potato and wheat
starch (labelled as P1, P2, P5 and W1, W2, W5, respectively) using the three application methods.
Before assessing the effectiveness of amylase, starch-coated wool samples were thermally aged in an
oven for 10 days at 80 °C, to simulate physico-chemical conditions of naturally aged starch glues. An
aliquot of 2 uL amylase dispersion was applied on wool samples by pipette and by using 2% (w/v)
gellan gum (Gellan Kelcogel, CTS, Vicenza, Italy) in deionized water, to achieve a slower release of
amylase to the textile. In particular, 0.5 cm thick amylase-loaded gels were prepared following 2
methods. For the ‘amylase in gel’ method, the same volume of a-amylase solution was added to the
gellan gels (~ 1.5 uL/cm?), at about 60 °C during cooling in a Petri dish. Instead, for the ‘amylase on
gel’ method the amylase dispersion was applied by pipette on the solid gel surface in order to localize
amylase at the interface of the textile and the gel. Amylase immobilized on gellan gels were then
applied on wool samples for 120 min. Starch digestion by amylase dispersions was monitored by FTIR
spectroscopy and an Attenuated Total Reflection (ATR) diamond crystal accessory. All spectra were
normalized on the intensity of the C=0 stretching vibration of amide | band at 1650 cm™. Finally, the
surface was treated with a cotton swab soaked with deionized water in order to remove the enzymatic
formulations and the residues of starch digestions. ATR-FTIR measurements were repeated to assess
the complete removal of amylase. Each result was calculated by averaging three individual
experiments.

Stereomicroscopy and colour measurements on dyed and undyed wool fibres coated with potato and
wheat starch: stereomicroscopy observations and colour measurements were carried out to evaluate
the removal of starch from thermally-aged wool samples by using a Zeiss Stereo Discovery V8
stereomicroscope (Oberkochen, Germany) and Konica Minolta (Tokyo, Japan) CR-410 Chroma Meter
instrument with a D65 illumination. Measurements were processed according to the CIE L*a*b*
standard colour system. Five measurements were performed on each area (about 4 cm?) and the
average results of L*a*b* were used to calculate the colour difference AE,; between treated and
untreated areas: AE;; = [(L*;-L*1)*+(a*-a*1)? + (b*,-b*1)?]*?). The experiment was carried out on
undyed samples and wool dyed with natural dyes (madder, indigo and saffron).

SEM-EDS on wool samples coated with potato and wheat starch: thermally-aged wool samples with
1%, 2% and 5% (w/v) potato and wheat starch were observed in secondary electrons mode before and



after the application and final washing of the amylase dispersions by means of Scanning Electron
Microscopy (SEM) (Inspect S; FEI Inc., Altrincham, United Kingdom) and Energy Dispersive X-ray (EDS)
detector (Inca X-ray spectrometer; Oxford Instruments Ltd., Abingdon-on-Thames, United Kingdom).
The samples were mounted on aluminium stubs and sputtered with a gold layer of 10 nm. The SEM
operated at an acceleration voltage of 1.5 kV.

Results

To examine the activity of a-amylase in the hydrolysis of both unaged and thermally-aged starch films,
1% and 2% w/v potato and wheat starches were applied on silicon windows and the modifications of
their conformation were monitored by FTIR spectroscopy after 120 and 240 min of digestion (Fig. 1).
Changes in the spectral region of 950-1100 cm™® ascribed to C-O and C-C stretching vibrational modes
were studied (Bello-Pérez et al. 2005; Gherardi et al. 2019; Goodfellow and Wilson 1990; Htoon et al.
2009; Lopez-Rubio et al. 2008; van Soest et al. 1995), with a focus on the bands at 1022 cm™ and 1045
cm™ which are associated with amorphous and ordered/crystalline regions in starch, respectively
(Bello-Pérez et al. 2005; Htoon et al. 2009; van Soest et al. 1995). After digestion by amylase, a higher
ratio of 1045/1022 cm™ peak intensities occurs, due to the decrease of the length of the starch chain
and increase of the crystallinity (Gherardi et al. 2019; Lopez-Rubio et al. 2008; Palacios et al. 2004). In
Fig. 1 we observed a general reduction of the intensities of the absorption bands and an increase in
the 1045/1022 cm™ peak ratio after the application of the enzymatic dispersions. The percentage of
increase of crystallinity was used to calculate SH values (Fig. 1e) and no meaningful SH increase was
observed after 120 minutes exposure. For unaged starch, the lower digestion of P2 and W2 compared
to P1 and W1 (starch hydrolysis values after 240 minutes exposure were about 37% and 15% for P1
and P2 and 41% and 26% for W1 and W2, respectively) can be related to reduced ability of amylase to
reach and orient its active sites towards more concentrated substrates (Fig. 1e).

