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Early modern knitted caps (fifteenth to sixteenth centuries): analyzing dyes in archaeological samples using microspectrofluorimetry complemented by HPLC–MS
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Abstract
The knitted cap was the ubiquitous and most visible garment men wore throughout early modern society, from apprentices to royals. Documentary evidence also suggests that red was a conventional color for specific garments in the sixteenth century, including knitted caps. However, most knitted caps in museum collections are now a muddy brown characteristic of archaeological textiles, and their original color has seldom been studied. Considering the potential of microspectrofluorimetry for analyzing dyes in ancient textiles and manuscript illuminations, this technique was tested on six caps dating from the fifteenth to sixteenth centuries examined in the Knitting in Early Modern Europe research project. The colors are in good preservation condition in two samples, whereas the others show extensive degradation. The emission and excitation spectra acquired allowed the identification of the similarities and differences between samples, grouping them into different dye sources such as cochineal-based and madder-based (RED1 and RED2, respectively). For the coif cap and split-brimmed cap in good condition, analysis through HPLC–MS confirmed the sources of the dyes as Rubia tinctorum and cochineal. It also disclosed the source for another coif cap as Kermes vermilio (RED4). The other knitted items are possibly madder-based (RED3), but HPLC–MS did not allow confirmation of the madder source. The continuing development of a database of excitation and emission spectra acquired from historical textiles, such as the knitted caps, will support the identification of dye sources and specific formulations. Although this technique demands a comprehensive database of references for comparison with the complex signals identified, it allows for rapid spectra acquisition, providing tremendously valuable information.
Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40494-023-01020-4.
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Abbreviations
	HRMS/MS
	High-Resolution Mass Spectrometry with high-resolution mass spectrometric detection
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	Knitting in Early Modern Europe

	µRaman
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	Surface-enhanced Raman spectroscopy
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Early modern knitted textiles
The knitted cap
The ubiquitous and most visible knitted garment worn by men throughout early modern society from apprentices to royals was the knitted cap. They were manufactured by cappers and supplied by haberdashers, who also sold knitted stockings often described by color whereas the caps rarely were [1]. However, documentary sources suggest that caps were dyed: for example, there are 78 “colored” caps and 36 “uncolored” caps in the 1561 inventory of capper Roger Yelfe of Worcester, England [2]. A book of instructions from 1548 gives instructions for dyeing caps black, red, and scarlet [3]. Martin Luther, despite wearing a black knitted cap in his iconic portrait, actually wore a red one most of the time as did many school pupils [4, 5].
Documentary evidence also suggests that red was a conventional color for garments worn close to the body in the sixteenth century, partly for the prophylactic properties it was thought to provide [6]. A study of buried fabrics investigated the role of dyestuffs in the decomposition of textiles. There were indications that madder has a preservative effect on wool fibers and that it easily migrates to surrounding textiles during burial [7]. This suggests that knitted items dyed with madder may be better preserved than those treated with other dyestuffs and that items that were originally undyed may be contaminated by their near neighbors in the ground.
Most extant knitted caps in museum collections are now a muddy brown characteristic of archaeological textiles. Among the one hundred knitted caps, cap fragments, and cap linings examined in the Knitting in Early Modern Europe (KEME) study [8], many appeared red-brown either to the naked eye or under magnification (see Fig. 1). It is challenging to describe color accurately without recourse to a specific reference system such as CIELAB or Munsell. Only some of these caps were subject to this examination owing to the limited facilities and time available. In contrast, other categories of knitted caps are more yellow or darker brown. The red-brown caps were chosen for analysis because of previous work showing knitted red archaeological material yielded evidence of dyeing [9]. A total of 31 red-brown items were sampled taking care not to compromise the knitted structure according to a protocol drawn up in collaboration with curators and conservators at the Museum of London (see “Experimental” section, Table 3). A subset of six samples were selected from the 31 identified as red-brown.[image: ]
Fig. 1Red-brown knitted and fulled partial split-brimmed cap of sample 22387, Museum of London. This was one of the knitted caps investigated in this study


