
1 
 

Immobilized Enzymes on Gold Nanoparticles: from Enhanced Stability to 1 

Cleaning of Textile Heritage 2 

Francesca Gherardi,*† Lyudmila Turyanska,†,‡ Enrico Ferrari,ǁ Nicola Weston,§ Michael W. 3 

Fay,§ and Belinda Colston*† 4 

†School of Chemistry, University of Lincoln, Lincoln LN6 7TS, UK;  5 

Email: fgherardi@lincoln.ac.uk, bcolston@lincoln.ac.uk 6 

‡School of Physics and Astronomy, University of Nottingham, NG72RD, UK; 7 

Email: lyudmila.turyanska@nottingham.ac.uk  8 

ǁSchool of Life Sciences, University of Lincoln, Lincoln LN6 7TS, UK; 9 

Email: eferrari@lincoln.ac.uk  10 

§Nanoscale and Microscale Research Centre, University of Nottingham, NG7 2RD, UK 11 

Email: nicola.weston@nottingham.ac.uk, michael.fay@nottingham.ac.uk  12 

 13 

 14 

Corresponding authors: bcolston@lincoln.ac.uk 15 

fgherardi@lincoln.ac.uk  16 

  17 

mailto:fgherardi@lincoln.ac.uk
mailto:bcolston@lincoln.ac.uk
mailto:lyudmila.turyanska@nottingham.ac.uk
mailto:eferrari@lincoln.ac.uk
mailto:nicola.weston@nottingham.ac.uk
mailto:michael.fay@nottingham.ac.uk
mailto:bcolston@lincoln.ac.uk
mailto:fgherardi@lincoln.ac.uk


2 
 

Abstract 1 

Enzyme-based treatments are used in heritage conservation for the effective removal of glues 2 

and other damaging organic layers from the surfaces of historic and artisitc works. Despite 3 

their potential, however, the application of enzymatic treatments is currently limited due to 4 

their poor efficiency, and low operational and environmental stability. We demonstrate the use 5 

of α-amylase immobilized on gold nanoparticles to improve the efficacy of enzymatic 6 

treatments enchancing both the reactivity and the stability of the formulations. Gold 7 

nanoparticles coated with α-amylase exhibit significant advantages compared to free enzymes. 8 

We report up to 5-times greater resistance to environmental changes, up to 2-times higher 9 

efficacy towards removal of starch-based glues from textile, and deeper penetration through 10 

the fibres, without causing damage or inducing salt precipitation. These results offer exciting 11 

prospects for the development of novel enzymatic formulations, both for heritage conservation 12 

and the wider application of enzymes, such as in medicine, the detergent industry and green 13 

chemistry. 14 

 15 
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1. Introduction 1 

Enzymes have been widely used as biocatalysts due to their chemo-, regio-, and stereo-2 

specificity in applications ranging from medicine to the detergent industry and green 3 

chemistry.1 Their application is often hindered, however, by lack of long-term stability, and 4 

difficulty in recovery and reuse.2 Immobilization of enzymes on a carrier, (e.g. synthetic 5 

polymers, biopolymers, hydrogels, inorganic supports, nanoparticles), can be used to overcome 6 

these limitations.2-4 Recent reports demonstrate that enzymes anchored to nanostructured 7 

materials with high surface area have improved enzyme loading and enhanced activity.3-7 8 

Among various nanomaterials, gold nanoparticles (AuNP) offer benefit of direct conjugation 9 

of enzymes without the need for further modification, making them an ideal model for enzyme 10 

immobilization studies.5-6, 8 11 

Nanomaterials have brought significant technological advances in applications ranging from 12 

optoelectronics to medicine.9 Recently, the use of nanomaterials was proposed for heritage 13 

conservation 10, and has the potential to effect a step change in the efficacy of interventive 14 

methods currently used for the conservation of historic artefacts.11 One of the most delicate 15 

phases of interventive conservation is the cleaning process, which must exhibit selectivity in 16 

the treatment of unwanted layers, without compromising the original historic and artistic 17 

