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spectrum other contributions are measured. These contribu-
tions corrupt and often overwhelm the useful Raman
information and a robust analysis is not possible. Thus,
corrections for these contributions have to be carried out. The
most disturbing contributions within Raman spectra originate
from cosmic spikes, the fluorescence background, Gaussian or
Poisson noise, and other contributions caused by experimental
parameters (Figure 4). In order to allow for further statistical
analysis, preprocessing, like spike correction, wavenumber and
intensity calibration, baseline correction, and normalization,
have to be carried out to obtain uncontaminated data.36−39

Like sketched in Figure 3, the pretreatment starts with a
cosmic spike removal. One method often applied for the spike
correction is done by collecting two Raman spectra of the
sample or position during the experiment followed by a pixel-
to-pixel comparison keeping the smaller intensity count.40

Besides this approach, several mathematical methods have been
explored and widely applied.40,41 Filtering, such as polynomial
and median filters, can be used in cases where the spike is
sharper compared with real Raman bands. Particularly, for
Raman spectroscopic imaging, information from unaffected
neighbor pixels can be used. Accordingly, refined nearest
neighbor comparison methods and upper bound spectrum
method have been developed.40,42,43 Principal component
analysis (PCA) and wavelet transform are also used for this
purpose.40,44 Recently developed algorithms determine the

spike position based on the evaluation of the second
derivative.45

The next steps within the pretreatment of Raman spectra are
the wavenumber, wavelength, and spectrometer calibration.
These calibration steps aim to correct for wavenumber shifts

Figure 3. Data pipeline for the analysis of the Raman spectra is sketched. The measured Raman spectra are filtered for cosmic noise, spectrometer
calibration procedures are applied, and the spectra are preprocessed. This preprocessing consists of a baseline correction, smoothing, normalization,
and dimension reduction and reflects the composition of Raman spectra (see Figure 4). With these pretreated spectra, a statistical model is
constructed, which is evaluated and checked for artifacts, before it is used to predict independent data. Copyright 2015, Thomas Bocklitz/Friedrich-
Schiller-University Jena.

Figure 4. Composition of Raman spectra. The measured Raman
spectra are suffering from different side effects, like fluorescence
background, cosmic spikes and white noise. All contributions have to
be rejected prior the analysis. Copyright 2015, Thomas Bocklitz/
FriedrichSchiller-University Jena.

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.5b04665
Anal. Chem. 2016, 88, 133−151

136
Images from: T.W. Bocklitz,..., J. Popp, Analytical Chem. 88 (2016) 133-151. 



Spectrochimica Acta Part A 92 (2012) 21– 28

Contents lists available at SciVerse ScienceDirect

Spectrochimica  Acta  Part  A:  Molecular  and
Biomolecular  Spectroscopy

j ourna l ho me page: www.elsev ier .com/ locate /saa

Raman  spectroscopy  analysis  of  pigments  on  16–17th  c.  Persian  manuscripts

Vânia  S.F.  Muralhaa,∗, Lucia  Burgioa,b, Robin  J.H.  Clarka

a Christopher Ingold Laboratories, University College London, 20 Gordon Street, London WC1H 0AJ, UK
b Victoria and Albert Museum, Science Section, Conservation Department, London SW7  2RL, UK

a  r  t  i c  l  e  i n  f  o

Article history:
Received 1 November 2011
Received in revised form 31 January 2012
Accepted 6 February 2012

Keywords:
Raman microscopy
Pigments
Persian manuscripts
Pigment mixtures

a  b  s  t  r  a  c  t

The  palette  of  four  Persian  manuscripts  of the  16th  and 17th  centuries  were  established  by  Raman
microscopy  to  include  lazurite,  red  lead,  vermilion,  orpiment,  a carbon-based  black,  lead  white,  mala-
chite,  haematite,  indigo,  carmine  and  pararealgar.  The  first  five  pigments  were  identified  on all  four
manuscripts,  as previously  found  for  other  Islamic  manuscripts  of this  period.  The  findings  were  com-
pared  with  information  available  in  treatises  on  Persian  painting  techniques.  Red  lead,  although  identified
on  all of  the  manuscripts  analysed  in  this  study  as the main  red  pigment,  is  seldom  mentioned  in the  litera-
ture.  Two  unusual  pigments  were  also  identified:  the intermediate  phase  between  realgar  and  pararealgar
in the  manuscript  Timur  namah,  and carmine  in the manuscript  Shah  namah.  Although  the  established
palette  comprises  few  pigments,  it  was  found  that  the  illuminations  were  enhanced  by the use of pigment
mixtures,  the  components  of  which  could  be identified  by Raman  microscopy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Victoria and Albert Museum (V&A) holds a rich collection of
illuminated oriental manuscripts covering different geographical
locations and historical periods, the vast collection including some
of the most significant works of Persian literature. The manuscripts
selected for analysis are examples of the skill of the Safavid dynasty
of Persia (1501–1732), where the art of calligraphy, illumination
and binding reached its apogee. Many rulers of this dynasty were
major art patrons and some of them were artists themselves,
such as Shah Thamasp (1529–1576), the son of the founder of the
dynasty (Shah Ismail I), who was both a calligrapher and a designer
[1].