The six samples under investigation here are from a variety of museum collections (see Table 1). Three (inventory numbers 742, 1981.10 and D10318) benefit from detailed information about their provenance but the other three (inventory numbers 22387, 22389, and 22390) do not because they were excavated more than a hundred years ago before conventional archaeological context recording began. However, a newspaper dated 1904 reported discoveries in the peat soil at Moorfields in London from which they all come: “the colours of these caps are very diverse; some are black, some are light, some a dark brown, some murrey (a kind of red), and others a distinct crimson… It is somewhat curious to remark that the murrey and reds have kept their colours better than the browns” [10].Table 1Knitted caps (fifteenth to sixteenth centuries) in museum collections, with their inventory numbers, possible production date and archaeological context


	Inv no
	Collection
	Knitted item
	Date
	Source
	Color

	1981.10
	Historisches Museum Basel (CH)
	Coif cap
	Circa 1460
	Under wooden floor, St Leonhard’s Church, Basel
	Red

	742
	Bernisches Historisches Museum (CH)
	Split-brimmed cap
	1561–1577
	Made by (?) Andreas Wild, tailor & grandson of Andreas Wild of Wynigen
	Pink

	22387
	Museum of London (UK)
	Split-brimmed cap
	1500–1600
	Moorfields, London EC2; a gift from Norwich Museum 1962
Excavation
	Brown

	22389
	Museum of London (UK)
	Cap lining
	1500–1600
	Moorfields, London EC2; a gift from Norwich Museum 1962
Excavation
	Brown

	22390
	Museum of London (UK)
	Cap lining
	1500–1600
	Moorfields, London EC2; a gift from Norwich Museum 1962
Excavation
	Brown

	D10318
	Nationalmuseet, Copenhagen (DK)
	Coif cap
	1600–1800
	Crypt, Grindsted Church, Jutland, Denmark
	Yellow


The color description is based on examination by eye or microscopic magnification



The ground yarn of all the knitted items is paler than the napped surface which was produced by fulling and finishing it. These were the processes of agitating the knitted fabric when wet, and then raising and trimming the surface so that the knitted loops were compacted and obscured [11]. The caps were dyed after fulling so that sometimes the inner core of the yarn was still a natural sheep’s color. A surviving lining at the Museum of London has an unusually rich purple-red surface although the ground yarn is brown showing the fulled nap to have retained the dye (inventory number A6346) [12]. Unfortunately, it was not suitable for sampling. One of the sampled caps which is not recorded as archaeological but as part of a costume preserved for its commemorative value in the sixteenth century is of a striking bright red color. It was catalogued at the Bernisches Historisches Museum in 1884 as a velvet cap (inventory number 742) such was the quality of its fulled surface [13].

How to identify the original color of the knitted caps
Knitted garments such as colored caps and stockings are found in early modern inventories, depicted in portraits, and referred to in contemporary dyeing manuals [3, 14, 15]. Several studies have demonstrated the usefulness of different techniques for investigating early modern material dating from the fifteenth and sixteenth centuries [16–21]. An unidentified fragment of knitted fabric dated 1400 to 1450 was analyzed and found to have been dyed with kermes “using spectroscopic and chromatographic techniques” although the specific techniques used were not identified [22]. A sixteenth-century knitted cap was investigated for dyes and mordants using Fourier transform infrared spectroscopy (FTIR) and thin layer chromatography (TLC); the latter indicated that the caps were dyed and mordanted but no mention was made of the dyestuffs or the mordants used [23]. Two samples from a seventeenth-century knitted cap from Dava Moor, Scotland (inventory number H.NA 478) in the collection of National Museums Scotland showed evidence of indigotin as a result of high-performance liquid chromatography with diode array detection (HPLC–DAD) [9].
This shows the need for new approaches for studying the original color of these knitted garments. The potential of microspectrofluorimetry for analyzing dyes in ancient textiles and manuscript illuminations suggested its usefulness in testing this set of six caps dating from the fifteenth to the sixteenth centuries (Table 1). The colors are in good preservation condition in two samples, whereas the others show signs of extensive degradation. Excitation and emission spectra were acquired and compared to an existing database of reference spectra, considering the bands' maxima and overall shapes. It was possible to assign the dye source to five of the six samples based on this comparison and the assumption that cochineal or madder were the most likely dyes in the garments. The assignment was complemented by HPLC–MS (high-performance liquid chromatography coupled with mass spectrometry), which also found the presence of secondary dyes, and identified one sample as being possibly dyed with kermes.