substrate. Current research focuses on the development of innovative cleaning materials, 18 

including microemulsions, solvents and rigid gels 12-13, and biological cleaning methods such 19 

as microorganisms and hydrolytic enzymes.14-19 Enzymes exhibit exquisite molecular 20 

recognition 15, 19-20, and have been used to remove starch paste 18, 21-23, protein-based glues and 21 

adhesives 18, 24, lipid-based compounds 25, and aged acrylic coatings and inks 26 from historic 22 

textiles, paper and prints, wall-paintings and ceramic materials.  23 

Starch and protein-based glues (e.g. collagen, casein) are widely used to consolidate brittle 24 

fibres. Hydrolysis/oxidation and cross-linking of these glues due to ageing, however, lead to 25 
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their layers becoming insoluble, and to the formation of cracks, tensions, discoloration and 1 

embrittlement of the fibres, and could be a source of future biodeterioration (fungi and 2 

bacteria).19 The complete cleaning of aged starch is therefore essential for the conservation of 3 

textile artefacts, but presents significant challenges – the treatment agents need to exhibit both 4 

high selectivity and the ability to penetrate through the fibres without damaging the historic 5 

textile. In this context, enzymes are very promising. Their hydrolytic action provides selective 6 

treatments, whilst their application through aqueous formulations by brush or cotton swabs, 7 

absorbed on tissues and poultice, or embedded into viscous media and gels provides mobility 8 

and penetration. The use of enzymatic solutions, however, is limited due to their low 9 

environmental and operational stability (pH and temperature), difficulties in recovery and high 10 

cost.19 11 

Here we report on the development of novel nano-formulations of enzymes for removal of 12 

starch-based treatments from textiles. Gold nanoparticles coated with α-amylase (αA) offer 13 

high efficiency in starch hydrolysis and enhanced environmental stability. We examine the 14 

long-term stability and shelf life of the formulations using Fourier-Transform Infrared (FTIR) 15 

spectroscopy on starch-treated silicon windows and wool. The enzymatic activity towards 16 

digestion and removal of starch by α-amylase immobilized on AuNP (αA-AuNP) is higher than 17 

observed in ‘free’ enzymes, especially once applied on textiles. In addition, αA-AuNP exhibits 18 

higher environmental stability compared to αA, which suffers from denaturation and 19 

consequent significant reduction of the enzymatic activity. By using Environmental Scanning 20 

Electron Microscopy (ESEM), we investigate the mechanism of interaction between enzymatic 21 

formulations and fibres, proving that the immobilization of amylase on nanoparticles fosters 22 

good penetration of enzymes into porous substrates, leading to a selective removal of starch 23 

glue, without compromising the fibres or leaving residues or salt precipitates. To the best of 24 

our knowledge, this is the first application of enzymes immobilized on nanoparticles in heritage 25 
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conservation, and this work will inform future development of functionalised nanomaterials 1 

for interventive conservation practices.  2 

 3 

2. Materials and Methods 4 

Preparation of α-amylase dispersion: Type II-A from Bacillus sp. (Sigma-Aldrich A6380) was 5 

dissolved in a buffer solution (20 mM HEPES pH=7.3, 100 mM NaCl) at a concentration of 5 6 

mg/mL. The enzyme has an estimated molecular weight of 50-55 kDa by SDS-PAGE and 7 

≥1,500 units/mg protein (biuret) according to the technical data sheet. 8 

Preparation of α-amylase coated gold nanoparticles: α-amylase coated gold nanoparticles 9 

were prepared using passive adsorption followed by removal of protein excess by 10 

centrifugation. The citrate-capped gold nanoparticles (1 mL, HD.GC20, BBI Solutions) with a 11 

diameter of 20 nm and an optical density (OD) at the extinction peak of 5 were pelleted at 12 

5000xg for 20 min and the storage buffer replaced with a 250 µL of α-amylase solution with 13 

excess concentration of ~25 µg/mL diluted in 10 mM HEPES buffer, pH=7.3, 10 mM NaCl. 14 

