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Abstract: In the present study, four natural textiles (cotton, linen, wool, and silk) were dyed with
14 naturally extracted dyes, and pancreatin enzyme was used in the dyeing process. The effects of
pancreatin enzyme and its buffer on naturally dyed textile samples were evaluated. Two concentrations
of pancreatin enzyme and buffer were used as pretreatments for dyed textiles. Proteinic fabrics
showed the highest relative color strength (RCS) values of 137.23% and 132.2% when the pancreatin
enzyme was applied on wool and silk dyed with pomegranate skin and bloodroot at concentrations
A and B, respectively. Linen fiber dyed with catechu tree showed the highest total color difference
(TCD) values with buffer (6.83) and pancreatin enzyme A (5.7) and B (6.3). This shows that there were
no side effects of the pancreatin enzyme on the studied dyed textiles. By high-performance liquid
chromatography (HPLC) analysis, the root extract from madder showed the presence of salicylic
acid (1758.91 mg/kg extract), quercetin (844.23 mg/kg extract), ellagic acid (784.86 mg/kg extract) and
benzoic acid (582.68 mg/kg extract) as main compounds. In cochineal extract the main compounds
were rutin (37.732 mg/kg extract), kampherol (1915.98 mg/kg extract), myricetin (809.97 mg/kg extract),
quercetin (496.76 mg/kg extract) and salicylic acid (193.87 mg/kg extract).

Keywords: color strength; pancreatin enzyme; natural dyes; natural fibers; phenolic compounds;
flavonoid compounds

1. Introduction

High-performance liquid chromatography (HPLC), an analytical chemistry technique, was widely
use to separate as well as to identify and quantify the components in a mixture of phenolics, flavonoids,
alkaloids, polysaccharides and saponins [1–4]. Phenolic and flavonoids compounds extracted from
natural materials play a potential role in dyeing of natural fibers under the work enzymes [5,6].
Enzymes such as amylases, catalase, and laccase used in the textile industry are highly specific and
efficient in the removal of starch, degradation of lignin and removal of excess hydrogen peroxide used
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in the bleaching of textile fabrics [7]. They are considered nontoxic and eco-friendly, which is important
for manufacturers endeavoring to reduce pollution in textile production [8–10].

Textile conservators have long recognized the benefits of enzymes in the conservation of works
of art. About 7000 enzymes are known, and among them, 75 are commonly used in the textile
industry [11]. The production of enzymes with potential industrial application in textiles is greatly
needed [12,13]. Hydrolases and oxidoreductases are the principal enzymes applied in the textile
industry [14]. These enzymes are capable of oxidizing phenols by hydrogen atom abstraction with
formation of corresponding phenoxyl radicals that improve the fixation of natural dyes on fabric [15,16].

The most recent commercial advances in the application of enzymes in textiles are cellulases
for denim finishing and laccases for decolorization of textile effluents resulting from the bleaching
process [17]. Most commonly, hydrolase-type enzymes are employed in the conservation of textile
works to assist in the breakdown of adhesive residues from previous restorations or to facilitate the
removal of some stains. The principal advantages of these enzymes are their specificity and efficiency
in catalyzing the hydrolytic cleavage of polymers such as proteins, polysaccharides, and lipids [18].

Many studies have used various enzymes such as laccase, lipase, amylase, protease, and diastase
in textile conservation [19,20]. Laccase plays a dominant role in the fixation of natural flavonoid dye
(rutin), because laccases act on phenols and similar substrates, performing one-electron oxidation,
leading to crosslinking with textile fabrics [21]. Proteases, amylases, and lipases are used to remove
proteinaceous, starchy, and fatty stains, respectively, at low temperatures and on cotton/polyester
blends [22]. Several commercial lipases/esterases have been tested for their ability to hydrolyze
oligomers formed during the manufacture of synthetic fibers (e.g., polyethyleneterephthalate) [23].
However, the use of enzymes from animal sources had limited success, as those enzymes were not
suited to the prevailing washing conditions. The first detergent containing a bacterial enzyme was
introduced to the market in the 1960s [24]. The exocrine cells of porcine pancreas produce pancreatin,
which contains enzymatic components of trypsin, amylase, lipase, ribonuclease, and protease, which
are able to hydrolyze proteins, starches, and fats [25,26].

Natural dyes or colorants obtained from animals or vegetable matter without chemical processing
are widely used in the paper and textile industries [27,28]. Different parts of plants such as leaves,
roots, fruits, flowers, and seeds are sources of natural dyes [27].

Crushed female cochineal insects give a natural deep crimson dye (carmine) that can be used to
produce a range of scarlet, red, pink, and orange shades [29–31]. Madder roots have been reported to
contain various anthraquinone compounds, which in Indian madder (Rubia cordifolia) are purpurin,
munjistin, and nordamnacanthal, and in European madder (R. tinctoriun) is alizarin [32–35].