After thermal ageing of potato and wheat starch films, their FTIR spectra showed a higher 1045/1022
cm® peak ratio, especially for P1 and W1, due to an increase of crystallinity (Supporting Information,
Fig. S1). Lower efficacy in starch digestion by amylase was achieved on thermally-aged starches,
especially P1 and W1 (SH values after 240 minutes exposure were about 17% and 7% for P1 and W1,
respectively) (Fig. 1 e), due to the fact that the increase of ordered regions in starch makes them more
resistant to the hydrolysis by amylase (Abduh et al. 2019).

To determine which application method of the enzymatic dispersions leads to the most effective
breakdown and removal of starch, ATR-FTIR spectroscopy was used on thermally-aged wool samples
coated with wheat and potato starch. The spectra in Fig. 2 and 3 show the characteristic absorption
bands of protein: amide | band at 1650 cm™ (C=0 stretching vibration), amide Il at about 1540 cm™(N-
H bending/C-N stretching vibrations) and amide 1l at about 1230 cm™ (N-H bending/C-N stretching
vibrations). The amylase dispersion was applied following three methods: pipette, in gel and on gel.
Different results were achieved, highlighting dissimilar interaction of amylase with the substrate.
When enzymes were applied by pipette and on gel (Fig. 2 and 3 a and e, b and f), a significant increase
of the ratio of 1045/1022 cm® peak intensities was observed. In particular, amylase applied by pipette
and on gel was particularly effective in the hydrolysis of P2 and W2 starch, respectively (Fig. 2). Similar
results were obtained on wool samples coated with P5 and W5 starches (Fig. 3). In both potato and
wheat starch-coated wool samples, the introduction of amylase dispersion in gellan gel was not
effective in promoting starch hydrolysis, as evidenced by FTIR spectra, which exhibit almost no
increase in the ratio of 1045/1022 cm™ peak intensities (Fig. 2¢ and 3c). The low effectiveness of this
application method is probably due to the poor ability of the gel to release enough enzymes to
breakdown the more crystalline structure of potato starch. On the contrary, when immobilized on gel,



amylase is confined on the wool surface and it can easily diffuse, promoting the effective removal of
starch. ATR-FTIR spectra collected after enzymatic digestion and cleaning of residues of starch and
amylase highlighted the complete removal of potato and wheat starches from wool treated with
amylase applied by pipette and on gel, while starch granules were still present on the surface of wool
treated with amylase immobilized in gel (Supporting Information Fig. S2 and S3).

The evaluation of the cleaning effectiveness in the removal of starch from wool samples was further
supported by observations of textiles by SEM. On samples treated with 2% w/v (Supporting
Information Fig. S4) and 5% w/v (Fig. 4) potato and wheat starches, the application of amylase by
pipette and immobilized on gellan gels resulted in complete removal of starch. On the contrary,
residues of starch could be observed on samples treated with amylase dispersed inside the gel,
especially on wool coated with P5 and W5 (Fig. 4).