After 60 min incubation at room temperature, Au nanoparticles were pelleted at 5000xg for 20 15 

min and the solution containing excess enzyme was removed, washed by resuspension in 500 16 

µL of 10 mM HEPES buffer, pH=7.3, 10 mM NaCl, then centrifuged and suspended again in 17 

500 µL of the same buffer solution. The buffer contains a lower concentration of NaCl (10 18 

mM) compared to the bugger used for free amylase (100 mM). The enzymatic dispersions were 19 

stored at T = 4 °C. 20 

Characterization of α-amylase coated gold nanoparticles: pristine gold nanoparticles and α-21 

amylase coated gold nanoparticles were studied by Transmission Electron Microscopy (TEM). 22 

The nanoparticles were deposited on a graphene-oxide coated grid and TEM images were 23 

recorded on a JEOL 2100F FEGTEM microscope operating at 200 kV equipped with a Gatan 24 



6 
 

Orius SC1000 CCD camera. The average size of gold nanoparticles was analysed using ImageJ 1 

software.  2 

The optical density (OD) of the gold nanoparticles suspensions at 520 nm was measured by 3 

NanoDrop (NanoDrop 2000, Thermo Fisher Scientific). The reference concentration at OD = 4 

1 provided by the supplier is 7.0x1011 mL-1 OD-1. The concentration of α-amylase adsorbed on 5 

the nanoparticle suspension was estimated from the concentration of the nanoparticles 6 

measured from the OD at the extinction peak and assuming complete coverage of the surface 7 

(see Supporting Information SI1).27-28 8 

The hydrodynamic diameter distributions of pristine and α-amylase coated gold 9 

nanoparticles were measured by Dynamic Light Scattering (DLS) using a Zetasizer Nano ZS 10 

(Malvern). The nanoparticles were diluted 10 times in 10 mM HEPES buffer, pH=7.3, 10 mM 11 

NaCl and the scattering was acquired from a micro-cuvette with 100 μL of the suspension using 12 

a backscatter angle of 173° and an automatically selected attenuator to optimize the photon 13 

count. Three measurements at a temperature of 20 °C were acquired and averaged, the size 14 

distributions were represented from the scattering intensity data using the Z-average (diameter) 15 

and the polydispersity index (PDI) from the cumulant analysis of the measured auto-correlation 16 

function.  17 

 18 

Evaluation of the enzymatic activity and the removal of the enzymatic formulations: Fourier 19 

Transform Infrared (FTIR) spectroscopy studies were performed on PerkinElmer Spectrum 20 

100 FTIR Spectrometer equipped with a DTGS detector and an Attenuated Total Reflection 21 

(ATR) diamond crystal accessory. Dispersions of 1% and 2% (w/v) of potato starch (Sigma 22 

Aldrich) boiled in water with stirring for 30 minutes were applied as thin film on silicon 23 

polished windows (Crystran Ltd, United Kingdom). Following 30 min and 120 min of exposure 24 

to enzymatic dispersions, the FTIR spectra were acquired (64 scans, resolution 4 cm−1). The 25 
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background spectra were recorded with silicon windows and subtracted from the sample 1 

spectra. All spectra were normalized on the intensity of the C-H stretching vibration at ~2930 2 

cm-1. The starch hydrolysis (SH) was calculated using the following equation: 𝑆𝐻 =3 

(𝑅𝑓 − 𝑅𝑖) 𝑅𝑖⁄ × 100%, where 𝑅𝑖 and 𝑅𝑓 are the intensity ratios of the 1045/1022 cm-1 peaks 4 

before and after treatment with the enzymatic dispersions. Each experiment was repeated three 5 

times.  6 

For further analysis, 1% and 2% (w/v) potato starch water dispersions were applied by brush 7 