In order to explore the palette of pigments used during this
period of Persian art, four illuminated Persian manuscripts from
the 16th and 17th centuries were selected. Two of them are epic
poems: Timur namah (Book of Timur) which tells the story of Timur,
the founder of the Timurid dynasty (1370–1405), and Shah namah
(Book of Kings), the history in 16,000 verses of the Pre-Islamic Per-
sian Kings. The other two manuscripts are books of poetry: Layla
we Majnun,  Nizami (1141–1209), the famous adaptation of a Mid-
dle Eastern love story, and Diwan Anvari,  the collected poems of the
Persian poet Anvari (1126–1189).

∗ Corresponding author. Current address: Research Unit VICARTE: Vidro e
Cerâmica para as Artes, Faculdade de Ciências e Tecnologia, Universidade Nova de
Lisboa, 2829516 Monte da Caparica, Portugal. Tel.: +351 212947893.

E-mail addresses: solange@fct.unl.pt (V.S.F. Muralha), l.burgio@vam.ac.uk
(L. Burgio), r.j.h.clark@ucl.ac.uk (R.J.H. Clark).

Very few scientific studies of the pigments used on Persian illu-
minated manuscripts have yet been made. Raman microscopy (RM)
is a particularly appropriate technique since it allows the in situ
analysis of artefacts in a non-destructive way  and is now widely
used to identify pigments on manuscripts [2–5]. The data obtained
are essentially immune to interference from other pigments, due
to the high spatial (ca. 1 !m)  and high spectral (ca. 1 cm−1) resolu-
tion of the instrumentation. Most inorganic materials and a limited
range of organic ones can be identified in this way. However inter-
ference from fluorescent binders, especially heavily bound ones,
may  lead to difficulties in identification.

By establishing a palette for the manuscripts analysed, a com-
parison can be drawn between the pigments employed and those
referred to in two Persian treatises on painting that have been trans-
lated into English. The first is the Gulistan-I Hunan (Rose Garden of
Art), an appendix to a text written by Qadi Ahmad, in c. 1608, [6] and
the second is Qanun us-Suvar (Canons of Painting) by Sadiqi Bek, a
royal painter from the 16th century [7].  Both were written in what
is now Iran. Purinton and Watters [8] in 1991 compared informa-
tion about the materials used in Persian painting obtained through
scientific analyses with that available in the literature on Persian
painting techniques. They examined nineteen Persian paintings
dating from the 15th to the 17th centuries by energy-dispersive
X-ray fluorescence analysis (XRF), complemented by X-ray diffrac-
tion (XRD) and polarised light microscopy (PLM). The palette of
this period was found to consist mostly of mixtures of pigments to
achieve a variety of different colours. Several more recent stud-
ies using RM as the main analytical technique for pigment and
binder analyses have contributed further to our knowledge of the

1386-1425/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.saa.2012.02.020
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Figs. 1–3. (1) Double-page frontispiece from the manuscript Timur Namah (MSL/1876/699). Locations of the Raman analyses are indicated numerically. (2) Unwan from the
manuscript Timur Namah (MSL/1876/699). Locations of the Raman analyses are indicated numerically. (3) Unwan from the manuscript Layla we Majnum (MSL/1885/359).
Locations of the Raman analyses are indicated numerically.
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line) demonstrated a trend toward higher S2930/S2845 with increasing
tumor density (Fig. 4M). SRS images of fresh brain slices from other
GBM cell lines and non-GBM mouse models are also shown (fig. S5)
to demonstrate the applicability of our method to other experimental
human tumor models.

In vivo epi-SRS brain tumor microscopy
To determine whether SRS microscopy was feasible in vivo, we used an
infiltrative human GBM xenograft mouse model to recapitulate the
irregular, diffuse border of human gliomas. In six mice, we generated
human GBM xenografts that grew to the cortical surface. Craniec-
tomies exposed the tumor engraftment site as well as adjacent non-
invaded brain tissue so that we could apply a coverslip to create a “cranial
window” for the SRS imaging system. The cortical surface was imaged
through a cranial window. SRS image acquisition used a total laser power
of ~150 mW, which could in principle be reduced (fig. S6).