In-depth research into natural dyes’ formulations
Historical written sources commonly mention dye-mordant complexes for red and yellow dyes, while vat dyeing methods are typical for indigo blues [24, 25]. The primary sources for natural red organic colorants, either identified in artworks or described in medieval treatises and recipe books in European civilization, were madder (Rubia spp.), lac dye (Kerria spp.,), cochineal (Porphyrophora spp., Dactylopius spp.), and kermes (Kermes vermilio). All are composed of anthraquinones hydroxy derivatives, with the first being derived from the roots of a plant, while the other three are animal-based (see Fig. 2) [24, 25].[image: ]
Fig. 2Structures of the most relevant anthraquinone-based reds for textiles


Dyes are water-soluble substances, which can be used in three different ways: (i) as a complex dye with a metal ion, a mordant (the most common being aluminum in the form of alum, which forms a bridge between the textile fiber and the dye); (ii) as a vat dye, which works by converting a dye which is not soluble, into a water-soluble form, and precipitating it inside the fiber; (iii) as a direct dye, which binds directly to the textile.
Natural dyes are very complex materials, and organic colors are not all prepared alike. Differences in pH, extraction solutions and time, temperature, mordant types, and concentrations, and the addition of color modulators, or other agents, have a significant impact on the final color obtained. Hence, the formulations, i.e. the recipes, can reveal much about the history of technology in the preparation of these colors.

Molecular fluorescence as a tool for the study of natural dyes
Microspectrofluorimetry for dye analysis has been explored for the past 15 years, demonstrating the importance of this technique [26–31]. It offers high sensitivity and selectivity, good spatial resolution, and fast data acquisition; it can also be used in situ without any contact with the sample or artwork.
The simultaneous acquisition of emission and excitation spectra in the same microspot is essential for identifying ancient dyes. The corrected excitation spectrum can be identical to the absorption spectrum, and an emission spectrum reflects the probability of transition from electronic states and the associated vibrational levels. For this reason, a well-resolved emission spectrum can be characteristic of a compound. However, historical dyes usually exhibit broad bands due to the environment of their discovery context and their state of preservation. Thus, these broad bands make it challenging to acquire a unique fingerprint that allows unequivocal identification of the molecule, as in Raman spectra. Yet, these broad bands encompass essential information about the formulations behind the colors, which have been proven using a comprehensive database of references for the most common dyes used in Europe in the past, such as madder and cochineal. Another relevant factor in identifying ancient dyes is related to the amount of light emitted, measured by the quantum yield of fluorescence. The most common natural dyes used in the past can be considered weak emitters as is the case with alizarin, or moderate emitters such as purpurin [27]. The information acquired with microspectrofluorimetry has been combined with other techniques, such as SERS or HPLC–DAD–MS, to provide conclusive dye identification [26–35], see Fig. 3[image: ]
Fig. 3The source used for dyeing the textile, the recipe, and its preservation condition can be identified using molecular excitation and emission spectra, together with a comprehensive database of references and a chemometrics approach. It is important to validate this information further using complementary techniques such as HPLC–DAD–MS


In the case of Rubia tinctorum, following extraction and dyeing, the main dyes found in the textiles are complexes of alizarin and purpurin with aluminum ions. As the purpurin complex emits ten-fold more than alizarin, the emission and excitation spectra are usually dominated by the purpurin-Al3+-complex. Therefore, the assignment to madder is based on the fact that it was one of the most common sources of dye in the medieval and early modern eras. In the case of cochineal-based dyes, the main chromophore is the Al3+-carminic acid complex, which, depending on the animal source, extraction conditions, preservation conditions, and other factors, may be pinpointed with chemometrics. However, the extensive database required for such accuracy is still under construction, and in this paper, it will be identified as cochineal-based.

