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Abstract

UV-induced fluorescence (UVIF) data that were obtained in the 1978 investigation of the Turin Shroud, were recently revisited
by Pellicori supporting different behavior of background, non-image, and body image areas. Based on the experimental literature
results, the chemical nature of that difference is discussed here. Former enzymatic analysis using pectinase indicated the presence
of pectic substances, but only for fibers extracted from the background non-image areas. On the other hand, the high content of
pectins in the primary cell wall (PCW) of flax fibers is well documented. The PCW is a thin outermost layer of fibers of
approximately 0.2 um, which corresponds to the layer where the body image is seen. Pectins are easier oxidized and destroyed
than cellulose, the main component of the linen. In the present paper, pectins from the PCW of the linen fibers are proposed to
participate in the initial stage of body image formation on the Turin Shroud, although they have been destroyed in that process.
To demonstrate the presence of pectins in the fibers from the Shroud, the results of Fourier Transform Infrared (FTIR)
spectroscopy in attenuated total reflectance (ATR) mode obtained by Fanti for body image and non-image fibers have been
compared. Analyzed spectra do not exclude the presence of pectins. Thus, participation of pectins can explain some unique
properties of the Shroud image, i.e., superficiality of the body image and nonuniform distribution of its yellow color.
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1. Introduction

The body image seen on the Shroud of Turin, the famous
ancient linen cloth showing signs of tortures and crucifixion
corresponding to the death of Jesus as described in Gospels, is
still a challenge for modern science. The most extended
physical and chemical analyses conducted in 1978 within the
framework of The Shroud of Turin Research Project (STURP)
[1-9] showed evidently that macroscopic and microscopic
characteristics, as well as spectroscopic results of the body
image and stains of blood are different. They were formed at
different times (the blood first) and in different processes. The

stains of blood are proved to be the real human blood [4, 7-11]
and recent investigations using the present-day powerful
techniques supported earlier conclusions [12-15]. However,
the nature of the body image and the process of its formation
still remain as open questions. The most researchers agree
with the original conclusion of STURP members [6-9] that a
yellow color of the body image is caused by oxidation and
dehydration reactions of the cellulose, the main component of
the flax fibers. The natural and artificial processes of linen
yellowing due to chemical reactions of cellulose are basically
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known. However, details of this process were not further
investigated in relation to the image on the Shroud.

The ultraviolet induced fluorescence (UVIF) spectra [3]
and UVIF photographic images [6] obtained during investi-
gations at Turin in 1978 were recently digitally revisited and
discussed in this Journal by Pellicori and Schwalbe [16-18]
and independently by McAvoy [19, 20]. In recent publica-
tions [16-18], Pellicori, who studied UV fluorescence of
Shroud in October 1978 at Turin [6], has supported the ob-
servations, that samples of clear background linen without
body image give greenish blue fluorescence, while the body
image areas as well as blood stains appear to have no fluo-
rescing color. On the contrary, McAvoy using statistical
methods found that the most important factor for discrimina-
tion of different features (background, image, blood, scorches)
in UVIF is not their color but image intensity, L in the color
space CIE L*a*b [20]. His analysis of STURP data, that
included clear background, body image, scorch and blood
samples [3] converted to RGB space, showed similar blue
color in UVIF for both clear and body image samples [20].
The nature and formation processes of all those marks are well
understood by science with only one exception: the formation
of the body image. Thus, looking for one common explana-
tion for all features can be misleading. Moreover, L is inde-
pendent of color coordinates a and b in CIE L*a*b space but
not for RGB space. For 16 samples under consideration, we
found that L correlates excellently with green pixels intensity
G (r> = 0.9993, where r is a correlation coefficient) and quite
well with blue pixels intensity B (r> = 0.916). Thus, the sim-
ilarity between fluorescence of clear and body image samples
is not conclusive.

