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ABSTRACT: The photophysical properties of the natural pigment
violacein extracted from an Antarctic organism adapted to high exposure
levels of UV radiation were measured in a combined steady-state and
time-resolved spectroscopic study for the first time. In the low-viscosity
solvents methanol and acetone, violacein exhibits low fluorescence
quantum yields on the order of 1 × 10−4, and femtosecond transient
absorption measurements reveal excited-state lifetimes of 3.2 ± 0.2 and
4.5 ± 0.2 ps in methanol and acetone, respectively. As solvent viscosity is
increased, both the fluorescence quantum yield and excited-state lifetime
of this intensely colored pigment increase dramatically, and stimulated
emission decays 30-fold more slowly in glycerol than in methanol at
room temperature. Excited-state deactivation is suggested to occur via a molecular-rotor mechanism in which torsion about an
interring bond leads to a conical intersection with the ground state.

■ INTRODUCTION

Ultraviolet (UV) radiation from the sun is harmful to living
organisms because of photochemical damage to critical
biomolecules that can lead to mutation and cell death. Sun-
exposed organisms must therefore adopt strategies to avoid
photodamage. Some phototrophic microorganisms produce
UV-screening molecules as a defense mechanism against solar
irradiation.1 For example, high solar irradiances induce the
production of UV-absorbing compounds such as scytonemin in
cyanobacteria2,3 and mycosporine-like amino acids in coral
algae and phytoplankton.4,5 In addition, it has been shown that
organisms equipped with carotenoid pigments are more
resistant to photodamage.6

Bacteria in Antarctica particularly benefit from photo-
protective pigments due to the presence of continuous sunlight
through the Austral summer and increased UV radiation due to
ozone depletion in the polar region.7,8 Supraglacial streams are
short-lived and seasonally subject to continuous solar
irradiation. Studying bacterial populations in the harsh
environmental conditions of supraglacial streams provides
insight into the requirements necessary for survival at life’s
limits and potentially extraterrestrially.9 Janthinobacterium sp.
CG23_2, an aerobic psychrotolerant, rod-shaped organism
isolated from the Cotton Glacier supraglacial stream in the
Antarctic Dry Valleys (77° 07S, 161° 50E), produces the
bisindole, purple pigment violacein.10 This pigment has a

structure consisting of two indole rings (Figure 1) that is
uncommon among natural pigments.11

Violacein production increases in response to UV irradiation
in a closely related Antarctic bacterium, resulting in increased
survival.12 This protection could arise from the antioxidative
properties of violacein,13,14 which could mitigate cellular
oxidative stress by scavenging reactive oxygen species generated
by UV radiation. In addition, violacein absorbs strongly across
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Figure 1. Chemical structure of violacein. The compound consists of
(from left to right) 5-hydroxyindole, 2-pyrrolidone, and oxindole
heterocycles.
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the UV (ε = 1.6 × 103 M−1 cm−1 at λ = 310 nm) and visible (ε
= 3.4 × 103 M−1 cm−1 at λ = 570 nm) spectral regions due to its
highly conjugated molecular structure, which consists of joined
5-hydroxyindole (5-HI), 2-pyrrolidone (2-PYR), and oxindole
(OX) ring systems (Figure 1). The latter two moieties are
connected by a double bond contributing to the pigment’s
overall conjugation. The strong absorption across a broad
spectral region suggests that violacein may also function as a
sunscreen.
Molecular sunscreens absorb sunlight strongly (i.e., have high

molar extinction coefficients at UV and visible wavelengths)
and are photostable.15 Molecular photostability is typically the
result of ultrashort (hundreds of femtoseconds to tens of
picoseconds) excited-state lifetimes and complete recovery of
the ground-state population.16,17 This occurs when the
molecule undergoes ultrafast internal conversion (UIC) to
the ground state, a hallmark of molecular photostability.18 Here,
we study the photophysics of violacein for the first time to
understand its potential as a sunscreen. Femtosecond transient
absorption (TA) measurements of violacein isolated from
Janthinobacterium sp. CG23_2 show that the pigment has an
excited-state lifetime of just 3 ps in methanol, consistent with
its low fluorescence quantum yield. We observe that both the
excited-state lifetime and fluorescence quantum yield increase
dramatically with increasing solvent viscosity, indicating that
the rate of deactivation is dependent on the solvent
environment.