Results and discussion
The six samples ranged from a few individual fibers (inventory number 742) to small fragments of approximately 0.9 cm × 0.9 cm (inventory number 22390). Some were of dense material (inventory number 1981.10) while others were fluffy (inventory number D10318A) (Table 1 and Fig. 4).[image: ]
Fig. 4Photographs of the six samples studied taken with a Leica microscope


Microspectrofluorimetry
Although some samples had the muddy brown appearance characteristic of archaeological textiles, two were of a beautiful bright red (samples 742 and 1981.10), indicating a good state of preservation. After analysis by microspectrofluorimetry, the data was analyzed, and the signals were grouped into four different red types: RED1 to 4. The interpretation of the spectral data took into account the maxima of excitation and emission, the intensities of the spectra and the spectral shape. The signals obtained can be found in Additional file 1: Figure S1.
In the two red samples, RED1 and RED2, two different dye sources were identified, madder and cochineal-based (Figs. 5 and 6, and Table 2). Sample 1981.10, RED1, shows excitation maxima at 515 nm and 545 nm, with an emission maximum at 585 nm and a shoulder at 565 nm (Fig. 6 and Table 1). Sample 742, RED2, has an excitation maximum at 522 and 555 nm, with an emission maximum at 575 nm and a shoulder at 610 nm (Fig. 6 and Table 2).[image: ]
Fig. 5Excitation (left spectrum) and emission (right spectrum) of both purpurin and carminic acid aluminum references prepared at a concentration of 10–4 M in methanol:water (70:30, v/v) with Al3+ (× 100) at pH 2.4 (purpurin) and pH 3.5 (carminic acid), applied in filter paper. For more details see [27]

[image: ]
Fig. 6Excitation (left spectrum) and emission (right spectrum) of the four types of red dyes found in the six samples, compared with known reds identified in Andean textiles: RED1 (1981.10, black) and MFA 21.2581 (magenta); RED2 (742, black) and MFA 10.267 (red); RED3 (22389, black) and MFA 31.499 (magenta); and RED4 (D10318). The colors in the spectra match the aluminum ion complexes of purpurin (magenta) and cochineal (red)

Table 2Excitation, emission maxima (λmax/nm), and shoulders (sh) present in the analyzed samples


[image: ]
References of Al3+ complexes of purpurin (magenta) and carminic acid aluminum (red), and data acquired from Andean textiles (dated from 200 BCE to the fifteenth century CE, in grey). An attribution of the dye source is proposed for the samples
aPurpurin 10–4 M in methanol:water(70:30, v/v) with Al3+ (× 100) at pH 2.4
bCarminic acid 10–4 M in methanol:water (70:30, v/v) with Al3+ (× 100) at pH 3.5