Sumacs, the woody shrub or small tree of staghorn sumac can reach 5–10 m in height. Their fruits
(drupes) are typically ground into a reddish-purple powder that can be used as a spice for tarts or to
add a lemony taste to salads or meats [36]. Cutch, a natural brown dye obtained from the heartwood
of Acacia catechu, found in most of the Indian sub-Himalayas. The content of catechin in cutch varies
from 4% to 7%. The extracted material is widely used for textile dyeing. Pharmacological research has
verified that cutch is utilized in traditional medicines, with anti-inflammatory and anticancer activities.
Cutch is usually used in India, Indonesia, and Peru [37,38]. The outer layer of onion, onion peel, is a
natural byproduct of the food industry. It gives a bright reddish-brown color in textile coloration. It is
grown all over the world [39,40].

The aim of this study was to shed light on the usage of pancreatic enzyme and its buffer in the
conservation of naturally dyed fabrics. Moreover, the effectiveness of dyes was analyzed for their
phytochemical using HPLC.

2. Materials and Methods

2.1. Natural Dyes and Textiles

This study used the most common natural dye sources known from ancient Egyptian dyeing
of fabrics. Fourteen natural dyes extracted from madder roots (Rubia tinctoriun L.), common hop
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leaves (Humulus lupulus L.), bloodroot seeds (Potentilla erecta Uspenski ex Ledeb.), onion skin or
peel (Allium cepa L.), pomegranate skin or peel (Punica granatum L.), catechu bark (Acacia catechu
Willd.), common juniper tree seeds (Juniperus communis L.), dyer’s sumac seeds (Rhus coriaria L.),
goldenrod leaves (Bongardia chrysogonum boiss), Egyptian acacia seeds (Acacia arabica Willd.), annatto
seeds (Bixa orellana L.), common sage leaves (Salvia officinalis L.), dog’s fennel flowers (Anthemis cotula
L.), and American cochineal or body insect (Dactylopius coccus). These 14 natural dyes were used to dye
4 natural fabrics (linen, cotton, wool, and silk) that were purchased from Manstex Textile Company,
Alexandria, Egypt; Misr Spinning & Weaving Company, Mahala El Kobra, Egypt; Goldentex Wool
Textile Company, 10th of Ramadan, Egypt; and Awlad Khattab Company for Handmade Silk Textile,
Akhmim, Egypt, respectively (Table 1).

Table 1. Characteristics of the four different dyed fabrics.

Fiber Weave
Structure

Basic Weight
(g/m2) Wefts Warps Tensile Strength

(kg/Strength)
Elongation

(%)

Linen Plain weave 113 13 17 56.5 6.9
Cotton Plain weave 179 25 25 66.9 19.9
Wool Plain weave 148 23 23 13.9 12.6
Silk Plain weave 143 24 25 33.7 14.9

2.2. Extraction Method

Aqueous extraction was used as mentioned by Ibrahim et al. [20], with some modification.
Dye materials were ground into fine powder, soaked in cold water for 24 h, then boiled in water for
15 min with continuous stirring to ensure the extraction process. The extraction was allowed to cool
and then filtered to get a clear solution. The dye solution was adjusted to a definite volume to give a
suitable ratio of 20 mL of dye solution to 1 g of fiber (liquor ratio).

2.3. Dyeing Procedures

The dyeing process was performed in glass beakers at 80 ◦C for cotton and linen and at 70 ◦C
for wool and silk, with continuous stirring while adding a small amount of sodium chloride to the
cellulosic fabric (cotton, linen) dye bath and a small amount of weak acid to the proteinic fabric (wool,
silk) dye bath. The dyed fabrics were rinsed with cold water and washed for 30 min in a bath containing
3 g/L of nonionic detergent at 45 ◦C. Finally, the fabrics were rinsed and air-dried [41] (Figure 1).
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Figure 1. Experimental dyeing of textiles with different natural dyes: (A) madder, (B) common hops, (C)
bloodroot, (D) onion skin, (E) pomegranate skin, (F) catechu tree, (G) common juniper tree, (H) sumac,
(I) Egyptian acacia, (J) goldenrod, (K) annatto, (L) common sage, (M) dog’s fennel, (N) cochineal.

2.4. Mordanting Procedures

The fabrics were mordanted prior to dyeing by treating with alum as a metal salt (to produce
an affinity between the fiber and the dye in order to develop color on the fiber) with a liquor ratio of
1:50 and 0.1% concentration at 90 ◦C for cellulosic fabrics and at 80 ◦C for proteinic fabrics for 30 min.
Then they were allowed to cool at room temperature, and the cellulosic and proteinic fabrics were
removed and squeezed [31,41–43].