■ EXPERIMENTAL METHODS
The supraglacial streamwater samples were collected from the
Cotton Glacier, Antarctica.10 Janthinobacterium sp. CG23_2
was grown to mid-exponential phase in the dark in a general-
recovery low-nutrient media, R2A (Difco). Samples were
concentrated via centrifugation (10 000 g for 15 min). The
supernatant, insoluble in aqueous solution, was removed and
replaced with an equal volume of methanol (99.8% Sigma) to
extract violacein. Samples were incubated for 12 h at 4 °C and
centrifuged (10 000 g for 15 min) again to separate the
extracted pigment from cell debris. Although solvent extraction
separated the pigment from most of the cell components, the
crude pigment extract solutions were further processed using
solid-phase extraction purification, as described in the
Supporting Information. The identity of the molecule was
confirmed by the mass-to-charge ratio obtained from electro-
spray ionization mass spectrometry (see Figure S1 and
associated text).
UV−vis absorption spectra were recorded using a UV−

visible spectrophotometer (Lambda 25, PerkinElmer) with
solutions held in a 1 mm path length quartz cuvette (Starna).
Steady-state emission spectra were measured at room temper-
ature (20 ± 2 °C) using a commercial fluorometer (Fluorolog,
HORIBA Jobin Yvon). Samples for emission measurements
were held in a 1 cm path length quartz cuvette (Starna), and
solution concentrations were adjusted to an absorbance of 0.2
to avoid reabsorption of emitted light. The spectra were
corrected for the spectral response of the instrumentation and
for solvent impurity emission by subtracting solvent-only
background spectra. All spectra were collected after 600 nm
excitation using 3.0 nm bandpass slit widths, 2.5 nm sampling,
and 20.0 s integration time.
The pump−probe TA instrumentation has been described

previously,19 but we briefly summarize the pertinent details
here. The 800 nm laser fundamental was produced by a 1 kHz

Ti:sapphire regenerative amplifier (Libra-HE, Coherent). Pump
and probe pulses were generated using two separate optical
parametric amplifiers (OPerA Solo, Coherent), which were
pumped by ∼1 W of the fundamental. The 600 nm pump was
attenuated to 0.9 μJ and focused to a spot size of ∼670 μm (full
width at half-maximum (fwhm)). The 265 nm pump energy
was also attenuated to 0.9 μJ with a spot size of ∼300 μm
(fwhm). Probe pulses at 720 and 570 nm were used to
interrogate stimulated emission and ground-state bleach
kinetics, respectively (see Discussion for further details).
Pump-probe delay time was controlled by a motorized
translation stage that provides up to 3 ns of delay. A mechanical
chopper (New Focus) operating at 333 Hz let through every
third pump pulse. The linearly polarized pump and probe
pulses were adjusted to the magic angle (54.7°) with respect to
one another to minimize signal contributions from molecular
reorientation. Sample solutions were held within a stationary 1
mm path length quartz cuvette during TA measurements.
Kinetic signals were fit using a sum of exponentials in the Igor
Pro 6.36 (WaveMetrics Inc.) program, as described pre-
viously.20 All stated uncertainties are twice the standard error
estimated by the fitting program.

■ RESULTS
3.1. Excited-State Deactivation in Methanol. The UV−

visible absorption spectrum of violacein in methanol is shown
in Figure 2a. Consistent with the spectrum of purified violacein
in ethanol reported previously,21 our violacein sample exhibits a
strong long-wavelength absorption band with a maximum at
569 nm (λmax

abs ). On the basis of semiempirical calculations of
violacein, Dias et al. assigned this band to a1ππ* transition
localized on the central 2-PYR ring, and they assigned a second
band centered at 370 nm to charge transfer from the 5-HI to
the central 2-PYR.22 We measured an extinction coefficient (ε)
of 3.4 × 103 M−1 cm−1 at 570 nm, which is comparable to the
value of 3.7 × 103 M−1 cm−1 at 570 nm in ethanol measured by
Wang et al.23 Mendes et al. reported a considerably higher value
of 1.9 × 104 M−1 cm−1 at 575 nm in ethanol, which may have
been affected by incomplete pigment purification.24 As
discussed in the Supporting Information, a single solvent
extraction step is insufficient for purifying the pigment from cell
components and results in greater absorbance than from a
more pure solution (see Figure S2).
Figure 2b displays the emission spectrum of violacein in

methanol after 600 nm excitation. Maximum emission occurs
near 680 nm. It was reported earlier that maximum emission
occurs at 675 nm in ethanol upon excitation at 575 nm, but no
details were provided.25 Using the laser dye LDS 751 in
methanol as a standard,26 the fluorescence quantum yield of
violacein was determined to be 1.4 × 10−4.
TA measurements of violacein in methanol were collected

using 600 nm excitation and 720 or 570 nm probing. The decay
traces are shown in Figure 3. At both probe wavelengths, the
negative ΔA signals recover monoexponentially and return
completely to baseline with time constants of τ = 3.2 ± 0.2 ps
and τ = 5.4 ± 0.2 ps for 720 and 570 nm probing, respectively.
Identical TA kinetics were observed for the methanol solution
using 265 nm pump/570 nm probe wavelengths (see Figure
S5). UV−visible absorption spectra were collected before and
after 600 laser exposure, and no measurable photodegradation
or photoproduct formation was observed (Figure S6).