Three of the more degraded samples (22387, 22389 and 22390) showed the same excitation (505 nm) and emission (560 nm) spectra, and were grouped as RED3. The other muddy brown sample D10318, RED4, shows an excitation maximum of 545 nm, with an emission maximum of 565 nm and a shoulder at 585 nm (Fig. 5 and Table 2). The shift in both excitation and emission spectra indicates that most samples are not likely to be from the same dye source, although probably from the same molecular family of anthraquinones.
By comparing these results with a database of references (pure compounds complexed with aluminum, Al3+), RED1 appears to be a match with a purpurin–aluminum complex (madder), while RED2 may be a carminic–aluminum complex (cochineal) (see Figs. 5 and 6). These signals were compared with the data acquired from red Andean textiles belonging to the Museum of Fine Arts in Boston (MFA-Boston), which are described below [28, 32, 34].
Samples D10318, 22387, 22389 and 22390 are somewhat more complicated to identify. The extensive degradation caused by their archaeological conditions has left a black coating on the fibres making it hard to find an optimal location for analysis. Nevertheless, samples 22387, 22389 and 22390 are considered to be madder-based but more degraded. This is shown by the intensity of their spectra, which are much lower than RED1, 1981.10. It was not possible to provide a suggested attribution for sample D10318 because of the lack of reference materials providing a match with its fluorescence signals having been compared with aluminum ion complexes of madder, cochineal and kermes (Additional file 1: Figure S2).
RED1 and 2, samples 1981.10 and 742, appear to be in a state of good preservation. Not only because they maintain a visible red and pink color respectively, but because the spectral shapes are similar to those found in the Andean textiles and in the pure single molecule reference material. The intensity signals, although lower than those reported for the Andean textiles and for the reference materials, are still much higher than those samples considered to be in a poor state of preservation (22387, 22389 and 22390).
The comparison between the knitted cap samples and data acquired from the Andean textiles [28, 32, 34], which have been fully characterized by HPLC–DAD and SEM, corroborates the attributions. A previous collaboration with MFA-Boston permitted the analysis of a collection of samples from 76 reds from Andean textiles dating from 200 BCE to the fifteenth century CE which were created by Paracas, Nasca, Wari Huari, Chancay, and Lambayeque cultures, and which are in an excellent state of preservation. Previous studies with SEM–EDX screening confirmed the use of aluminum ions as a mordant [28, 32, 34]. Microspectrofluorimetry was used, together with HPLC–DAD in selected samples, to enable a conclusive identification of carminic acid in Chancay textiles (1000 to 1476), and purpurin and pseudo-purpurin in Paracas (200 BCE to 300 CE) and Nasca textiles (0 to 300 CE) [28, 32, 34]. Represented in Fig. 6 are samples MFA 21.2581 (s6), and MFA 31.499 (s1), which were both identified as pseudo-purpurin/purpurin complexes (such as those found in madder reds) and MFA 10.267 (s1), a carminic-acid complex (cochineal). The match between these samples and those from the knitted caps is quite close, with a few exceptions in the excitation spectra. In particular, RED3, despite its degradation and poor signal-to-noise ratio, presents a very good match with sample MFA 31.499 (s1), identified as a pseudo-purpurin and purpurin complex. By comparing the spectral shape and, in particular, the emission maxima, a match between the two is suggested.
There are several species of madder plants, all with different proportions of alizarin, purpurin, and pseudo-purpurin. Alizarin is considered the main compound present in the roots of Rubia spp., while other species such as Relbunium L. (species used in the Andean textiles), have purpurin and pseudo-purpurin in higher concentration. However, as discussed, alizarin is a very weak emitter, emitting 10× less than purpurin [27, 28, 32]. Therefore, the spectra obtained for the knitted caps are dominated by the Al3+-purpurin-based complexes. Considering the high proportion of purpurin and pseudo-purpurin in Andean textiles, this would explain the lower intensity for RED1 and RED2, which were possibly dyed with madder. This also explains the shifts in the excitation spectra.

High-performance liquid chromatography coupled with mass spectrometry
HPLC–MS was used to confirm the spectrofluorimetry attributions. A soft-extraction method was used to prevent the degradation of the molecules on approximately 0.3 mg of fibers [27, 28, 36]. For more details see HPLC–MS in “Experimental” section.
This corroborated the identifications for the red samples in good preservation condition: 1981.10, RED1, by the presence of alizarin and purpurin and 742, RED2, by the presence of carminic acid [37–39]. In two of the more degraded samples 22387 and 22390, RED3, alizarin and purpurin were not detected; in 22387, xanthopurpurin was the major dye identified; in 22389, traces of rubiadin were detected. This is probably due to their poor preservation condition or because the dye has leached into them from other items in the ground. Further studies using an extended database of aged samples analyzed by microspectrofluorimetry will be necessary to confirm madder as the dye source.
For sample D10318, it was possible to identify kermes as the main dye pointing to the use of Kermes vermilio as the animal source (Table 3). The presence of kermes in sample D10318 is very interesting and may provide clues to the social and economic status of the cap’s owner and its dating. Kermes was an expensive dye in the sixteenth century which became less common with the rise of cochineal in the seventeenth century.Table 3Main compounds identified by HPLC-ESI-Q-Orbitrap-MS