On the other hand, Pellicori analyzing UVIF spectra of
Gilbert and Gilbert [3] found [18] the same wavelength of
maximum intensity (around 450 nm) for clear samples as well
as for body image samples from heel and nose areas (cf.,
Figures 1 and 2 in [18]). It corresponds to greenish blue color
of fluorescence, as described by McAvoy. At the same time,
the peak intensity is much lower for image areas (for the nose
area is 0.12 in arbitrary units used by Pellicori), whereas for
clear areas, it is higher than 0.3 and even 0.35. Thus, the
difference of peak intensity at the first blush seems to be the
most important parameter in UVIF spectra as suggested by
McAvoy. However, Pellicori finally proposed alternative
explanation [18]. In the original Gilbert and Gilbert experi-
ments [3], the UV light illuminated a 6 mm x 3 mm area
containing the equivalent of ca. 244 thread surface widths [18].
Considering that the yellow color of the body image is present
only on top fibrils among large areas of unstained linen [5, 18],
it is evident that UVIF spectra of body image samples include
also clear background areas, which may dominate the total
measured fluorescence signal [18]. This conclusion is sup-
ported by microscope photographs of the Shroud [5, 18]. That
is quite cogent argumentation and in line with all previous
investigations obtained directly at Turin. Thus, the body
image areas don’t show fluorescence, but blue fluorescence
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originates only from admixture of clear background areas.

Accepting the conclusion of Pellicori, the main subject of
this paper is to analyze the chemical origin of the observed
fluorescence. The analysis is based on literature investigations
of Shroud’s samples in the form of microscopic fibers pulled
from a linen by adhesive tapes, taken in Turin by STURP
investigators.

2. Chemical Compounds Responsible for
Background Fluorescence

Two hypotheses explaining background fluorescence of the
Shroud were proposed: the presence of Saponaria [21] and
pectic substances [22, 23]. It was well recognized in historical
studies that an ancient cloth in the final stage of its production
was washed in solution made from Saponaria officinalis
(“soapweed”) to soften it. Saponaria extract hydrolyzes
glikozydes to produce aglycones that are fluorescent [21]. Indeed,
Heller and Adler saturated the control sample of Spanish linen
300 years old with Saponaria extract for 1 hour [7] and observed
pale yellow-green fluorescence under short wave UV. Using
sulfuric acid test for the detection of Saponaria extract residues
on body image, non-image and scorch fibrils taken from Shroud,
they obtained negative results indicating the absence of signifi-
cant amounts of Saponaria residues.

The other explanation was suggested by Mottin at a con-
ference presentation in 1997 [22]. He remembered fluorescent
properties of pectic compounds, which are removed by retting
process in modern linens (their content can be 2% only), but
could be much greater in ancient cloth. The last hypothesis
was experimentally checked by Adler [23]. Two fibers from
non-image area gave positive test with ruthenium red.
Moreover, enzymatic tests with pectinase (and more slowly
with cellulase) showed positive action for fibers extracted
from Shroud’s sticky tapes for non-image areas (as well as
those close to previously used for radiocarbon analysis) but at
the same time showed no reaction with the image fibers.
According to Adler, the obtained results support Mottin’s
hypothesis that pectic substances are present but should be
confirmed by spectral analysis [23]. Different behavior of
image and non-image fibers raised some doubts. However, it
is in full agreement with UVIF results [18] supporting the
finding that image and non-image areas have different fluo-
rescence properties and thus chemical compositions. It should
be added that pectin fluorescent properties have been con-
firmed in recent papers. Pectin based films absorb light in UV
region and thus are colorless but after UV excitation with
wavelength Aex = 359 nm showed broad peak with the maxi-
mum at Amax = 441 nm [24]. Moreover, it was recently ob-
served [25] that pectin from orange peel in solution as well as
in solid powder showed fluorescence spectrum with maxi-
mum wavelength Amax depending on the excitation Aex. Ac-
cording to the plot given in [25] for the wavelength Aex = 360
nm, the maximum of fluorescence for the pectin powder is
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around Amax = 441 nm in good agreement with the data ob-
tained from the Shroud (Aex = 365 nm, Amax for clear back-
ground areas around 438 - 450 nm [18]). The above compar-
ison supports the view that fluorescence of the Shroud back-
ground results from the presence of pectins.