3.2. Emission and Ultrafast Spectroscopy in Viscous
Solvents. Violacein solutions were prepared in solvents of
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varying viscosity, including acetone, ethylene glycol, and
glycerol. Ethylene glycol and glycerol have similar dielectric
constants but differ considerably in viscosity (see Table 1).27

The polar aprotic solvent acetone (0.31 mPa·s) was used as a
control, because it has a similar viscosity as methanol (0.54
mPa·s).27 All solvents also have similar refractive indices.27−29

All measurements in these solvents were performed at room
temperature (20 ± 2 °C).
Steady-state absorption and fluorescence spectra are

presented in Figure 4. The spectral characteristics of the
steady-state UV−visible absorption and emission spectra are
summarized in Table 2. Minor differences are observed in
violacein absorption below 400 nm, but in the visible region,
the absorption maximum red shifts with increasing solvent
polarity and viscosity. For 600 nm excitation, a solvatochromic
shift of ∼12 nm is observed on going from the aprotic solvent
acetone to the polar protic solvents, but little to no shifting of
the emission band is observed as the solvent polarity increases
within the series of protic solvents. Solvent viscosity, however,
strongly affects the fluorescence quantum yield, which is 10×
and 30× greater in ethylene glycol and glycerol, respectively,
compared to the nonviscous methanol solvent (see Figure 4b
and Table 2).
The 720 nm decay kinetics of violacein in the different

solvents (Figure 5a) reveal that the transient signals decay

much more slowly in the viscous solutions than in the low-
viscosity solutions. The 600 nm pump/720 nm probe TA
kinetics were fit using single exponential functions, which
produced lifetimes of τ = 30 ± 1 ps for violacein in ethylene
glycol and τ = 90 ± 5 ps for violacein in glycerol. In acetone,
the violacein 720 nm signal decays with a time constant of 4.5
± 0.2 ps, which is nearly as short as the lifetime measured in
methanol, and the fluorescence quantum yield is similarly low.
Kinetics obtained with 570 nm probing, displayed in Figure

5b, exhibit two distinct time scales in ethylene glycol and
glycerol. Biexponential fitting yielded lifetimes of τ = 7 ± 0.8 ps

Figure 2. (a) UV−visible absorption and (b) steady-state fluorescence
spectrum of violacein in methanol.

Figure 3. TA decay traces of violacein in methanol collected with 600
nm pump and (a) 720 and (b) 570 nm probe wavelengths. Both data
sets were fit with single exponential functions using the time constants
indicated in the figure legends. The vertical dashed lines in both panels
indicate the break between linear and logarithmic scales of the x-axis.

Table 1. Physical Properties of the Different Solvents Used
for Violacein Spectroscopic Measurements

viscosity (η, mPa·s)a
dielectric constanta

(ε)
refractive index

(n)

acetone 0.31 21.0 1.36a

methanol 0.54 33.0 1.33a

ethylene
glycol

16.1 41.4 1.43b

glycerol 934 46.5 1.47c

aMeasured at 25 °C, from ref 27. bMeasured at 25 °C, from ref 28.
cMeasured at 20 °C, from ref 29.
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and τ = 52 ± 3 ps for violacein in ethylene glycol and τ = 15 ±
2 ps and τ = 140 ± 12 ps for violacein in glycerol. In acetone,
the 570 nm probe signal decays monoexponentially, similar to
the 570 nm probe kinetics observed in methanol. The acetone
kinetics at this probe wavelength were fit with a mono-
exponential function with a lifetime of τ = 6.3 ± 0.2 ps. The
lifetimes and their associated uncertainties from TA measure-
ments using 600 nm pump and 720 and 570 nm probe
wavelengths for all solutions are compared in Table 3.

■ DISCUSSION
4.1. Violacein Excited-State Deactivation and Dynam-

ics. On the one hand, the negative ΔA signals at 720 nm are

assigned to stimulated emission (SE), because this probe
wavelength falls within the broad emission band observed from
violacein between 600 and 850 nm (Figure 4b). On the other
hand, the negative ΔA signals observed at 570 nm monitor
ground-state repopulation, or ground-state bleaching (GSB), as

Figure 4. (a) UV−visible absorption and (b) steady-state fluorescence
spectra of violacein in the solvents indicated upon 600 nm excitation.
Note that the absorption spectra are scaled for comparison of the
longest wavelength transition.