[image: ]
The addition of other dyes in minimal amounts is indicated in grey
a compound in minimal amounts
b compound in trace amounts



There were minute amounts of flavokermesic and xanthopurpurin on sample 742, indicating a formulation in which madder and kermes/lac dye were added to the dye bath. This could also account for the shift in the excitation spectrum for sample 742 in relation to the cochineal-aluminum reference and the Andean textile MFA 10.267 (s1). The HPLC–MS figures can be found in Additional file 1.
HPLC–MS analysis also enabled the identification of what may be trace amounts of rubiadin in sample 22387, RED3. Xanthopurpurin and rubiadin are molecules present in many madder species [39]. Understanding why these are the only identifiable markers for madder in these samples is an ongoing study.
The identification of xanthopurpurin resulted in MS2 fragmentation signals m/z 202 and m/z 195, which accords with previous references [37, 39]. However, other fragmentation signals were also found suggesting the presence of different isomers or other compounds, especially in sample D0318.


Conclusions
Microspectrofluorimetry was used to analyze six samples from a selection of 31 red-brown knitted caps, cap fragments, and cap linings examined in the Knitting in Early Modern Europe study [8]. The emission and excitation spectra acquired allowed the identification of the similarities and differences between samples, grouping them into different dye sources such as cochineal-based and madder-based. Analysis through HPLC–MS confirmed the sources of the dyes, RED1 to Rubia tinctorum and RED2 to cochineal. It also disclosed the source for RED4 as Kermes vermilio. This is an exciting result, as it may shed new light on the status of the cap’s owner since kermes was a costly dye. On the other hand, for the more degraded samples included in RED3, the signals did not yet allow the confirmation of madder as the source.
Microspectrofluorimetry can be used on an entire dataset, with the attribution being confirmed by the use of HPLC–MS, which is performed only for selected samples, instead of extracting and analyzing hundreds of samples. The samples that were not extracted and analyzed by HPLC–MS are still stored, allowing them to be studied further by analytical techniques.
An additional observation is that in the absence of a scientific archaeological recording of an excavation, newspaper reports or other contemporary literature may provide credible grounds for understanding the condition of textiles when they were first unearthed. The newspaper report of 1904 is the only information available about the more degraded samples RED3 (22387, 22389, and 22390). They were part of a group for which “the murrey and reds have kept their colours better than the browns”. These colors are not apparent to the naked eye today, yet the analysis reported here corroborates that the three caps were dyed red with madder or were contaminated with madder while buried. This points to potential new sources of information about textiles for which little is known about their provenance, based on an extended database of aged and unaged references. In the future, this may lead to chronological and location details for the manufacture of the textiles, as has been proven in previous works on the study of natural dyes in medieval illuminations [31].

Experimental
Materials
Spectroscopic or equivalent grade solvents and Millipore-filtered water were used during all the experimental work. Qualitative filter paper from Filter Lab was used. Each chromophore (purpurin, and carminic acid) was characterized at different pHs (according to their acid–base equilibrium) and complexed with Al3+, both in homogeneous media (aqueous solution) and heterogeneous media (filter paper). Solutions were prepared in methanol:water (70:30, v/v), at 5 × 10–4 M. Adjustment of pH values was carried out with the addition of hydrochloric acid (1 M and 0.1 M) and sodium hydroxide (1 M and 0.1 M). Complexation of molecules with Al3+ (where Al3+ is present × 100 in respect to the molecule) was performed with the addition of AlCl3 (0.1 M). Six drops of each solution were then applied on filter paper with a micro-pipette (10 µl). Three replicates for each reference were prepared, and analyses were generally carried out on the same day (or the day after) after application on filter paper.
Data acquired in these reference materials compose a database, which is compared with the case studies. These references are thoroughly analyzed by microspectrofluorimetry, FORS, absorbance, infrared, SERS and HPLC–DAD.