(about 3 µL/cm2) on wool specimens. Starch digestion by amylase-based dispersions was 8 

monitored by ATR-FTIR spectroscopy performed on the same area. All spectra were 9 

normalized on the intensity of the C=O stretching vibration of amide I band of wool at 1630 10 

cm-1 and the starch hydrolysis was evaluated after 30 min exposure to the dispersions at room 11 

temperature (T = 23 °C). In addition, the percentage of removed starch was calculated from the 12 

intensity ratios of the 1022 cm-1 (characteristic of starch) and 1630 cm-1
 (characteristic of wool) 13 

peaks before and after the application of the enzymatic formulations. Finally, the surface was 14 

treated with a cotton swab soaked with deionized water in order to remove the enzymatic 15 

formulations and the residues of starch digestions. ATR-FTIR measurements were repeated to 16 

assess the complete removal of amylase. Each result was calculated by averaging three 17 

individual experiments. 18 

To assess the complete removal of the formulation based on gold nanoparticles coated with α-19 

amylase, colour measurements were carried out by Konica Minolta CR-410 Chroma Meter 20 

instrument with a D65 illuminant. Measurements were elaborated according to the CIE L*a*b* 21 

standard colour system. Five measurements were performed on each area (about 4 cm2) and 22 

the average results of L*a*b* were used to calculate the colour difference ΔΕ* between cleaned 23 

and uncleaned areas: ΔΕ* = [(L*2-L*1)
2+(a*2-a*1)

2 + (b*2-b*1)
2]1/2). 24 
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ESEM-EDX on cotton fibres coated with potato starch: Environmental Scanning Electron 1 

Microscopy (ESEM) and Energy Dispersive X-Ray (EDX) analysis were performed on FEI 2 

Quanta 650 with an Oxford Instruments X-Max 150 EDX Detector. The 2% (w/v) potato starch 3 

water dispersions were applied by brush (about 3 µL/cm2) on cotton specimens. Single fibres 4 

and woven textile were sampled from cotton textile and mounted on aluminium stubs. ESEM-5 

EDX data were recorded before and after the application of dispersions, allowing 30 min of 6 

digestion time. Secondary Electron (SE) images were collected in order to monitor the removal 7 

of starch from the fibres while Backscattered Electron (BSE) images were used to study the 8 

surface distribution and the penetration depth of gold nanoparticles modified with amylase in 9 

cross-sections of cotton specimens. 10 

Evaluation of the storage stability of the enzymatic formulations: The enzymatic dispersions 11 

were stored in the laboratory at T = 23 °C for 30 days and were exposed to ambient light. The 12 

activity in starch hydrolysis was evaluated after 7, 15 and 30 days using FTIR spectroscopy. 13 

The activities at different times were compared with the initial activity and the residual activity 14 

(%) was calculated. 15 

 16 

3. Results and discussion 17 

3.1 Characterization of α-amylase coated gold nanoparticles 18 

Gold nanoparticles coated with α-amylase were prepared following passive adsorption, 19 

producing stable and active enzyme-nanoparticle conjugates without need for chemical 20 

modification of the enzyme (Figure 1).29-30 The citrate-capped AuNP are used to form αA-21 

AuNP and the excess protein is removed by centrifugation. The final concentration of 22 

nanoparticles is 3.9 x 1012 NP/mL, with an estimated 35 μg/mL load of α-amylase (see 23 

Supplementary Information, SI1). Transmission Electron Microscopy (TEM) images revealed 24 
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that AuNP cores have average diameters of 18 ± 1 nm and 21 ± 3 nm for pristine and α-amylase 1 

coated AuNP, respectively, both consistent with the 20 nm nominal diameter provided by the 2 

supplier (Figure 1b). TEM images confirm that adsorption of α-amylase does not change the 3 

size and morphology of the gold nanoparticles and leads to the formation of a stable colloidal 4 

solution 31-32 with only minimal aggregation (see the insets of Figure 1b), likely due to 5 

electrostatic or van der Waals interactions between amylase on neighbouring nanoparticles.33 6 

The measurement of the hydrodynamic size of α-amylase AuNP and plain AuNP by 7 

Dynamic Light Scattering (DLS) confirmed the stability and minimal aggregation of the 8 

colloidal suspensions and revealed a marked shift towards larger diameters for α-amylase 9 

