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Identification of berberine in ancient and historical
textiles by surface-enhanced Raman scattering
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The highly fluorescent natural dye berberine can be easily identified in microscopic textile samples by
surface-enhanced Raman spectroscopy employing citrate-reduced Ag colloid. The ordinary Raman (OR)
and SERS spectra of berberine are presented and discussed in the light of a DFT calculation. Using
FT-Raman and FT-SERS we could reliably compare relative intensity shifts and investigate the adsorption
geometry of berberine on Ag nanoparticles. The significant enhancement in the FT-SERS spectrum of the
out-of-plane ring system bending deformation mode at 729 cm−1 relative to a group of in-plane vibrations
at around 1500 cm−1 was interpreted as evidence of a ‘flat-on’ adsorption geometry. SERS was successfully
used to identify berberine in silk fiber samples coated with colloidal Ag following a pretreatment with
HCl vapor. The SERS method allowed us to detect berberine in a microscopic sample of a single silk fiber
from a severely degraded and soiled 17th Century Chinese textile fragment. Copyright  2007 John Wiley
& Sons, Ltd.
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INTRODUCTION

Recent work on natural dyes has demonstrated the potential
of surface-enhanced Raman scattering (SERS) techniques in
the technical study of works of art.1 – 6 The high sensitivity
of SERS detection, coupled with the fluorescence-quenching
usually observed for dyes adsorbed on silver nanoparticles,
makes SERS a very attractive technique for applications in
which minimizing the sample size is an absolute priority.

This paper will describe the identification of the alkaloid
dye berberine (Fig. 1) by SERS after adsorption on aggregated
Ag colloids. Berberine (more properly, its salts, berberinium
chloride or sulfate) is a yellow coloring substance extracted
from the root of Berberis species shrubs (Berberis vulgaris L. in
Europe, Berberis thunbergii, DC. in China)7 or from the bark
of the Amur cork tree (Phellodendron amurensis).8 In China,
berberine was widely used as a dye for paper and silk, and
it had a reputation for protecting paper from insect attack,
owing to its pharmacological activity (for a complete review,
see Ref. 9). While the spectra of pure berberine at 632 and
1064 nm excitation have been published,10,11 obtaining good
quality Raman data from paper or silk dyed with berberine
is extremely difficult, owing to high fluorescence of the
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dye and its low concentration on the substrate. Alternative
data collection methods, such as shifted subtracted Raman
difference spectroscopy (SSRDS)12 – 14 have proven effective,
although requiring a degree of instrumental manipulation
and spectral processing.

A first examination of the structure of berberine suggests
that berberine may indeed be extremely suitable for SERS
analysis. Like rhodamine 6G, berberine is positively charged,
and should show great affinity for Ag nanoparticles. This
paper will describe the SERS spectrum of berberine, and the
extraction and identification of the dye from dyed fibers,
including an ancient and poorly preserved textile. The
possibility of obtaining SERS spectra of berberine directly
from dyed fibers coated with Ag will be demonstrated.
Finally, the results of a density functional theory (DFT)
vibrational computation will be used to provide a complete
band assignment for berberine, and to interpret its adsorption
geometry on silver.

EXPERIMENTAL

Berberine was obtained from Sigma (Sigma B-3251; berberine
chloride). Ag colloid was prepared following the method of
Lee and Meisel15 by reduction of silver nitrate (Aldrich
209139; silver nitrate 99.9%) with sodium citrate (Aldrich
W302600; sodium citrate dihydrate). The Lee–Meisel colloid
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Figure 1. The structure of berberine, with numbering scheme
used in DFT calculations. This figure is available in colour
online at www.interscience.wiley.com/journal/jrs.

was preconcentrated by centrifugation prior to aggregation
(2 min at 2000 rpm).