Andean textiles references
A previous collaboration with the Museum of Fine Arts in Boston (MFA-Boston) allowed for the analysis of a collection of samples of 76 reds from Andean textiles, dated from 200 BCE to the fifteenth century CE and created by the Paracas, Nasca, Wari Huari, Chancay and Lambayeque cultures. The samples used for comparison in this study were: MFA 21.2581 [sample 6, Paracas 200 BCE to 200 CE (skirt)], MFA 10.267 (sample 1, Lambayeque A.D. 1000-1476 (tapestry strip with figures and large birds), and MFA 31.499 (sample 1, Paracas, 100 BCE to 100 CE). The HPLC–DAD–MS, SEM–EDS, and fluorescence data acquired in these samples are part of the database of historical materials to be further compared with case studies, if necessary. For more information on these samples and their characterization, see [26–28, 30–32, 34].

The knitted caps
Six caps were selected from the one hundred knitted caps, cap fragments, and cap linings examined in the Knitting in Early Modern Europe study [38]. The inventory number of the caps to which the samples belong are D10318, (Nationalmuseet Denmark), 742 (Bernisches Historisches Museum), 22387, 22389, 22390 (Museum of London) and 1981.10 (Historisches Museum Basel).

Sampling
Permission for sampling the caps in the KEME study was hard won. Museums are reluctant to permit destructive sampling and especially so in textiles perceived to be vulnerable to cutting, such as knitting, which is often thought to unravel easily. However, fulled knitted fabric is much more stable than unfulled knitted fabric since the loops of the knitting are meshed together to form a textile that will withstand napping (raising the hairs to create a surface texture similar to velvet in the best examples), shearing and cutting. Sampling was achieved by developing a protocol for examining the knitted items and determining whether they were suitable for sampling and, if so, where. This was devised in collaboration with curatorial and conservation staff at the Museum of London (see Table 4).Table 4Sampling strategy for knitted caps at the Museum of London


	1
	No sampling will be considered where previous conservation treatments have distorted the item’s original shape

	2
	Items must have existing damage. Caps in pristine or good condition, without any existing areas of loss, will not be sampled

	3
	Areas for sampling are to be hidden from regular view. Sampling from the interior will be preferable to the exterior. External decorative features will not be sampled

	4
	Samples will be taken from areas away from key features

	5
	Multiple sampling of one item will be considered if the item has multiple parts, such as a separate lining, decoration or a strap

	6
	No sampling will be considered in or around a hole where most or all of the material exists around the area of loss (if the hole could be completely closed through conservation)

	7
	Sampling items which have not undergone obvious conservation interventions is preferred

	8
	No sampling will be undertaken where a proper assessment of the item is currently impossible (for example, if it has been been stitched to a mount)

	9
	The maximum sample shape and size is square (0.5 cm × 0.5 cm) or rectangular (1 cm × 2 cm)

	10
	Loose dust or hairs in the item’s storage box (which would otherwise be discarded) may be collected as samples





Stereomicroscope photographs
The photographs were taken using a Leica KL 1500 LCD microscope, (7.1× to 115× objective) and a Leica Digilux digital camera, with external illumination via optical fibers.