AuNP, which is consistent with extensive adsorption of the enzyme onto gold NP surface. The 10 

hydrodynamic diameter increased from 24.0 ± 0.6 nm for AuNP to 41.9 ± 2.1 nm for αA-11 

AuNP. The polydispersity index (PDI) was 0.226 and 0.282, reflecting the slightly broader 12 

distribution of αA-AuNP size. 13 

 14 

 15 

3.2 Evaluation of the enzymatic activity  16 

The activity in starch hydrolysis of free α-amylase (αA) and α-amylase immobilized on AuNP 17 

(αA-AuNP) was evaluated by FTIR spectroscopy by following 30 min and 120 min digestion 18 

of 1% w/v (P1) and 2% w/v (P2) potato starch applied as film on silicon windows (Figure 2 19 

and Supporting Information SI2, Figure S1). We examined the bands in the spectral region of 20 

950-1100 cm-1 characteristic for modifications of starch conformation 34-38 and ascribed to C-21 

O and C-C stretching vibrational modes. The bands at 1022 cm-1 and 1045 cm-1 are associated 22 

with amorphous and ordered/crystalline regions in starch, respectively.35-36, 38 With the 23 

hydrolysis of starch by amylase, the chain length decreases and an increase of crystallinity is 24 

expected resulting in a higher ratio of 1045/1022 cm-1 peak intensities.37, 39 25 
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In our studies, an increase in the ratio of 1045/1022 cm-1 peak absorbance is observed 1 

following exposure to the enzymatic dispersions (Figure 2). The starch hydrolysis (SH) was 2 

evaluated by measuring the percentage of increase of crystallinity, calculated from the 3 

1045/1022 cm-1 peak ratio. The SH of αA after 30 minutes was higher compared to the 4 

immobilized protein, suggesting faster activity (starch hydrolysis values after 30 minutes 5 

exposure were about 13% and 6% for αA and αA-AuNP, respectively). No significant SH 6 

increase was detected after 120 min for αA (Figure 2a). Instead, as shown in the Figure 2b, the 7 

starch digestion by αA-Au was initially lower (at 30 min), however the activity was enhanced 8 

over longer time compared to free enzymes. The sustained activity was especially evident on 9 

silicon windows coated with P2 (increase of more than 20%), with SH values of ~6.5% for αA 10 

and ~8% for αA-AuNP (Figure 2b), similar to those reported for silver nanoparticles and 11 

calcium alginate gel beads.31, 40 The lower initial efficiency can be attributed to slower diffusion 12 

of enzyme/NP dispersions compared to free enzymes. In addition, the presence of metal 13 

nanoparticles has an impact on biomolecules, altering their catalytic activity either by 14 

increasing or decreasing the affinity for enzyme-substrate formation.33 Our results indicate that 15 

gold nanoparticles could play a role as a nanocatalyst in the hydrolysis of starch by α-16 

amylase.33, 41 We also envisage that the enzymatic activity of immobilized amylase is not 17 

affected but rather enhanced, possibly due to favourable orientation towards the substrate of 18 

the catalytic sites of the enzyme.29, 42-43 19 

Similar enhancement of the activity of αA-AuNP was observed on wool samples coated 20 

with potato starch (Figure 6b). Attenuated Total Reflection (ATR) FTIR spectra (Figure 3) 21 

revealed characteristic patterns of protein: amide I band at 1650 cm-1 (C=O stretching 22 

vibration), amide II at about 1540 cm-1 (N-H bending/C-N stretching vibrations) and amide III 23 

at about 1230 cm-1 (N-H bending/C-N stretching vibrations). A significant increase of the ratio 24 

of 1045/1022 cm-1 peak intensities was observed in spectra of enzyme-digested starches 25 
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(Figure 3). In this case, the starch was applied onto a 3D textile network, and treatment with 1 

αA-AuNP was more effective: after only 30 min an increase of the starch hydrolysis by 80% 2 

and 100% on P1 and P2, respectively was observed compared to free enzymes (Figure 3 and 3 