2.5. Treatment of Fabrics with Natural Dyes Using Pancreatin Enzyme and Its Buffer Solution

Pancreatin enzyme (E.C. 232-468-9, Sigma–Aldrich, Darmstadt, Germany) solute and phosphate
buffer solution (pH 7.8) were used. Phosphate buffer was used alone to study the role of buffer solution
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pH in the bleeding of natural dyes. In addition to the buffer medium, 2 concentrations of pancreatin
enzyme (concentration A: 226 mg pancreatin enzyme in 250 mL buffer solution; concentration B:
1130 mg pancreatin enzyme in 250 mL buffer solution) were used. After all treatments, the dyed
fabrics with different concentrations of enzymes (buffer only, concentration A, and concentration B)
were measured for relative color strength (%) and total color difference (TCD) by using a portable
spectrophotometer (Misr Amreya Company for Spinning & Weaving Laboratories, Alexandria, Egypt).
Buffer solution in the absence of enzyme was used for comparison (Figure 2). The enzyme was applied
at a temperature of 40 ◦C for 4 h [44].
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Figure 2. Bleeding of applied natural dyes by: (a) pancreatin enzyme concentration A, (b) concentration
B, and (c) buffer solution with pH 7.8. Dyes derived from: (1) Dactylopius coccus, (2) Rubia tinctoriun, (3)
Acacia catechu, (4) Bixa orellana, (5) Allium cepa, (6) Anthemis cotula, (7) Rhus coriaria, (8) Potentilla erecta,
(9) Salvia officinalis, (10) Acacia arabica, (11) Punica granatum, (12) Bongardia chrysogonum, (13) Humulus
lupulus, (14) Juniperus communis.

2.6. Measurement of Color Strength and Color Differences of Dyed Fabrics

The color strength of dyed fabrics was measured using a reflectance curve between 350 and
750 nm using a reflectance spectrophotometer with illuminant D65 at 10◦ observer. The minimum of
the curve (Rmin) was used to determine the ratio of light absorption (K) and scatter (S) (K/S) via the
Kubelka–Munk equations [45]: (K

S

)
Dyed

≡
(1−Rmin)

2

2Rmin
(1)

RCS =

(
K
S

)
Extracted(

K
S

)
Raw

(2)

where relative color strength (RCS) was determined comparing the K/S ratio of the sample and a
standard reference. RCS determination gives an indirect indication of the pigment dispersion inside
the matrix: the higher the RCS value, the better the dispersion.

2.7. Color Difference Formula (L*a*b*)

The total CIE L*a*b* difference was measured using a HunterLab spectrophotometer (model
DP-9000, Sunset Hills Road, Reston, VA, USA). Color difference was expressed as ∆E, calculated by the
following equation:

∆E* = [(∆L*) 2 + (∆a*) 2+ (∆b*)2]
1
2

CIE L*a*b* between two colors given in terms of L*a*b* is calculated.
(3)
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where ∆E* is the color difference between the sample and the standard; L* value indicates lightness;
(+) if sample is lighter than standard, (−) if darker; a* and b* values indicate the relative positions
in CIELAB space of the sample and the standard, from which some indication of the nature of the
difference can be seen.

2.8. HPLC Analyses of Phenolics/Flavonoids and Caffeine Contents

HPLC analysis for the most effective dyes were measured according to our previous works [46–48].
An HPLC instrument (Agilent1260 infinity HPLC Series; Agilent, Santa Clara, CA, USA), equipped
with quaternary pump, aKinetex®5lJm EVO C18 100 mm × 4.6 mm, (Phenomenex, Santa Clara, CA,
USA), operated at 30 ◦C was used to analysis the phenolic compounds. The separation is achieved
using a ternary linear elution gradient with (A) HPLC grade water 0.2% H3P04 (v/v), (B) methanol and
(C) acetonitrile. The injected volume was 20 µL. Detection: VWD detector set at 284 nm.

2.9. Statistical Analysis

In the present study, properties of naturally dyed samples (relative color strength (%) and total
color difference) were affected by three factors: enzyme concentration, dye type, and fiber type. Thus,
the data were statistically analyzed in factorial design using three factors with an ANOVA procedure
in SAS version 8.2 [49] according to the model:

Yijkl = µ + Ai + Bj + Ck + (A × B)ij + (A × C)ik + (B × C)jk + (A × B × C)ijk + eijkl

where Yijkl represents result of the ith enzyme concentration (Ai) with jth dye type (Bj) with kth fiber
type (Ck); µ is the general mean; (A × B)ij is the interaction between enzyme concentration and dye type;
(A × C)ik is the interaction between enzyme concentration and fiber type; (B × C)jk is the interaction
between dye type and fiber type; (A × B × C)ijk is the interaction among enzyme concentration, dye
type, and fiber type; and eijkl is the experimental error. Significance levels were chosen at p < 0.05.

3. Results

3.1. Effects of Pancreatin Enzyme Concentration, Type of Dye, and Fiber on the Properties of Naturally
Dyed Fabrics

ANOVA results in Table 2 show that the concentration of pancreatin enzyme, type of dye, and type
of fiber have highly significant values regarding the properties of naturally dyed fabrics.

Table 2. Significant effects of pancreatin enzyme concentration, dye type, and fiber type on relative
color strength (%) and total color difference of naturally dyed fabrics.