Molecular fluorescence in the visible
Fluorescence excitation and emission spectra were recorded with a Jobin–Yvon/Horiba SPEX Fluorog 3-2.2 spectrofluorometer coupled to an Olympus BX51M confocal microscope, with spatial resolution controlled by a multiple-pinhole turret, corresponding to a minimum 2 μm and maximum 60 μm spot, equipped with a 50× objective. Beam-splitting is obtained with standard dichroic filters mounted at a 45° angle in a two-place filter holder. For a dichroic filter of 600 nm, excitation may be carried out up to about 590 nm, and emission collected after 610 nm. Optimization of the signal was performed daily for all pinhole apertures through mirror alignment, following the manufacturer’s instructions, using a rhodamine standard (or other adequate references). For this study, one set of dichroic filters was employed: 500 nm and 600 nm, exciting at 490 nm and reading the emission signal at 610 nm, respectively. For the study of the Andean textiles two sets of dichroic filters were used: 500 nm and 570 nm for purpurin-based textiles (exciting at 490 nm and reading the emission at 590 nm), and 525 nm and 600 nm for cochineal-based textiles (exciting at 515 nm and reading the emission at 610 nm), see Table 5.T﻿able 5Dichroic filters used for this study and the wavelengths of collection of both excitation and emission data, when exciting or reading the emission at a particular wavelength


	Excitation dichroic (nm)
	Collecting excitation (nm)
	Reading emission (nm)
	Emission dichroic (nm)
	Reading excitation (nm)
	Collecting emission (nm)

	570
	400–560
	590
	500
	490
	510–700

	600
	400–590
	610
	525
	515
	535–700




Emission from a continuous 450-W xenon lamp, providing an intense broad spectrum from the UV to near-IR, is directed into a double-grating monochromator, and spectra are acquired after focusing on the sample (eye view) followed by signal intensity optimization (detector reading). The pinhole aperture that controls the measurement area is selected based on the signal-to-noise ratio. In this work, due to very weak signals, a 30-μm spot was used (pinhole 8) with the following slits set: emission slits = 3/3/3 mm (6 nm bandpass) and excitation slits = 5/3/0.8 mm (final bandpass of 2 nm). Emission and excitation spectra were acquired on the same spot.
When needed the spectra were normalized by area. When comparing spectra acquired in different samples, one must take into account 4 different signals: the maxima of excitation and emission, the signal-to-noise ratio, the intensity of the signals, and the shape.

HPLC–MS
The dyes from the textiles were extracted by placing them in a microtube, circa 0.3 mg of textile with a 400 µL solution of oxalic acid (0.2 M):methanol:acetone:water (0.1:3:3:4, v:v) at 60 °C for 30 min. The solution was left to evaporate, and the residues were then dissolved in 400 µL of methanol/water, 7:3 (v/v); the tubes were centrifuged, and the upper 25 µL of the solution was removed for analysis.
All samples were analyzed by HPLC-ESI-Q-Orbitrap-MS. The analyses were performed in a HPLC Vanquish (Thermo Fischer Scientific, Bremen, Germany) coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo Fischer Scientific, Bremen, Germany) controlled by Orbitrap Exploris Tune Application 2.0.185.35 and Xcalibur 4.4.16.14. The capillary voltage of the electrospray ionization source (ESI) was set to 3.5 kV and 2.5 kV for positive and negative mode. SRM mode was used for all possible compounds. The capillary temperature was 300 °C. The sheath gas, auxiliary gas, and sweep gas flow rates were at 50, 10, 1 (arbitrary unit as provided by the software settings). The resolution of MS scan was 60,000. Data-dependent MS/MS was performed on HCD using nitrogen as gas with collision energy settings of 30 V. The m/z range were 100–1000 Da.
The stationary phase was an Agilent Poroshell 120 CS-C18 column (150 × 4.6 mm i.d., 2.7 µm) at 35 °C. The mobile phases were composed by solvent A, 100% (v/v) methanol, and solvent B, 0.3% (v/v) formic acid. The flow rate was 0.30 mL/min, the injection volume was 0.15 mL, and the gradient method started with an isocratic 7% A gradient, followed by a linear gradient ranging from 7% A to 15% A in 8 min, then reaching 75% A in 17 min, 80% A in 5 min, and 95% A in 15 min.
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