Supporting Information SI2, Figure S2). In particular, while free amylase leads to a lower 4 

digestion of P2 compared to P1, it is likely that the immobilization of the protein on 5 

nanoparticles could have facilitated a more favourable orientation of the active sites towards 6 

the substrate, thus improving the enzymatic selectivity and leading to a more efficient 7 

breakdown of starch (Figure 3b).29 The higher effectiveness in starch hydrolysis of αA-AuNP 8 

is also mirrored by a significantly higher removal (~135% and 35% greater removal of P1 and 9 

P2, respectively) of starch from the textile (Supporting Information SI2, Table S1). In addition, 10 

ATR-FTIR spectra obtained after enzymatic digestion and cleaning of residues of starch and 11 

amylase proved the complete removal of P1 and P2 from wool treated with αA-AuNP, while 12 

P2 starch was still present on the surface on wool treated with αA (Supporting Information SI2, 13 

Figure S3). 14 

The interaction of enzymatic formulations with textile fibres and their cleaning effectiveness 15 

in the removal of starch from cotton was confirmed by ESEM. Representative ESEM images 16 

of the same area before and after the application of amylase-based products are presented in 17 

Figure 4. A clear difference in the mechanism of action of free amylase and amylase coated 18 

gold nanoparticles is evident: following treatment with αA-AuNP, the formulation was able to 19 

penetrate through the fibres and the glossy layer of starch accumulated between the fibres was 20 

completely removed, leaving empty spaces. In addition, the removal of starch-based glue did 21 

not damage the cotton fibres and restored their flexibility, detaching them from the main 22 

compact threads (Figure 4a). On the contrary, fibres treated with αA were still surrounded by 23 

starch as the formulation was not able to efficiently diffuse though the fibres but it was 24 

accumulated on the starch after the evaporation of the buffer (Figure 4b). In addition, intense 25 
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salts precipitation from the buffer medium was observed. Salts accumulate only in samples 1 

treated with free amylase, as high-salt content buffer is needed to solubilise enzymes, while 2 

αA-AuNP formulation is prepared in low salt content buffer. These results were confirmed on 3 

potato starch deposited on woven cotton and wool (Figure 6b). Almost complete breakdown 4 

of starch was detected on textile treated with αA-AuNP (Supporting Information SI2, Figure 5 

S4). To achieve a complete starch removal, the sample should be treated with the same 6 

dispersion twice.  7 

To evaluate the penetration depth of αA-AuNP, a cross-section of woven cotton with starch 8 

was observed by ESEM with a backscatter electron detector (BSD) after the application of the 9 

enzymes (Figure 5). The images revealed the presence of the enzymatic dispersion throughout 10 

the full depth of the sample (Figure 5a). The cross-section of the woven cotton in the centre of 11 

the sample also confirmed diffusion of αA-AuNP (Figure 5b) through ~200 µm thick top layer 12 

of the sample. Further improvement of the penetration depth could be achieved by treating the 13 

woven cotton with a higher volume of a more diluted enzymatic dispersion.  14 

Comparable removal of starch-based glues from textile and paper was previously achieved 15 

by incorporating enzymes in gels, in order to promote a slow release of the formulation in the 16 

substrate without causing swelling of fibres.18, 23 Immobilization of enzymes on nanoparticles 17 

proved to be very effective in cleaning of textiles, thanks to their ability to diffuse in the textile 18 

and to interact with fibres, removing starch-based glues. However, new scientific investigations 19 

of the mechanism of action of enzymes and interaction with the supports are needed to select 20 

the best application procedures (time, concentrations, medium, etc.). 21 

αA-AuNP formulations have light pink colour due to the plasmon resonance of the particles. 22 

Following the application of αA-AuNP, the textile becomes light pink colour, hence removal 23 

of these formulations following treatment is of great importance to preserve the original 24 

appearance of the fabric. Therefore, colorimetric measurements were carried out to assess the 25 
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removal of the formulations after cleaning with a cotton swab soaked with deionized water. 1 