Source of Variance DF Sums of Squares Mean Square F Value Pr > F

A 2 82.11419 41.05710 3.28 0.0390
B 13 90,562.169 6966.32 555.94 <0.0001
C 3 24,577.007 8192.335 653.78 <0.0001

A × B 26 1387.205 53.354 4.26 <0.0001
A × C 6 90.785 15.131 1.21 0.3018
B × C 39 34,035.76 872.711 69.65 <0.0001

A × B × C 78 2308.23 29.592 2.36 <0.0001

Error 336 4210.29 12.531

Corrected Total 503 157,253.569

A: Enzyme concentration; B: dye type; C: fiber type; DF: degrees of freedom; Pr: probability.

In addition, the interactions enzyme concentration × dye type, dye type × fiber type, and enzyme
concentration × dye type × fiber type showed highly significant effects on relative color strength (%)
and total color difference of naturally dyed textiles (Figures 3 and 4). On the other hand, the interaction
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between enzyme concentration and fiber type did not show a significant effect on relative color strength
(%) and total color difference (Figure 5).
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Figure 3. Effects of interactions between enzyme concentration and dye type on: (a) relative color
strength (RCS), and (b) total color difference (TCD). A: enzyme concentration; B, dye type.

Figure 3a shows that the dyes with the highest relative color strength values were bloodroot,
pomegranate skin, catechu tree, dyer’s sumac, Egyptian acacia, and annatto; as a result, these dyes
have a high affinity for natural fibers and thus have high stability with enzyme treatment. The dyes
with moderate relative color strength were madder, common hops, onion skin, common juniper tree,
goldenrod, common sage, and cochineal; as a result, these dyes have a moderate affinity for natural
fibers and low stability with enzyme treatment. The dye with the lowest relative color strength was
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dog’s fennel; as a result, this dye has a low affinity for natural fibers and the lowest stability with
enzyme treatment.

Figure 3b shows that lower total color difference values indicate the stability of the dye color with
treatment (madder, pomegranate skin, common juniper tree, dyer’s sumac, Egyptian acacia, annatto,
common sage, and dog’s fennel). On the other hand, higher color difference values indicate instability
of the dye color with treatment (onion skin and catechu tree).
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A: enzyme concentration; C, fiber type.

In Figure 4a, it is clear that the material with the highest affinity for natural dyes is wool, followed
by silk, cotton, and linen. The structure of animal fibers (wool and silk) contains both –NH2 and
–COOH groups. Therefore, it is expected that chemical interactions between the extracts of natural dyes
and wool or silk fabrics occur between the –OH (hydroxyl) group of the dye molecules and the oxygen
and nitrogen atoms of the wool or silk fabric via H-bonding. On the other hand, plant fibers (cotton
and linen) consist of CH2O– units due to their cellulosic structure. Therefore, it is better to use mordant
with cellulosic fabrics to increase the reaction between the dye and the fabric to form a complex between
the CH2O– groups of cellulose and metal cations via coordinate covalent bonding. This is consistent
with what was found in ancient Egyptian, Greek, Roman, and Islamic textiles. Manufacturers used
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animal fibers (wool, silk) in dyed parts, and plant fibers (linen, cotton) in undyed parts. In Figure 4b,
the lower rate of total color difference for wool emphasizes the analysis in previous figures.
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Figure 5a shows that wool has the best result in terms of relative color strength compared to silk,
cotton, and linen, as depicted by average values. The increase in color strength of dyed wool may be
due to fiber swelling and greater breakdown of dye molecule aggregates in the solution, causing easier
diffusion of dye molecules into the fiber. It is clear from this figure that the RCS results of different
dyed fabrics depend on the type of natural dye used. Figure 5b shows that the TCD of different dyed
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fabrics depends on the type of natural dye used. In addition, it is clear from this figure that the best
TCD results were obtained with wool fabrics and the worst with cotton and linen, as these cellulosic
fabrics are negatively charged in water, thus exhibiting poor absorption of natural dyes due to the
repulsion effect, causing poor color strength compared to the other fabrics.

3.2. Interaction Effects of Enzyme Concentration, Dye Type, and Fiber Type on Relative Color Strength (%) and
Total Color Difference

Table 3 shows the interactions among enzyme concentration × dye type × fiber type of the RCS
and TCD of the product. Using buffer solution, the highest RCS values were observed with the
following treatments: wool textile dyed with pomegranate skin (129.13%), catechu tree (128.73%),
and sumac (126.53%), followed by silk textile dyed with bloodroot (125.56%) and Egyptian acacia
(122.66%). The lowest values were found in the treatment of silk textile with common juniper (71.60%)
and dog’s fennel (70.53%) dyes.

Using concentration A of pancreatin enzyme, the highest RCS values were found for the following
combination treatment: wool, silk, cotton, and linen dyed with pomegranate skin (137.23%), bloodroot
(129.73%), sumac (128%), and Egyptian acacia (123.33%), respectively. The lowest values were found for
the combination treatment of linen dyed with common sage (70.4%) and onion skin (72.2%), followed
by silk and cotton dyed with common hops (72.9%) and dog’s fennel (73.56%).