SERS measurements were obtained from drops deposited
on a well slide for dispersive Raman measurements under
the microscope, and from a cuvette for Fourier transform
Raman measurements. For the microscope slide procedure,
4.5 µl of the colloid was deposited on the well of the slide, to
which 1 µl of a 10�4 M berberine solution in water was added,
followed by 4.5 µl of a 0.5-M NaCl solution. The drop was
covered with a glass coverslip, and the Raman spectrum mea-
sured with a 20ð long-working-distance objective. For the
FT-Raman measurements, 180 µl of colloid, 100 µl of 10�4 M

berberine solution and 200 µl of 0.5 M NaCl were mixed in
a mirror-backed cuvette. All solutions were prepared with
18 M� water. Glassware was thoroughly cleaned by wash-
ing with detergent, immersion in aqua regia (HNO3 –HCl
1 : 3, v/v) and then in piranha mixture (H2SO4 –H2O2 3:1,
v/v) and rinsing in 18 M� water.

SERS spectra from the berberine solutions were obtained
in the dispersive mode using a Bruker Senterra Raman
microscope with 785 nm excitation, a 1200 rulings/mm
holographic grating and a CCD detector, with the power
at the sample ranging from 10 to 100 mW. FT-SERS
measurements were conducted with a Bruker Ram II FT-
Raman-Vertex 70 FTIR spectrometer. The 1064 nm line of
an Nd : YAG laser was used as the excitation source. The
resolution was set to 4 cm�1 in backscattering mode. A liquid-
nitrogen-cooled Ge detector was used to collect 100 scans for
a good Raman spectrum. The laser output was kept at 50 mW.

The ordinary Raman (OR) spectra were obtained directly
from pure powder samples by FT-Raman; the resolution was
set at 2 cm�1. To avoid sample damage, the power was kept
at 25 mW, and 2000 scans were accumulated.

Fourier transform infrared (FTIR) spectra were recorded
with a Bruker Vertex 70 FTIR Hyperion 1000 Microspectrom-
eter in reflection-absorption mode using low-E glass slides
as substrates.

SERS spectra were obtained directly from textile fibers
without prior extraction of the dye. In a variant of a
nonextractive hydrolysis method previously developed for
the analysis of mordant dyes on textiles,6 microscopic
samples of dyed silk thread (two or three single fibers less
than 1 mm in length) were pretreated with HCl vapor in a
microchamber for 15 min, following which they were moved
to a microscope slide, treated with 10 µl of the Ag colloid,
covered with a coverslip and finally examined by Raman
spectroscopy by focusing the laser beam on the silver colloid
cluster deposited on the surface of the fibers.

DFT calculations were performed with Gaussian 0316 at
the B3LYP level of theory and employing the 6�31CG basis
set. The geometry was optimized to a minimum, and then
a wavenumber calculation was performed. No imaginary
wavenumbers were observed in the calculated spectrum.
In accord with usual practice, a scaling factor of 0.99 was
applied to the calculated wavenumbers in order to obtain
the optimum fit to the observed wavenumbers.

RESULTS AND DISCUSSION

The ordinary Raman and IR spectra of berberine
The OR and infrared spectra of berberine are shown in
Figs 2 and 3, together with the calculated spectra. Peak
assignments are shown in Table 1. While there is very good
correspondence between the experimental and calculated
data for the Raman spectrum, the fit is less accurate for the IR
values. This is not surprising, as the dominant bands in the
IR spectrum are due to vibrations of highly polarized bonds
and are therefore very sensitive to the aggregation state, H-
bonding and pH values. The DFT calculation is based on the
in vacuo, free-base molecule, while the experimental data are
obtained from the chloride hydrate. The Raman spectrum,
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Figure 2. Ordinary Raman spectrum of berberine (FTR) and the
calculated (DFT) Raman spectrum.
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Table 1. Calculated and experimental wavenumbers (in cm�1)