The results indicate that αA-AuNP affect the surface color of wool with a reduction of the 2 

lightness (L*) and an increase of the red color intensity (a*) (ΔEαA-AuNP values of 4.18 and 6.21 3 

for wool treated with P1 and P2) (Table 1). The final treatment with deionized water led to 4 

complete removal of the enzymatic treatment, restoring the initial color of wool, as evident 5 

from the color difference values between the cleaned surface and a reference untreated wool < 6 

1, which is considered as ΔE value not perceived by human eye.  7 

 8 

3.3 Evaluation of the stability of the enzymatic formulations 9 

To simulate environmental conditions and evaluate the storage stability of the enzymatic 10 

formulations, αA and αA-AuNP were stored at 23 °C for 30 days. To test the residual activity 11 

of amylase in starch hydrolysis, the formulations were deposited on starch-treated silicon 12 

windows over a period of 30 days. For sample coated with 2% starch (P2), the SH value 13 

decreased to ~ 50%, ~30% and 15% after 7 days, 15 days and 30 days from the application of 14 

the formulations (Supporting Information SI2, Figure S5). Amylase immobilized on gold 15 

nanoparticles was more stable, with SH value of ~ 70% and 50% after 15 days and 30 days on 16 

P2 samples. Over the studied timeframe, residual activity of αA-AuNP was up to 5-times 17 

greater, compared to free enzyme.  18 

Improved activity and shelf life of immobilized enzymes were further confirmed on wool 19 

samples coated with starch. After 7 days, lower residual activities of 82% was observed for 20 

free amylase on P2, compared to 94% for AuNP immobilized amylase (Figure 6). After 30 21 

days, significant reduction of activity was observed for αA (17%), while αA-AuNP retained 22 

>80% of activity (Figure 6). These observations are consistent with the hypothesis that over 23 

time free enzymes undergo unfolding (denaturation) while the immobilization of enzymes 24 

improves the stability towards environmental change and prevents enzyme deactivation.3, 32, 44-25 
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49 In addition, after 30 days, a significant reduction in starch cleaning from wool was evidenced 1 

for αA (values of starch removal of about 2% and 15% for P1 and P2, respectively), while αA-2 

AuNP was still effective (more than 10-times and about 3-times greater removal on P1 and P2, 3 

respectively, with values of starch removal of about 25% and 45% for P1 and P2, respectively) 4 

(Supporting Information SI2, Table S1). 5 

Our results highlight the advantages of enzymes immobilized on Au nanoparticles leading 6 

to increased storage stability of enzymatic formulations and their effectiveness in starch 7 

hydrolysis. The αA-AuNP formulations effectively removed starch from the fibres at room 8 

temperature after only 30 min from the application, without the need for water bath with 9 

optimized temperature to achieve the catalytic action of the enzyme.21 In addition, amylase-10 

coated AuNP allow the application of higher concentration of enzymes without their 11 

precipitation/agglomeration, hence enabling the cleaning process without swelling and 12 

damaging the fibres. The use of nanoparticles to graft enzymes fosters a good penetration into 13 

the fibres with no salt precipitation from the buffer detected. We believe that an increased 14 

enzymatic efficiency of the αA-AuNP formulation could justify the cost of this treatment for 15 

valuable heritage materials. We also note that further reduction of the cost of these formulations 16 

could be achieved by translating the approach developed in this work on other nanoparticles 17 

(e.g., SiO2, TiO2). 18 

 19 

4. Conclusions 20 

We have demonstrated that immobilization of α-amylase on gold nanoparticles provides a route 21 

for significant improvement of environmental stability and shelf life of the enzymes, high 22 

selectivity and enhanced treatment activity compared to free amylase. Efficient removal of 23 

starch glues from textiles without damage to the fibres and good penetration through the woven 24 

cotton were confirmed by microscopic investigations of treated textiles. These results 25 
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demonstrate for the first time the potential of novel immobilized enzymes for applications in 1 

heritage conservation. To fully evaluate the potential of these enzymatic formulations for 2 

treatment of historic fabrics, further work is needed to assess cleaning capability on a range of 3 

different fabrics and/or any potential damage to the dyes/discoloration of the fibres. The 4 

collaboration with end users will be paramount to tailor the properties of this formulation for 5 

the cleaning of textiles and artwork. Finally, the possibility to transfer our developments to 6 

other enzymes (collagenase, protease, and lipase) to remove animal glues and lipid-based 7 

coatings could significantly improve the cleaning interventions of historic and artistic textiles. 8 