Table 2. Wavelengths of Maximum Absorption (λmax
abs ) and

Emission (λmax
fl ) and Fluorescence Quantum Yields (ϕfl) of

Violacein in Various Solvents at Room Temperature

λmax
abs (nm) λmax

fl (nm) ϕfl × 104

acetone 556 668 2.0
methanol 569 680 1.4
ethylene glycol 584 683 10.8
glycerol 587 683 33.0

Figure 5. 600 nm pump TA kinetics of violacein in the solvents
indicated collected with (a) 720 and (b) 570 nm probing. The kinetics
of violacein in acetone were fit with a monoexponential function at
both probe wavelengths. The kinetics in ethylene glycol and glycerol
were fit with monoexponential functions at 720 nm and biexponential
functions at 570 nm. Note that the methanol kinetics are included in
both panels for comparison.

Table 3. Kinetic Fit Parameters for the Stimulated Emission
(720 nm) and Ground-State Bleach (570 nm) TA Signals of
Violacein in the Solvents Listed

λprobe (nm) τ1 (ps) τ2 (ps)

acetone 720 4.5 ± 0.2
570 6.3 ± 0.2

methanol 720 3.2 ± 0.2
570 5.4 ± 0.2

ethylene glycol 720 30 ± 1
570 7 ± 0.8 52 ± 3a

glycerol 720 90 ± 5
570 15 ± 2 140 ± 12b

aThe percent amplitudes of the τ1 and τ2 decay components are 35%
and 65%, respectively. bThe percent amplitudes of the τ1 and τ2 decay
components are 48% and 52%, respectively.
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this probe wavelength is close to the maximum of the longest
wavelength absorption band (Figure 4a). From the SE kinetics
measured at 720 nm, violacein has an excited-state lifetime of
∼3 ps in methanol (Figure 3a). The lifetime in acetone
determined from the SE trace at 720 nm is only slightly longer.
As the solvent viscosity increases, excited-state relaxation as
measured by the stimulated emission lifetime at 720 nm slows
significantly. Importantly, the measured fluorescence quantum
yield increases proportionally (Tables 2 and 3). For example, as
the excited-state lifetime increases from 3 to 90 ps from
methanol to glycerol, the fluorescence quantum yield also
increases by a factor of ∼30, from 1.4 × 10−4 to 33 × 10−4. This
confirms that the excited state monitored by stimulated
emission at 720 nm is responsible for the fluorescence observed
in the steady-state experiments. Radiative lifetimes calculated by
dividing the SE lifetime at 720 nm by the measured
fluorescence quantum yield range between 22 and 30 ns.
These values are reasonable for an organic fluorophore with the
absorption strength of violacein.
Whenever internal conversion occurs on an ultrafast time

scale of several picoseconds or less, the dissipation of excess
vibrational energy from the hot ground state to the solvent can
be the rate-limiting event that determines the kinetics of bleach
recovery signals.30 In methanol and acetone, the observed GSB
lifetimes are slightly longer than the SE lifetimes in the same
solvents. The longer lifetimes are assigned to vibrational
cooling dynamics. Similar rates of vibrational cooling have been
observed for similarly sized solutes in these two solvents
previously.31,32

The violacein excited-state lifetime increases in ethylene
glycol and glycerol, which are more viscous than methanol,
whereas the excited state decays on a similar time scale in
acetone, which has a viscosity similar in magnitude to methanol.
The solvent viscosity dependence suggests that a significant
change in the molecular framework accompanies excited-state
deactivation. Strong viscosity effects on excited-state lifetimes
are typically encountered in molecular rotor dyes.33−35 The
solvent viscosity-dependent fluorescence quantum yield of
violacein may be indicative of a molecular rotor mechanism, as
similar experimental observations have been made in stilbenes36

and cyanine dyes.37

If persistent photoproducts were formed, for example, as a
result of isomerization, then the GSB signals would not recover
to zero unless the photoproduct happened to have the same
absorption cross section as the starting compound at the probe
wavelength. Our data showing complete GSB recovery suggest
that photoproduct formation is unimportant. Instead, we
hypothesize that photoexcitation induces a significant change
in molecular planarity that moves violacein toward a conical
intersection between S1 and S0. This motion could involve cis−
trans isomerization about the CC double bond between the
2-PYR and OX moieties or torsional motion around the single
bond between the 5-HI and 2-PYR ring systems. After
deactivation through the CI, the single bond torsion is
reversed, and the molecule once again occupies its minimum
energy nonplanar geometry. We hope that the observation of
these ultrashort but exquisitely viscosity-dependent lifetimes
will inspire computational studies that can elucidate the precise
deactivation mechanism.
4.2. Photostability and Comparison with Other