Using pancreatin enzyme in concentration B, the highest RCS values were found for silk dyed
with bloodroot (132.2%), followed by wool dyed with pomegranate skin (129.3%), sumac (129.16%),
and catechu tree (126.5%). The lowest values were observed for silk dyed with dog’s fennel (72.16%) and
common hops (70.03%), followed by linen dyed with onion skin (69.7%) and common sage (69.16%).

Using buffer solution without enzyme, the highest TCD values of 6.83, 5.33, and 5.4 were observed
with the combination treatment of linen, cotton, and wool, respectively, dyed with catechu tree,
followed by silk dyed with onion skin (5.93%). The lowest values were observed for wood textile dyed
with goldenrod (1) and dog’s fennel (0.67).

With the use of pancreatin enzyme in concentration A, the highest TCD values were observed for
linen and silk textiles dyed with catechu tree (5.7) and onion skin (5.66), while the lowest values were
observed in wool dyed with common sage (1.2), common juniper (1.15%), annatto (1.06), goldenrod
(1.03), and dog’s fennel (0.61), and cotton dyed with pomegranate skin (1.08) and sumac (1.03).
With enzyme concentration B, the highest TCD values were found in linen and silk dyed with catechu
tree (6.3) and onion skin (5.96). The lowest values were observed in wool dyed with common hops
(1.33), goldenrod (0.96), common sage (0.95), common juniper (0.9), and dog’s fennel (0.68); cotton
dyed with madder (1.1), pomegranate skin (1.05), and sumac (0.96); silk dyed with annatto (103) and
pomegranate skin (0.95); and linen dyed with madder (1.3).

In general, from the above-mentioned results, the highest RCS values were found with pancreatin
enzyme for protein fibers of wool (137.23%) and silk (132.2%) dyed with pomegranate skin and
bloodroot at concentrations A and B, respectively. On the other hand, the highest TCD values were
found in the treated linen fiber with buffer (6.83), pancreatin enzyme A (5.7) and B (6.3) dyed with
catechu tree.
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Table 3. Interaction effects of enzyme and dyes with fibers on relative color strength (%) and total color difference.

Enzyme Solution Dye
Relative Color Strength (%) Total Color Difference (∆E)

Linen Cotton Silk Wool Linen Cotton Silk Wool

Buffer solution

Annatto 118.56 ± 4.31 117.20 ± 4.41 110.60 ± 2.26 103.33 ± 2.51 3.03 ± 0.05 2.76 ± 0.32 1.16 ± 0.31 1.13 ± 0.15
Bloodroot 103.36 ± 6.29 110.60 ± 1.73 125.56 ± 6.83 118.76 ± 5.41 2.96 ± 0.41 3.36 ± 0.66 2.83 ± 0.21 2.3 ± 0.20

Catechu tree 91.80 ± 5.54 109.03 ± 4.75 103.56 ± 2.43 128.73 ± 4.97 6.83 ± 0.73 5.33 ± 0.25 2.36 ± 0.40 5.40 ± 0.36
Cochineal 74.13 ± 4.39 83.16 ± 0.85 93.90 ± 1.81 100.06 ± 0.95 4.00 ± 0.10 4.83 ± 0.15 3.73 ± 0.15 2.86 ± 0.15

Common juniper 85.53 ± 4.80 89.90 ± 0.00 71.60 ± 0.00 109.90 ± 2.76 2.16 ± 0.37 2.16 ± 0.35 3.06 ± 0.21 0.96 ± 0.15
Common sage 68.86 ± 0.21 84.43 ± 1.13 83.06 ± 2.90 120.63 ± 2.04 3.30 ± 0.2 2.46 ± 0.15 1.66 ± 0.15 1.20 ±0.1
Common hops 92.46 ± 4.98 89.70 ± 4.61 74.3 ± 1.65 101.16 ± 3.00 3.60 ±0.45 2.86 ±0.05 4.86 ±0.56 1.26 ± 0.15
Dog’s fennel 79.50 ± 2.61 68.63 ± 4.53 70.53 ± 1.40 89.16 ± 3.01 3.00 ± 0.10 2.90 ± 0.10 2.60 ± 0.20 0.67 ± 0.04

Egyptian acacia 120.46 ± 1.51 117.23 ± 3.42 122.66 ± 6.95 119.53 ± 2.11 1.76 ± 0.15 2.16 ± 0.25 1.53 ± 0.15 2.36 ± 0.56
Goldenrod 77.83 ± 3.61 80.26 ± 1.90 84.86 ± 1.26 110.86 ± 2.07 2.46 ± 0.31 2.33 ± 0.25 2.03 ± 0.15 1.00 ± 0.10

Madder 86.16 ± 5.57 98.53 ± 1.33 83.70 ± 3.04 99.20 ± 1.05 1.70 ± 0.26 1.23 ± 0.05 2.23 ± 0.11 2.96 ± 0.81
Onion skin 68.40 ± 1.76 74.80 ± 4.51 96.46 ± 3.28 89.76 ± 1.88 4.76 ± 0.65 4.33 ± 0.55 5.93 ± 0.81 2.36 ± 0.15