Color measurements were carried out on aged undyed and dyed wool coated with potato and wheat
starches before and after the treatment with the amylase dispersions. Starch applied on undyed wool
did not significantly affect the surface color and for this reason, the three application methods of
amylase were equally effective in terms of color change (Supporting Information Table S1 and Fig. S5).
However, once applied on dyed wool, starch induced a higher color change and it was possible to
discriminate better the effectiveness of the enzymatic dispersions. In particular, amylase applied by
pipette and on gel on madder-dyed wool was able to remove the white layer of starch, with a decrease
of L* and increase of b* coordinates, while almost no color change (AE> 1) was obtained by amylase
immobilized in gel (Fig. 5 and Table S2). The inefficient starch removal by amylase in gel was also
highlighted by visual and microscopic observations, as residues of starch were still visible around the
fibres (Fig. 5). Similar results were achieved by the enzymatic formulations applied on wool dyed with
indigo and saffron (Fig. 6 and Supporting Information Fig. S6, Fig. S7, Table S3 and S4). In particular,
the effectiveness of amylase applied by pipette and immobilized on gel in the removal of potato and
wheat starches was particularly evident on indigo-dyed wool, with a reduction of L* and b*
coordinates (Fig. 6a and b and Supporting Information Fig. S7). On saffron-dyed wool, the enzymatic
formulations were not able to significantly change the surface color and to reach L*, a* and b* values
similar to those of the untreated and aged wool sample, probably due to a slight dye leaching after
the application of potato and wheat starches (Fig. 6¢c and d and Supporting Information Fig. S7).

Discussion

The study by FTIR spectroscopy of the modifications in the conformations of starches applied on silicon
windows provided useful information about the effectiveness of the enzymatic formulations. In
particular, a significant increase of crystallinity due to starch hydrolysis was obtained within 120
minutes exposures to amylase, especially once applied on P1 and W1 (Fig. 1) (Gherardi et al. 2019;
Lopez-Rubio et al. 2008). The enzymatic treatment showed lower efficacy in starch digestion of more
concentrated substrates (P2 and W2) and on thermally-aged starches (Fig. 1). Indeed, denser
structures resulted from more concentrated starches or induced by a thermal treatment reduce the
penetration of amylase dispersion through the films, limiting the swelling and the solubility of starch
(Basiak et al. 2017; Waterschoot et al. 2015).

To set-up the best application procedure, the enzymatic dispersions were applied on thermally-aged
wool samples coated with wheat and potato starch, following three methods: pipette, in gel and on
gel. The results obtained from ATR-FTIR spectroscopy indicate that potato and wheat starches were
more easily hydrolysed and removed by amylase applied by pipette and on gel, respectively (Fig. 2 and
3). Wheat starch is characterized by higher amylose content compared to potato starch, resulting in a
higher hydrophilicity and ability to absorb water (Basiak et al. 2017). This aspect can explain the reason



why wheat starch could be hydrolysed and removed from wool samples more easily by using amylase
immobilized on gel (Fig. 2f and 3f), compared to potato starch. Indeed, the gel is able to release
amylase and water, to slow down the drying of the enzymatic dispersion, and to promote the
breakdown of starch. In addition, the high amount of crystalline regions in potato starch (especially
P5) makes the film denser, reducing the diffusion of the enzymatic dispersion inside the 3D textile
network, and therefore, also the starch digestion (Fig. 2 and 3) (Abduh et al. 2019; Basiak et al. 2017,
Luchese et al. 2018; Waterschoot et al. 2015).

On the contrary, once incorporated inside gellan gel, amylase was not released in sufficient amount
to effectively hydrolyse starch and, therefore, residues still accumulated on the surface of wool.

These results were confirmed by SEM analysis carried out on wool samples before and after the
application of the enzymatic formulations. Starch clusters were found on fibres in wool samples
treated with amylase dispersed in gellan gel, while a complete removal of the glues was achieved after
the application of amylase by pipette and spread on gel (Fig. 4 and Supporting Information Fig. S4).
The use of amylase by pipette is not always recommended for cleaning of brittle historic and
archaeological textiles, as the solution can lead to the swelling of the fibres, thus compromising the
artefacts (Ferrari et al. 2017). In the present study, however, neither swelling nor damage of the wool
fibres occurred after the application and final washing of the enzymatic formulations.