Natural Pigments. In methanol, virtually all excited-state
violacein molecules return to the electronic ground state on a
time scale of 3 ps. The fluorescence quantum yield in this

solvent is 1.4 × 10−4. The short excited-state lifetime and the
low fluorescence quantum yield mimic the behavior of the
canonical nucleobases, which are known to be highly
photostable.38 Extremely efficient nonradiative decay from S1
to S0 prevents photochemical reactions from taking place.
These characteristics combined with the absence of spectral
changes after extended visible irradiation during the TA
measurements suggest that violacein is photostable in methanol
solution. This raises the possibility that violacein could play a
photoprotective or sunscreening role in the bacteria it is found
in. However, the increased excited-state lifetimes and
fluorescence quantum yields observed here in viscous solvents
suggest that violacein’s photostability could be reduced
whenever it is found in more viscous environments.
Konzen et al. showed that violacein can be incorporated into

the lipid bilayer of Chromobacterium violaceum in high yields
and that extraction of the pigment requires breaking of the cell
walls.13 There is great interest in fluorescent probes that can
measure viscosity in biological environments such as cell
membranes.34,35 Interestingly, the viscosity-induced changes in
the fluorescence lifetime of violacein, a natural membrane
component, are comparable to ones observed with BODPY
dyes that are among some of the most sensitive rotor dyes.33,35

Nevertheless, although emission by violacein is acutely sensitive
to viscosity, its much lower fluorescence quantum yield makes
it much less suitable as a viscosity probe. Future in situ
measurements of violacein’s photophysical properties in the
bacteria it occurs in are needed to ascertain its effectiveness as a
sunscreen.
Evaluating the photoprotective role of a bacterial secondary

metabolite is not a trivial task. Not only should the molecule
absorb solar radiation, its production must be induced upon
irradiation, and it must provide effective screening and enhance
the survivability of the organism under irradiation.39 Violacein
meets the first two criteria, but the latter two properties are
more difficult to establish. Oftentimes, the evidence in support
of a molecule acting as a sunscreen is circumstantial. For
instance, a major complication arises if the molecule in question
also serves other vitally important physiological purposes.1

Violacein may increase bacterial survivability due to its
antioxidative properties,13 and this active property complicates
the determination of its efficacy as a passive sunscreen
molecule. The difficulty inherent in designating a molecule as
a sunscreen is the reason that of the many natural pigments
found in biological systems (e.g., mycosporine-like amino acids,
flavonoids in plants, melanin in humans, etc.), scytonemin
produced in the sheaths of cyanobacteria is one of the only
confirmed screening compounds.1

Like scytonemin and the carotenoids, violacein absorbs at
visible wavelengths.2 The carotenoids zeaxanthin, astaxanthin,
and staphyloxanthin were also isolated from bacteria in the
Antarctic supraglacial streamwater samples.6 In solution, these
compounds exhibit ultrafast excited-state deactivation, with
lifetimes of 9 ps for zeaxanthin and 5 ps for astaxanthin.40,41

This is consistent with the characteristically low fluorescence of
carotenoids.40 Whereas the carotenoids absorb most strongly
between 350 and 500 nm,42,43 violacein has a broad absorption
band that extends clear out to 700 nm. It would be interesting
to investigate whether the conversion of visible light energy to
heat, which occurs with considerable efficiency in all solvents
studied, would be beneficial for violacein-producing bacteria.
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■ CONCLUSIONS
A combined steady-state and time-resolved study of the excited-
state dynamics of violacein in methanol, and several other
solvent environments, was presented for the first time. The
fluorescence quantum yields in the low-viscosity solvents
methanol and acetone are on the order of 1 × 10−4, on par
with the ultralow fluorescence quantum yields of the DNA/
RNA nucleobases. Excited state decay occurs on a time scale of
∼3 ps in methanol. Strikingly, the excited-state lifetime
increases in more viscous solvents such as ethylene glycol
and glycerol, with concomitant increases in fluorescence
quantum yield. We hypothesize that excited violacein decays
nonradiatively via a conical intersection that is accessed by large
amplitude motions. Further work is warranted to understand
the in vivo photophysics of this pigment and the role it plays in
providing photoprotection for bacteria.
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