3. Pectin Compounds in Linen

Before the pectin presence in flax fibers will be analyzed in
detail, it is necessary to remember the superficial character of
the body image on the Turin Shroud which is its unique
property. The linen of the Shroud is made from threads
twisted from flax fibers of 10-20 pm in diameter. Only top
fibrils of each thread are colored, and moreover, the yellowing
of each fiber forming the image is observed only at the very
top layer [5, 7, 9]. Recently some investigators accepted that
only the primary cell wall (PCW) of the linen fiber, with the
thickness of 0.2 um, is colored [26, 27]. Thus, for further
discussion one should remember that the PCW of higher
plants contains mostly polysaccharides: cellulose and hemi-
cellulose fibers forming an ordered network which is em-
bedded in an amorphous matrix composed of pectins [28-31].
The PCW of linen fibers consists of cellulose (approximately
25-33% of dry mass), hemicelluloses (25%) and pectins
(30-40%) [28, 30, 32]. Pectin in the PCW of flax fibers is a
heteropolysaccharide with varied structures but mainly a
linear homogalacturonan chain (HG) consisting of
a-(1—4)-linked D-galacturonic acid units (i.e., the sugar sim-
ilar to glucose but with the carboxylic group) and hairy re-
gions of rhamnogalacturonan containing other polysaccha-
rides particularly rhamnose [28]. Scheme of a main HG chain
(up to 65% of pectin) is shown in Figure 1. It is usually as-
sumed [26, 27] that aging process of linen threads starts from
hemicelluloses (which are less crystalline and thus more
easily penetrated by water and easier oxidized than cellulose)
because pectins are destroyed by microorganisms during the
retting process. It is documented that pectins from the
so-called middle lamella (connecting PCW of adjacent fibrils)
were completely removed during retting processes of flax.
However, it looks probable that some pectins can survive in
the PCW because too long retting results in worse mechanical
properties of threads and thus is usually avoided. Pectin’s
presence in linen of Turin Shroud was confirmed by positive
pectinase test [23]. Moreover, the presence of calcium uni-
formly distributed on the Shroud [1, 7-9] is in full agreement
with that view because as flax maturates, pectins became less
methylated but form more cross-linked complexes with cal-
cium ions [32] as shown in Figure 1. Carboxyl anions detected
in Shroud samples [7-9] can also come from pectin chains in
the PCW. A possible role of pectins at the beginning of ageing
process of linen was not considered yet.

The Fourier Transform Infrared (FTIR) spectroscopy is a
good tool for identifying specific organic groups, and it was
used recently in attenuated total reflectance (ATR) mode to
analyze pectins, hemicelluloses and cellulose in plant cell
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walls [29-31, 33, 34] as well as in analysis of main compo-
nents of flax fibers [35, 36]. However, assigning the observed
vibrations to a specific polysaccharide can be challenging due
to the presence of same chemical groups in them as well as the
overlap of some IR bands. Nevertheless, Fanti compared ATR
FTIR spectra of body image fiber originating from the sticky
tape STURP-1EB (calf/ankle area) with the fiber from the
non-image area coming from a corner of Turin Shroud [37].
These spectra are shown in Figure 2. The observed differences
in both spectra were discussed [37] in terms of oxidation and
dehydration reactions of cellulose that are responsible for the
formation of the image according to a commonly accepted
chemical explanation [7, 8]. The broad band observed at 3340
cm® corresponds to hydroxyl O-H stretching vibrations in a
great number of hydroxyl groups characteristic for all poly-
saccharides including cellulose as well as pectin. The huge
increase of that band in the spectrum of the image fiber was
discussed in terms of oxidation of flax fibers resulting from
the formation of secondary alcohol from hydrocarbon [37].
However, in our opinion -OH groups were formed most
probably via the cleavage of glycosidic bonds O-C-O which
can occur in both flax components: cellulose and pectin.
Depolymerization of polysaccharide components of linen was
confirmed by the surface “corrosion” of fibrils that formed the
image [7-9], which were easier to remove using adhesive
tapes. Partial cleavage of glycosidic bonds in pectins can also
explain the negative result of pectinase test [23], although it
should be notice that small IR peaks around 1140 — 1160 cm’?
evident in both spectra in Figure 2 are usually ascribed in the
literature [29, 31, 34] to asymmetric stretching vibrations of
glycosidic bonds in both cellulose and pectin.
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Figure 1. Schematic representation of two homogalacturonan
chains forming complex with calcium ions.
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Figure 2. ATR FTIR spectra of the Shroud body image fiber from the 1EB sticky type (black, lower plot) and a non-image fiber from the Shroud
corner (red, upper plot). Reproduced from G. Fanti paper [37] with written permission from the author.