 9 
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Figure 1 (a) Schematic representation of starch digestion from textile fibres by α-amylase (αA) 12 

immobilized on Au NP (αA-AuNP); α-amylase is represented by a red sphere approximating 13 

the protein structure; the structure used here for illustrative purpose is a representative α-14 

amylase from Bacillus licheniformis (PDB ID: 1BLI). (b) High resolution TEM of αA-AuNP 15 

and (insects) TEM images and Au and αA-AuNP. (c) Hydrodynamic size distributions of Au 16 

NP and αA-AuNP assessed using DLS; data points are the average of three measurement and 17 

the error bars represent the standard deviation. 18 
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Figure 2 FTIR spectra of silicon windows coated with potato starch 2% (P2) and after 30 min 9 

and 120 min from the application of (a) free α-amylase (αA) and (b) α-amylase coated Au 10 

nanoparticles (αA-AuNP). Corresponding insets show the histograms of the activity of starch 11 

hydrolysis (SH%) of αA and αA-AuNP after 30 min and 120 min from the application on 1% 12 

(P1) and 2% (P2) potato starch. Error bars represent standard deviation of three independent 13 

repeats.  14 
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Figure 3 ATR-FTIR spectra of wool coated with potato starch 2% (P2) and after 30 min from 9 

the application of (a) free α-amylase (αA) and (b) α-amylase coated Au nanoparticles (αA-10 

AuNP). Corresponding insets show the histograms of the activity of starch hydrolysis (SH%) 11 

of αA and αA-AuNP after 30 min from the application on 1% (P1) and 2% (P2) potato starch. 12 

Error bars represent standard deviation of three independent repeats.  13 
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Figure 4 Secondary electron ESEM images of single cotton fibres coated with potato starch 13 

2% before and after the application of (a) α-amylase coated Au NP (αA-AuNP) and (b) α-14 

amylase (αA). 15 
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Figure 5 Backscattered electron ESEM images of external (a) and internal (b) sections of 11 

cotton woven coated with potato starch 2% after the application of α-amylase coated Au NPs. 12 
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Figure 6 (a) Residual activity in starch hydrolysis (SH) (%) calculated from FTIR spectra of 6 

wool coated with potato starch 1% (P1, filled circles) and 2% (P2, empty circles) after the 7 

application of α-amylase (αA, blue circles) and Au nanoparticles coated with α-amylase (αA-8 

AuNP, red circles) stored at 23 °C for 7, 15 and 30 days. The dashed lines are guide to the eye. 9 

Error bars represent standard deviation of three independent repeats. (b) Image of potato-starch 10 

coated wool sample, in which dotted circles are areas treated with alpha-amylase (αA) and Au 11 

nanoparticles coated with alpha-amylase (αA-AuNP). P2 dotted circle is a representative area 12 

treated with potato starch and characterized by white surface glazing due to starch 13 

accumulation. 14 
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 1 

Table 1 Color difference data obtained from wool sample after the application of αA-AuNP 2 

(ΔEαA-AuNP), after the removal of αA-AuNP with a cotton swab soaked with deionized water 3 

(ΔEpost-wash) and comparison with a reference untreated wool sample (ΔERef). Values are shown 4 

as an average of five measurements on the same area and their standard deviation. 5 
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 ΔEαA-AuNP ΔEpost-wash ΔERef 

P1 4.18±0.52 3.39±0.76 0.94±0.34 

P2 6.21±0.44 6.08±0.05 0.45±0.10 



28 
 

Table of Contents 1 

 2 

 3 

 4 

 5 