Pomegranate skin 111.03 ± 2.43 107.66 ± 2.87 110.26 ± 3.05 129.13 ± 3.33 1.73 ± 0.25 1.05 ± 0.17 1.06 ± 0.15 2.50 ± 0.10
Sumac 109.86 ± 1.55 115.03 ± 1.65 109.26 ± 2.65 126.53 ± 1.98 2.26 ± 0.41 1.36 ± 0.31 2.70 ± 0.10 3.00 ± 0.20

Enzyme
concentration A

Annatto 109.16 ± 8.06 112.66 ± 1.98 112.66 ± 7.03 96.83 ± 6.03 3.30 ± 0.55 2.90 ± 0.36 1.36 ± 0.21 1.06 ± 0.15
Bloodroot 99.20 ± 4.64 111.83 ± 4.14 129.73 ± 9.37 119.60 ± 2.04 2.83 ± 0.15 2.90 ± 0.40 3.20 ± 0.10 2.170 ± 0.24

Catechu tree 86.93 ± 2.28 111.53 ± 2.47 107.16 ± 2.44 117.30 ± 3.57 5.70 ± 0.26 4.53 ± 0.37 1.90 ± 0.20 4.63 ± 0.37
Cochineal 81.66 ± 5.15 86.13 ± 2.62 93.83 ± 4.14 102.16 ± 3.35 3.23 ± 0.73 3.93 ± 0.15 3.40 ± 0.43 1.94 ± 0.05

Common juniper 93.60 ± 3.67 90.96 ± 1.51 66.56 ± 4.16 112.86 ± 1.81 1.93 ± 0.35 1.70 ± 0.20 3.46 ± 0.41 1.15 ± 0.18
Common sage 70.40 ± 0.65 77.40 ± 4.01 80.30 ± 0.81 118.76 ± 1.81 2.80 ± 0.26 2.63 ± 0.21 2.23 ± 0.15 1.20 ± 0.20
Common hops 89.00 ± 2.91 85.73 ± 1.19 72.90 ± 2.70 101.63 ± 4.23 3.93 ± 0.56 2.80 ± 0.30 4.20 ± 0.79 1.73 ± 0.35
Dog’s fennel 84.43 ± 5.35 73.56 ± 1.55 75.60 ± 3.99 91.50 ± 2.16 2.56 ± 0.15 2.73 ± 0.15 2.39 ± 0.10 0.61 ± 0.10

Egyptian acacia 123.33 ± 2.00 107.63 ± 1.96 116.33 ± 1.75 114.03 ± 2.21 1.90 ± 0.20 1.93 ± 0.15 1.33 ± 0.15 1.53 ± 0.31
Goldenrod 80.16 ± 1.05 79.16 ± 1.85 86.83 ± 2.57 117.93 ± 2.43 1.83 ± 0.21 2.36 ± 0.15 1.63 ± 0.21 1.03 ± 0.15

Madder 98.43 ± 3.68 101.03 ± 2.21 82.30 ± 5.08 96.20 ± 5.12 1.33 ± 0.05 1.26 ± 0.05 2.25 ± 0.13 3.13 ± 0.60
Onion skin 72.20 ± 2.12 80.20 ± 5.75 104.60 ± 6.13 94.73 ± 1.76 4.06 ± 0.15 4.10 ± 0.10 5.66 ± 0.32 2.20 ± 0.36

Pomegranate skin 117.76 ± 1.89 117.23 ± 3.67 110.36 ± 5.71 137.23 ± 3.74 1.93 ± 0.15 1.08 ± 0.12 1.66 ± 0.66 3.00 ± 0.10
Sumac 110.4 ± 3.70 119.26 ± 3.05 107.53 ± 3.05 128.00 ± 2.16 1.83 ± 0.25 1.03 ± 0.15 2.56 ± 0.05 3.40 ± 0.26

Enzyme
concentration B

Annatto 114.86 ± 4.41 109.60 ± 5.40 107.23 ± 4.17 109.86 ± 4.2 2.86 ± 0.25 1.96 ± 0.81 1.30 ± 0.40 1.43 ± 0.32
Bloodroot 99.80 ± 1.37 106.73 ± 3.45 132.20 ± 3.65 115.53 ± 2.20 3.33 ± 0.21 2.90 ± 0.40 2.90 ± 0.20 2.00 ± 0.36

Catechu tree 88.5 ± 4.20 107.03 ± 2.71 104.16 ± 2.95 126.5 ± 4.30 6.30 ± 0.26 4.53 ± 0.55 1.90 ± 0.45 4.93 ± 0.25
Cochineal 76.00 ± 1.37 80.73 ± 0.45 87.03 ± 5.56 94.20 ± 4.84 3.56 ± 0.15 4.46 ± 0.25 4.23 ± 0.51 2.30 ± 0.26