Mode
Ramancalc

(cm�1) Icalc

Ramanexp

(cm�1) Iexp

SERSexp

(cm�1) Iexp Description

29 528 11 531 w 533 m Slightly oop CN asym bend C ip ring def C C4H2, C5H2 rock
38 717 1 714 w – m Mostly ip ring def C small CN oop bend
40 740 6 – 729 vs Oop ring system bending def
42 752 53 731 m – – Mostly ip C C4H2 rock
43 772 10 738 sh – – Ip ring def C OCH3 stretch
45 817 31 754 w 754 m Ring A, dioxolane, breathing
47 850 34 769 w 770 m Mostly ip, dioxolane OCH2O asym stretch
49 891 1 781 vw – – Mostly ip ring def C C1H C C4H oop bend
51 934 7 842 sh 842 m C4H2, C5H2, rock C C13H oop bend
54 962 28 834 m 836 m Mostly ip: CO stretch, C13H, C1H ip bend, C6H2 wag, C5H2 rock
55 966 1 842 sh 842 m C8H oop bend
56 991 6 – – 888 m Dioxolane ring stretch, C11H, C12H oop bend
57 994 1 1044 vw 1044 m C11H, C12H, C13H oop bend
62 1100 43 1067 w – – Ip
75 1258 486 1206 s – – Ip
77 1290 257 1237 m – – Ip
78 1306 373 1280 s – – Ip
82 1381 80 1340 vw 1342 m Mostly ip C4H2, C5H2 wag oop
83 1388 183 1367 w – – Dioxolane CH2 wag
86 1426 1222 1397 vs 1398 s Ip
87 1445 116 1425 – 1422 – Ip ring def
88 1465 224 1447 m 1445 w Ip ring def
91 1501 324 1499 m – w Mostly ip C4H2, C5H2 scissor oop
100 1538 2023 1520 vs – – Mostly ip ring def C C4H2 oop scissor, dioxolane CH2 oop scissor
101 1578 220 1569 m 1569 s Mostly ip ring def C OCH3 sym bend
103 1637 142 1622 s 1620 w Mostly ip ring def, dioxolane CH2 scissor
104 1645 1964 1633 s – – Ip ring def (mostly ring C asym stretch)

Raman and SERS experimental wavenumbers are from FT-Raman measurements. Calculated intensities are reported for ease of
comparison with the experimental intensities.
Abbreviations: v, very; s, strong; m, medium; w, weak; sh, shoulder; ip, in plane; oop, out of plane; def, deformation.

600 800 1000 1200 1400 1600 1800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A
bs

or
ba

nc
e

Wavenumber / cm-1

IR Exp

IR Calc

Figure 3. FTIR of berberine and the calculated IR spectrum.

being dominated by ring deformation vibrations, is likely to
be less affected by these factors.

The IR spectrum of berberine is quite complex and
features strong mixing of CH bending and aromatic CC
stretching modes, together with CO stretching vibrations,
CH bending in the OCH2 and OCH3 groups, and aliphatic
CH bending. Aromatic vibrations appear between 1530 and
1600 cm�1 (quadrant stretching), 1200 and 1250 cm�1 (in-
plane CH bending and semicircle ring stretching) and at
1100 cm�1 (ring deformation and CH in-plane bending). The
most intense vibrations in the IR spectrum belong to the
OCH groups, with the CH scissoring of the CH2 group in
the dioxolane-type and of the OCH3 group at C10 being
more prominent. The CH wag vibrations of the C5H2 and
C6H2 groups appear around 1350 cm�1. The intense band at
around 1035 cm�1 probably corresponds to a band calculated
at 990 cm�1 as the symmetric OCO stretch of the dioxolane-
type ring.
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Quite predictably, the major features of the Raman
spectrum of berberine correspond to ring deformation
vibrations mixed with CH bending and scissoring modes.
Contrary to the case of the IR spectrum, in which the most
intense modes always see the rings with O-substituents
play a major role, the most intense vibrations in the Raman
spectrum correspond to systemwide ring deformations. The
peak at 1518 cm�1 corresponds to a semicircle stretch of the
N–C8–C13a ring coupled with CH bending at C8 and C13,
and CH scissoring at C6 and in the dioxolane-type ring. The
intense peak at 1396 cm�1 corresponds to ring deformations
coupled with the in-plane bending of the C12H and C13H
groups. Attribution of the peaks at 1205, 1240 and 1278 cm�1

is more problematic, although a series of CH wag modes
are likely candidates. Lower intensity vibrations at lower
wavenumbers are a ring-breathing mode at 734 cm�1 and
the CH twist of the C6 and C5 groups, at 755 cm�1.