The peak around 2900 cm™ also increased for the body
image fiber, but it is not relevant for distinguishing among
cellulose, hemicellulose and pectin because it is characteristic
[34, 35] for symmetric and asymmetric stretching vibration of
C-H bonds in all polysaccharides.

For the case of pectins (without ester linkage) extracted
from the higher plant cell walls, two diagnostic peaks in IR
transmission spectra were proposed at 1600 and 1420 cm™
[33]. The first one corresponds to antisymmetric COO-
stretches [29-31, 33] and is also characteristic for pectin
components: poly-galacturonic acid and rhamnogalacturonan
[31]. That peak is observed in the spectrum of body image
fiber as the high narrow peak (Figure 2), though in the spec-
trum of non-image fiber in that region, there is only a small
peak at 1640 cm™ with the shape suggesting a merging of
different vibrations. Bending vibrations of adsorbed water
were observed at that frequency [29, 35] but cellulose is
inactive at that region [38]. Of course, the formation of car-
boxylic groups in the oxidation processes of -CH,OH groups
from cellulose (according to a common interpretation of the
image formation) can explain this peak. However, each glu-
cose moiety has only one -CH,OH group and three >CHOH
groups in the ring which should be oxidized in similar reac-
tions to carbonyl groups. Carbonyl groups formed in the
oxidation of cellulose in natural ageing processes as well as in
photooxidation and hydrothermal degradation exhibit IR
stretching C=0 vibrations at 1720 — 1730 cm® [39, 40].
However, they are not visible in Figure 2. Thus, the carbox-
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ylic vibrations at 1600 cm™ are rather originating from pectin
COO- groups. In the spectrum of the non-image fiber, the peak
at 1640 cm™ corresponds in our opinion to pectin COO-
groups cross linked to Ca?* ions as is shown in Figure 1. It was
suggested that the complexation of the pectic carboxylate
groups with calcium ions shifts the absorption maximum to
higher frequencies [41] as observed in Figure 2. On the other
hand, the peak around 1430 cm seen only in the spectrum of
non-image fiber is situated near the region of pectins vibra-
tions. In particular, symmetric COO-" stretches in pectins were
observed at 1410 - 1420 cm™ [29, 31, 33] and were also seen
in a spectrum of polygalacturonic acid [31]. However, in
general, vibrations from cellulose, hemicellulose as well as
pectins were observed in the range of 1400-1440 cm?, and
therefore exact identification of the last-mentioned peak is not
possible in Figure 2. Thus, analyzed spectra do not exclude
the presence of pectins but more investigations are needed for
the definitive proof.

4. Conclusion: Pectins and the Body
Image Formation

It should be remembered that in early investigations of
STURP team, Adler and Rogers observed that colored coating
forming the image was easily “stripped off of the fiber and
remained in the adhesive” tapes [42] leaving colorless cellu-
lose fibers. Thus, Rogers suggested that the body image was
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formed by a thin layer of impurities, which are less stable than
cellulose, and confirmed the presence of polysaccharides of
lower stability than cellulose when analyzing mass spectra
after pyrolysis of fibers. He suggested the presence of starch.
In our hypothesis, these polysaccharides can be identified as
pectins. All experimental results discussed above can be
rationalized assuming that pectic substances from linen fibers
participate in the beginning of the body image formation on
the Shroud. They were destroyed during this process in some
activated chemical reactions, and thus pectin chains are absent
in the body image areas and do not show fluorescence. If
pectins in the PCW were more sensitive for energetic signals
in the image formation than cellulose, the superficial charac-
ter of the body image can be explained because pectins
dominate only in the PCW. The hypothesis proposed can also
explain a nonuniform yellowing of linen yarns creating body
image areas where some individual fibers are colored but not
others as well as striations on the body image, i.e., a discon-
tinuous distribution of the yellow color along the yarn of the
cloth. It can be easily understood that the distribution of
pectins in the PCW after the retting process remains not
uniform in neighboring flax fibers in contrary to a distribution
of cellulose.

Further spectral analysis of different chemical groups on
linen fibrils from samples of clear and body image areas
already existing from the 1978 investigation should be un-
dertaken for the support of the hypothesis under considera-
tion.
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