Common juniper 88.33 ± 2.45 89.70 ± 0.95 68.73 ± 3.76 111.96 ± 4.21 2.10 ± 0.30 1.66 ± 0.31 3.23 ± 0.25 0.90 ± 0.10
Common sage 69.16 ± 1.00 87.33 ± 4.21 77.00 ± 3.08 114.43 ± 2.32 3.43 ± 0.25 2.26 ± 0.21 1.36 ± 0.15 0.95 ± 0.13
Common hops 90.93 ± 1.61 80.96 ± 3.02 70.03 ± 3.86 106.30 ± 3.80 3.46 ± 0.50 3.13 ± 0.15 4.56 ± 0.45 1.33 ± 0.15
Dog’s fennel 78.430 ± 2.92 75.20 ± 3.48 72.16 ± 1.76 92.56 ± 2.89 2.73 ± 0.21 2.53 ± 0.25 2.50 ± 0.10 0.68 ± 0.02

Egyptian acacia 116.63 ± 2.46 114.16 ± 2.43 121.06 ± 4.80 120.20 ± 0.55 1.76 ± 0.25 1.63 ± 0.21 1.36 ± 0.21 1.80 ± 0.26
Goldenrod 79.50 ± 0.87 80.46 ± 1.22 86.90 ± 1.24 108.3 ± 4.71 2.76 ± 0.25 2.26 ± 0.31 1.93 ± 0.21 0.96 ± 0.21

Madder 94.33 ± 4.11 107.13 ± 3.01 87.53 ± 2.37 100.40 ± 2.91 1.30 ± 0.10 1.10 ± 0.10 1.82 ± 0.91 2.26 ± 0.15
Onion skin 69.70 ± 2.26 73.03 ± 3.05 106.50 ± 3.36 94.50 ± 4.23 4.03 ± 0.21 4.23 ± 0.31 5.96 ± 0.81 2.03 ± 0.25

Pomegranate skin 112.56 ± 1.41 110.30 ± 5.52 109.90 ± 5.18 129.30 ± 5.51 1.43 ± 0.21 1.05 ± 0.21 0.95 ± 0.35 2.50 ± 0.36
Sumac 106.20 ± 4.37 114.83 ± 3.90 110.43 ± 1.79 129.16 ± 1.05 1.99 ± 0.17 0.96 ± 0.16 2.50 ± 0.26 3.50 ± 0.45
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3.3. Phenolic and Flavonoid Compounds by HPLC Analysis

HPLC analysis (Figure 6) of root extract from madder shows the presence of salicylic acid,
quercetin, ellagic and benzoic acid as main compounds with amounts of 1758.91, 844.23, 784.86 and
582.68 mg/kg extract, respectively (Table 4). HPLC in Figure 7 shows the analysis of extract of cochineal
with the presence of large amounts of compounds with 37732, 915.98, 809.97, 496.76 and 193.87 mg/kg
extract which correspond, respectively to rutin, kampherol, myricetin, quercetin and salicylic acid
(Table 4).

Table 4. Analysis of chemical composition of phenolic and flavonoid compounds of extracts from
madder and cochineal by HPLC.

Compound
mg/kg Extract

Madder Cochineal

Pyrogallol - -

Quinol - -

Gallic acid 35.12 -

Catechol 35.96 -

p-Hydroxy benzoic acid 30.14 110.94

Caffeine 41.17 -

Chlorgenic acid 45.72 5.56

Vanillic acid 187.11 9.71

Caffeic acid 3.19 9.79

Syringic acid 5.65 -

Vanillin 31.46 40.42

p-Coumaric acid 2.53 -

Ferulic acid - 19.04

Benzoic acid 582.68 49.92

Rutin 88.78 37,732

Ellagic acid 784.86 -

o-Coumaric acid 8.87 -

Salicylic acid 1758.91 193.87

Cinnamic acid 9.39 -

Myricetin 41.51 809.97

Quercetin 844.23 496.76

rosemarinic 143.57 -

Naringenin 122.09 -

Kampherol 232.91 915.98
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4. Discussion

4.1. Chemical Structures of Different Natural Dyes and Their Properties

The four fabrics (cotton, linen, wool, and silk) were dyed with 14 natural dyes. Carminic acid is
the main cochineal pigment with good light stability and its color varies from orange to red depending
on the pH [50,51]. The constituents of madder are anthraquinone compounds containing hydroxyl
auxochromic groups that are able to form complex compounds with the metal ions [52,53].

Annatto (carotenoid pigments) is found in the reddish waxy coating of the seeds of B. orellana.
The yellow color of annatto comes from the norbixin component, while a more-orange shade comes
from bixin compounds [54–56].

Sumac contains proteins, minerals, vitamins, unsaturated fatty acids, tannins, flavonoids,
anthocyanins, organic acids, flavones, volatile oils, nitrates, and nitrites; some of them are useful as
antimicrobial agents [57–60]. Various phenol acids and flavonoids, such as methyl gallate, kaempferol,
hydrolysable tannins, quercetin, and gallic acid with potent antioxidant properties [61,62] were
identified in sumac.
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Peel of pomegranate contains high amounts of polyphenol compounds such as gallocatechins,
tannins, prodelphinidins and catechins with antibacterial finishing of cotton fabric [63,64]. Recently,
acetone extract of Punica granatum air-dried peels showed weak activity as antifungal agent
against Fusarium oxysporum, Rhizoctonia solani, and Alternaria solani, and against mosquito larvae
(Culex pipiens) [65].