SERS spectrum of berberine
The SERS spectrum of berberine is shown in Fig. 4, along
with the OR spectrum. The SERS spectrum observed is
similar to that reported by Wang et al.17 The measured
wavenumbers of both spectra are listed in Table 1. The
most striking feature of the SERS spectrum is the manifest
reversal of relative intensity between the spectral regions
near 730 cm�1, when compared to those in the region near
1400 cm�1. The most intense lines in the OR spectrum include
the 1397 and 1520 cm�1 lines, which are assigned as �86 and
�100, respectively. These lines, along with most of the adjacent
lines, are only of moderate intensity in the SERS spectrum
in comparison with the OR spectrum. In fact, the lines at
1206 and 1520 cm�1 all but disappear in the SERS spectrum.
A glance at the brief descriptions in Table 1 shows that by
and large these vibrations consist mainly of in-plane motions
of the molecule. For example, the �75 vibration at 1206 cm�1

consists mainly of in-plane ring motions with a CH rocking
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Figure 4. FT-Raman and FT-SERS spectrum of berberine.

motion. The �86 and �100 vibrations involve ring deformations
with CH scissors motions and isoquinol ring deformations,
respectively.

By contrast, most of the lines at lower wavenumbers are
greatly enhanced by the proximity to the surface. The most
intense of these is the trio of lines at 729, 753 and 770 cm�1.
Note also the lines at 888 and 1044 cm�1, which are almost
unobservable in the OR but are quite prominent in the SERS
spectrum. The same is true for the even lower wavenumber
line at 533 cm�1. Most of these lines belong to normal modes,
which have at least some out-of-plane motion. The 533 cm�1

line, for example, is assigned the �29 mode, which includes
ring C and N out-of-plane vibrations in combination with
CH and CH2 out-of-plane wags. The line at 888 cm�1 is the
�56 mode, which has CH out-of-plane bending motions. The
line at 1045 cm�1 is assigned �57, which is mostly in plane but
with CH out-of-plane bending motions as well.

The above observations point to the likelihood that
the molecule is oriented flat on the metal surface. The
enhancement mechanism for SERS is usually attributed to a
large increase in the electric field perpendicular to the metal
surface due to the resonance excitation of surface plasmons
by the laser frequency.18 Therefore, for SERS, the modes that
are most strongly enhanced are those that have at least some
motion perpendicular to the metal surface. Despite the fact
that the molecule is cationic, attachment to the most likely
positively charged silver colloidal particle is facilitated by
the intervention of a layer of negatively charged citrate (as
well as possibly hydrated double-layer Cl�) ions.

If this is the case, we may then more readily assign the
most intense SERS modes in the region of 730 cm�1, which
are severely congested (Fig. 5). In the OR spectrum, the line
at 714 cm�1 is readily assigned to the �38 mode, which is
mostly in plane. The 731 cm�1 line is then �42, which is
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Figure 5. Low wavenumber region (near 730 cm�1)
comparison of FT-SERS, FT-Raman and calculated Raman
spectra.
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mostly in plane, but predicted to be the most intense in OR
by the calculation. The �40, by contrast, includes considerable
out-of-plane bending of rings A, B, C and D, and it is the
only mode that shows significant out-of-plane motion of the
N atom, but the calculation predicts that in the OR spectrum
it should be quite weak. The FTIR spectrum shows a weak
shoulder to the 729 cm�1 line and we attribute this to the
�40 mode. It is then consistent with the above observations
to interpret the SERS enhancement at 729 cm�1 to be due to
the �40 mode, rather than the �42 mode. Thus, even though
they are unresolved, we suggest that the in-plane (�42) mode
is more intense in the OR and the out-of-plane mode (�40) is
more intense in the SERS. The peaks at 754 and at 770 cm�1

are then assigned to �45 and to �47, respectively. A similar
argument may be made for the 1622 cm�1 mode and the
1633 cm�1 mode. The former is enhanced in the SERS, while
the latter is more intense in the IR. Both are somewhat broader
than the other lines and it is likely that they overlap in both
spectra. However, the 1622 cm�1 line may be assigned to the
�103 vibration, which has some out-of-plane motion in a CH2

scissors motion, while the 1633 cm�1 line may be assigned to
the �104 vibration, which is entirely in plane.