Potato and wheat starches were applied on wool dyed with madder, saffron and indigo and
microscopic observations and color measurements were carried out to monitor the complete removal
of the starch-based glues. The results were in agreement with FTIR spectra and SEM observations,
proving the effectiveness of amylase applied by pipette and spread on gel in the complete cleaning of
starch-based glues (Fig. 5 and 6, Supporting Information Fig. S5-S7 and Table S1-54).

The use of amylase dispersions represents a green approach for the removal of aged starch-based
glues from textiles. Different application methods of the enzymatic dispersions were tested on
accelerated aged wool samples coated with potato and wheat starches. The application of amylase by
pipette and immobilized on gellan gel led to efficient and selective removal of starch, as it confines
the enzymes on the surface of the textile, and neither swelling nor damage to the fibres were
detected. In addition, starch residues were completely removed after cleaning with a cotton swab. On
the contrary, by embedding amylase inside gellan gel, poor efficiency of starch digestion was
observed, and residues of glues were still detected by microscopic observations, due to reduced
diffusion of the enzymes through the gel. The multianalytical protocol allowed to discriminate the
effectiveness of the enzymatic formulations and their application method, and the results obtained
further support their use in heritage conservation, in particular for the treatment of historic textiles.

Supporting Information
Supporting characterization data (FTIR spectra of starch-digested by amylase, scanning electron
microscopy and color measurements).
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Figure captions

Fig. 1. FTIR spectra of silicon windows coated with (a) potato starch 2% w/v (P2) and (c) wheat
starch 2% w/v (W2) and after 120 min and 240 min from the application of a-amylase.
Thermally aged silicon windows coated with P2 (b) and W2 (d) are also reported. (e) Summary
of the activity in starch hydrolysis (SH) (%) of a-amylase after 120 and 240 min from the
application on silicon wafers coated with potato and wheat starch 1% w/v (P1 and W1) and
2% w/v (P2 and W2) before and after accelerated thermal ageing.

Fig. 2. ATR-FTIR spectra of wool coated with thermally aged potato (a, c and e) and wheat (b,
d and f) starch 2% w/v and after 120 min from the application of a-amylase by pipette (a and
b), in gel (c and d) and on gel (e and f). Corresponding insets show the change in the
absorbance of the peaks at 1022 and 1045 cm™.

Fig. 3. ATR-FTIR spectra of wool coated with thermally aged potato (a, c and e) and wheat (b,
d and f) starch 5% w/v and after 120 min from the application of a-amylase by pipette (a and
b), in gel (c and d) and on gel (e and f). Corresponding insets show the change in the
absorbance of the peaks at 1022 and 1045 cm™.

Fig. 4. Secondary electron SEM images of wool coated with potato and wheat starch 5% w/v
(P5 and W5) before and after the application of a-amylase applied by pipette, in gel and on
gel. Arrows indicate accumulation of starch.

Fig. 5. Photographic documentation, colorimetric characterization and microscopic
observations of wool dyed with madder and coated with 2% w/v and 5% w/v potato (a-d) and
wheat starch (e-h), before and after cleaning with a-amylase applied by pipette, in gel and on
gel. Results are separately reported according to the L* and b* colorimetric coordinates. Black
dots are uncoated and unaged reference wool samples, while grey dots are aged starch-
coated wool samples.

Fig. 6. Photographic documentation and colorimetric characterization of wool dyed with
indigo (a and b) and saffron (c and d) and coated with 2% w/v and 5% w/v potato and wheat
starch before and after cleaning with a-amylase applied by pipette, in gel and applied on gel.
Colorimetric data are reported as in Fig. 6.
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Fig. 2
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Fig. 6
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