Catechol and catechin are the chemical compounds of catechu pigment with yellow-brown color
that are used for dyeing and tanning of cotton, wool, and silk [66]. Non-mordanted or mordanted dyed
woolen fabrics using cutch showed a promising antimicrobial bioactive agent for textile fabrics [67,68].

Onion peel extract with reddish brown color is rich in flavonoids (flavones, flavonols, quercetin,
kaempferol), polyphenols, and anthocyanidins, where anthocyanins are mainly cyanidin glucosides
acylated with malonic acid [69,70].

4.2. Effects of Enzyme

Pretreatment with enzymes such as protease, α-amylase, lipase, and diasterase is done primarily
for better absorbency, adherence, and dyeability of dyes from Acacia catechu and Tectona grandis on
cotton fabric, which led to complete replacement of metal mordants with enzymes for adherence of
natural dyes to cotton [71]. Protease–amylase, diasterase, and lipase enzyme treatment gave cotton
and silk fabrics rapid dye absorption kinetics and total higher absorption than untreated samples with
dyes from Terminalia arjuna, Punica granatum, and Rheum emodi [72].

Previous studies showed that there are slight changes in the color of treated uncolored linen
and cotton fabrics dyed with madder or turmeric after enzyme protease treatment in different
concentrations [19].

The color strength of woolen fabrics dyed with extract of pomegranate rind is higher than that
of its raw dyestuff in different concentrations [73]. Color strength in terms of the chroma of wool
dyed with Canadian goldenrod and pomegranate peel was enhanced [74]. According to K/S values,
premordanted wool fabrics dyed with madder had good color strength compared with other dyes [75].

The color strength with dyes in each of the four types of fiber (wool, silk, linen, and cotton) was not
similar, but madder and cochineal exhibited stronger dyeing shades on the four fibers. The structure of
both of these includes many hydroxyl groups, e.g., alizarin, purpurin, and dihydroxyanthraquinones,
resulting in adsorption of both dyes onto the four types of fiber through bonding, H-bonding, dispersion
forces, and polar van der Waals forces of interaction.

Some studies have reported that total phenolic content does not adsorb on textile fibers and thus is
not useful in textile dyes [76,77]. On the other hand, pelargonidin (3,5,7,4-tetrahydroxyanthocyanidin)
dyes from outer onion skins work like acid dyes that can dye protein fibers with high efficiency and
exhibit good properties for the dyeing of natural fibers [78–80]. The coloring in sumac is derived
from hydrolysable tannins, which under acid hydrolysis conditions yield gallic acid and glucose [81].
The dyeing of silk and wool with pomegranate solution is found to be effectively accomplished at pH
4.0 [82,83]. For conservation purposes and according to Agnes and Eastop [18], the isoelectric region of
protein materials is considered to be at pH 5–7. Therefore, pancreatin enzyme is relatively safe for use
in textile conservation.

From our results and the data reported from the literature, it is easier to dye protein fibers than
cellulosic fibers with natural dyes, and there is more coherence with protein fibers than cellulosic fibers;
also, there is low bleeding of natural dyed samples treated with enzyme concentrations and buffer
solution. The ancient Egyptians learned that wool is more receptive to natural dyes. Therefore, they
wove decorative fabrics with dyed wool fibers and the rest with linen fibers. This has been found in
most ancient Egyptian textiles in museums. This practice was not limited to ancient Egyptian textiles,
but also occurred in Egyptian textiles in the Greco-Roman era as well as in Coptic and Islamic textiles.
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5. Conclusions

In the present study, each of the studied natural dyes has individual behavior in treatment
solutions, which differs according to the kind of dyed fabric (linen, cotton, wool, or silk). Changes in
relative color strength and total color difference (∆E) are largely convergent within the framework
of one textile fabric treated with the first and second concentrations of enzyme or buffer solution.
The changes (∆E) are due to the buffer solution, not to the pancreatin enzyme. Low bleeding of natural
dyes used in this study is due to the pH value of buffer enzyme solution used (pH 7.8), approaching
the isoelectric point of textile fiber. Additionally, it was clear that protein fibers had greater affinity
than cellulosic fibers to natural dyes. The data generated from these studies may help in designing a
basis for the utilization of bioresources and pancreatin enzyme in the conservation of works of art.
The highest TCD values were found in the treated linen fiber with buffer, pancreatin enzyme A and B
dyed with catechu tree. The analysis of root extract from madder by HPLC observed the presence of
salicylic acid, quercetin, ellagic and benzoic acid as main compounds, while in cochineal extract the
components included rutin, kampherol, myricetin, quercetin and salicylic acid.
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