Thus, the assumption that the molecule is adsorbed such
that the molecular plane is parallel to the metal surface
provides a consistent explanation of the observed changes in
Raman intensity due to proximity to the surface.

SERS identification of berberine in a historical
textile
An 18th century Tibetan textile featuring recycled earlier
Chinese textile fragments, including a 17th Century central
insert, was selected for examination using the SERS protocol
for berberine. While the textile, held in the study collection of
the Department of Textile Conservation at The Metropolitan
Museum of Art, is of very minor historical and artistic
importance, it provides a significant test case for the method.
Any dye would be significantly faded owing to the long
history of use, and the evident soiling could additionally
interfere with SERS detection.

HPLC analysis, performed prior to SERS examination
showed that the central orange insert had been dyed with a
mixture of berberine and safflower. A microscopic sample of
the orange-dyed silk from the center was therefore removed
to test the effectiveness of the SERS method. Working under
a stereomicroscope, a 1-mm length of silk fiber was obtained
from the textile; the diameter of the fiber was estimated to
be smaller than 50 µm. To help release the dye from the
fiber and to saturate the fiber with chloride ions to facilitate
aggregation of the colloid, the sample was exposed for 15 min
to HCl vapor in microchamber. After the treatment, the
sample was moved to a microscope slide, and a 5-µl drop of
Ag colloid was deposited on it. Finally, a glass coverslip was
used to slow down the evaporation of the drop. The SERS
spectrum was measured by focusing the laser beam through

Figure 6. A fragment from a historical textile, treated with Ag
colloid.
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Figure 7. SERS spectrum of the historical textile sample
compared with SERS of berberine solution. Both spectra were
obtained with microscope setup, at 785 nm excitation.

the coverslip on a silver nanoparticle spot on the surface of
the fiber using a 20ð objective (Fig. 6).

The spectrum obtained (Fig. 7) matches that of berberine;
it is significant that the identity of the dye could be
established using a quantity of sample which is at least 50
times less than that needed for HPLC analysis, the standard
technique for identification of textile dyes.

CONCLUSIONS

SERS is a powerful technique for the identification of nat-
ural dyes in microscopic samples. We have demonstrated
that SERS is applicable to the study of ancient textiles, with
minimal sample requirements and very little sample prepa-
ration. The use of a vapor-phase pretreatment rather than
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the hydrolysis and extraction approach necessary for HPLC
analysis further improves the sensitivity of the method. In
the case study presented, the Raman data were obtained
from a micrometer-sized cluster of silver nanoparticles on
the surface of the fiber. This effectively demonstrates that the
minimum sample size and the limit of detection are restricted
only by the sampling method and the volume of colloid used.
Improvements in the sample handling technique and in the
dispensing of the colloidal solution could potentially allow
us to analyze even smaller samples. It should of course
be noted that the analytical procedure presented here does
not separate the different components of a dyestuff, and
therefore suffers from lack of discrimination when com-
pared with HPLC. Preliminary data (not included) however
demonstrate that it is possible to differentiate pure berberine
from pure palmatine, a related dye, by SERS (the main peak
in the palmatine SERS spectrum is found at approximately
740 cm�1 compared to 729 cm�1 for berberine), thus hinting
at the possibility of further developments in the application
of the technique. Differentiating berberine from other yellow
organic colorants, for instance the flavonoids, is also eas-
ily accomplished by SERS, as can be seen from previously
published data.6

Finally, by comparing the OR and SERS data obtained
from reference material using the FT-Raman technique with
the results of a DFT calculation, we were able to complete
the vibrational assignment of the spectrum of berberine, and
to propose a ‘flat-on’ geometry for its adsorption on silver
nanoparticles.
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