The pattern of arachnoidal and pial vessels on the surface of the
normal brain was clearly identifiable in both the standard bright-field
and SRS images (Fig. 5A). The movement of individual blood cells
through vessels captured in the SRS images results in a blurred appearance
within the vessel lumina. Differences in the vascular patterns between
the images are related to vessels existing superficial to the thin optical
sectioning plane captured by SRS imaging. There was no gross evidence
of tumor on the surface of the brain using standard bright-field micros-
copy (Fig. 5A, left). However, some regions of brain tissue that appeared
grossly normal under bright-field microscopy demonstrated extensive
tumor infiltration on SRS microscopy (Fig. 5A and fig. S7). As ex-
pected from ex vivo imaging, infiltrating tumormargins were readily vis-
ible when SRS microscopy was performed in vivo. The tumor margin
(Fig. 5A, dashed line)was discernable fromboth a biochemical and struc-

tural perspective, with GBM xenograft tissue appearing blue and cellular
(Fig. 5, B and C).

Within non-infiltrated (normal) brain tissue, normal axonal pro-
cesses and the vascular pattern characteristic of non-infiltrated cor-
tex were visible (Fig. 5D, movie S1, and fig. S7). The features of both
tumor-infiltrated and non-infiltrated cortex varied with image depth.
A 100-mm-depth stack, acquired from superficial to deep, near a tumor-
brain interface demonstrated a transition from hypercellular, blue tumor
superficially to hypocellular green cortex with intermixed linear structures,
most likely representing astrocytic processes in the deeper portion of
the sample (movie S1).

Differences in tumor infiltration seen during SRS imaging were also
confirmed by H&E histology after in vivo imaging (fig. S8). The H&E-
stained sections were acquired from a coronal plane perpendicular to
the imaging planes in Fig. 5. In the H&E images, basophilic hyper-
cellular tumor tissue can be seen originating in the cortex, extending
upward to cover the surface of the hemisphere, and downward toward
the corpus callosum (fig. S8). Although tissue movements caused by the
respiratory and cardiac cycles resulted in a slight degradation in image
quality in comparison to ex vivo SRS imaging, we were still able to iden-
tify individual cells at the tumor-brain interface (Fig. 5C).Wehypothesize
that the individual cells are likely neoplastic given the paucity of cells at
this imaging depth in normal cortex.

We also confirmed that similar histoarchitectural features could be
appreciated in simulated surgical conditions (Fig. 6). Before dissection,
the surface of the brain appears acellular with frequent subarachnoid
and pial vessels (Fig. 6A). Deep (about 1 mm) dissection was then carried
out in the surgical field to simulate the manipulation of tissues that occurs
during human brain tumor resection. Under these simulated surgical
conditions, we were able to appreciate the interface between tumor and

normal brain (Fig. 6B), as well as the normal-
appearingwhite matter and cortical archi-
tecture that would be seen after tumor
resection (Fig. 6C).

Ex vivo imaging of fresh human
brain tumor specimens
To test the hypothesis that SRS microscopy
could detect differences between tumor-
infiltrated and non-infiltrated human brain,
we imaged several fresh specimens removed
during the course of a recurrent glioblasto-
ma resection. The portions of the tissue re-
moved from the patient were mounted on
slides, entirely unprocessed and imagedwith
transmission SRS microscopy. SRS images
corresponded well with similar regions im-
aged by traditional H&E histology (Fig. 7).
As in human glioblastoma xenografts,
glioblastoma-infiltrated human brain dem-
onstratedhypercellularity (Fig. 7A) compared
to non-infiltrated or minimally infiltrated
areas (Fig. 7B). In addition, key diagnostic
features were present in the human surgical
specimens, including cellular and nuclear
pleomorphism (Fig. 7C), pseudopalisading
necrosis (Fig. 7D), andmicrovascular prolif-
eration (Fig. 7E).
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Fig. 5. In vivo SRS microscopy images of human GBM xenografts. Images are representative of six
mice. SRS imaging was carried out via acute cranial window preparation in mice 24 days after im-
plantation of human GBM xenografts. (A) Bright-field microscopy appears grossly normal, whereas
SRS microscopy within the same FOV demonstrates distinctions between tumor-infiltrated areas and
non-infiltrated brain (normal), with a normal brain–tumor interface (dashed line). (B to D) High-
magnification views within the tumor (B), at the tumor-brain interface (C), and within normal brain (D).
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Fig. 5. In vivo SRS microscopy images of human GBM xenografts. Images are representative of six
mice. SRS imaging was carried out via acute cranial window preparation in mice 24 days after im-
plantation of human GBM xenografts. (A) Bright-field microscopy appears grossly normal, whereas
SRS microscopy within the same FOV demonstrates distinctions between tumor-infiltrated areas and
non-infiltrated brain (normal), with a normal brain–tumor interface (dashed line). (B to D) High-
magnification views within the tumor (B), at the tumor-brain interface (C), and within normal brain (D).
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