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Background fuorescence remains the biggest challenge in Raman spectroscopy because of the consequent curvature of the
baseline and the degradation of the signal-to-noise ratio of the Raman signal. While the concentrations of the fuorophore
impurities are usually too low to be detected by other analytical methods, they are often sufcient to prevent Raman data
collection. Among the diferent existingmethods to remove the fuorescence signal, photobleaching remains the most popular due
to its simplicity. However, using the spectrometer laser to photobleach is far from optimal. Most commercially available in-
struments have little or no choice of wavelength, and their output powers are in many cases not suitable for highly fuorescent
samples such as those from biological systems (e.g., proteins). In this article, we assess practical aspects of photobleaching such as
the apparent reversibility of the process and the efect of convection currents due to what we speculate to be temperature gradients
across the bulk of the solution. We also introduce an afordable custom made external photobleaching unit with a choice of
excitation wavelength and demonstrate its viability with a highly fuorescent bovine serum albumin protein solution, which had
proved most challenging for Raman spectroscopy as it contained ∼10% w/w impurities.

1. Introduction

Many studies in the feld of molecular analytical science are
carried out with biological samples, which have been treated
to extract the desired components (e.g., DNA, RNA, lipids,
and proteins) [1, 2]. Although these molecules are put
through diferent purifcation procedures, e.g., ion exchange
chromatography, afnity chromatography, gel fltration, and
gel electrophoreses, to separate them from one another and
other cellular components, trace concentrations of impu-
rities often remain in the sample in addition to the molecules
of interest, proteins in our case [2, 3]. Because Raman
spectrometers measure all the Stokes shifted frequencies that
reach the detector, whether it is from Raman or other
phenomena, and because fuorescence has a yield several
orders of magnitude larger than that of inelastic scattering,

even a very low concentration of fuorescent impurities in
the sample can cause signifcant background fuorescence
[1, 4]. Among the main efects caused by fuorescence in a
Raman measurement are the degradation of the signal-to-
noise ratio, the rise of a broad Gaussian shaped baseline, and
the saturation of the detector that in extreme cases can
completely mask the signals of interest [5–7].

Fluorescence can be quenched by adding components
with diferent molecular interactions such as energy transfer,
ground-state complex formation, and collisional quenching
[8, 9]. Tey are based on diferent physical-chemical inter-
actions between a quenching agent and the fuorophore that
results in a lower fuorescence quantum yield and therefore
fuorescence intensity [8]. Quenching efects can be reversed
by removing the quenching agent. Moreover, simple fltration
to remove solid particles suspended in a solution removes
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their contribution to the background due to both fuorescence
and Mie scattering [10, 11], and thus it is advisable to flter
samples with syringe flter disks (ideally membranes should
have pore size <0.45 μm) prior to Raman measurements [12].
An alternative approach to suppress fuorescence is by means
of excited state reactions andmolecular rearrangements of the
fuorescent impurity when exposed to UV-Vis light that
results in degradation of fuorophores in a phenom referred to
as photobleaching [13]. Photobleaching is the most exten-
sively used fuorescence suppressing technique in Raman
spectroscopy because of its simplicity. Although the molec-
ular pathways by means of which photobleaching occurs are
not well understood, some authors have suggested that the
fuorophore might undergo an intersystem crossing and that,
because of the longer life time of the triplet state compared to
that of the singlet, a second photon could be absorbed causing
it to transit to a higher energy state from which it could react
with other molecules in the surroundings [14, 15]. Te
molecules that cause fuorescence interference in a Raman
spectrum are typically impurities that absorb at the excitation
wavelength, reason why they can be photobleached by simply
exposing them to the laser. Shorter wavelengths may be more
efective. However, proteins contain aromatic side chains with
absorption bands in the range 250–290 nm. Te wavelength
of choice for photobleaching should be far from exciting any
chromophores in the analyte if its integrity wants to be
preserved. Although some impurities will also have a reso-
nance Raman signal, they are always present at very low levels
(not apparent in a standard fuorimeter). Te low concen-
trations together with the fact that even resonance Raman
scattering is several orders of magnitude smaller than fuo-
rescence mean that the impurities should not be observable in
the Raman spectrum.

Te decay of background fuorescence for any given
fuorophore in a light beamwith time has been reported to ft
an exponential decay and the rate is believed to depend on
the laser power and the excitation wavelength used [13, 16].
Photobleaching proceeds by destroying the fuorophores
and as such the process is irreversible. However, as those
changes are localised to the irradiated parts of the sample,
the migration of fuorophores from non-irradiated parts of
the samples leads to gradual recovery of background fuo-
rescence over time, when the laser exposure ceases. Tis
leads to apparent “reversibility” of the process. We also
noted another phenom that contributes to apparent “re-
versibility” in the form of irregular rebounds of the back-
ground fuorescence after extended periods of
photobleaching. We speculate this is due to convective
currents resulting from temperature gradients.

As we have found that biological samples, in pharma-
cologically relevant concentration ranges, often display
amounts of background fuorescence that makes spectra
acquisition impossible, there is no option but to suppress the
fuorescence which requires signifcant amounts of photo-
bleaching. Tis generally cannot be dealt with by means of
conventional benchtop instruments due to their low output
laser powers, the lack of excitation wavelength choice, and
the removal of the instrument from data collection while it is
photobleaching.

In this paper, we review some of the characteristics of the
photobleaching process and introduce and assess an external
photobleaching unit designed to help minimise instrument
time when measuring extremely fuorescent samples.

2. Materials and Methods

2.1. Samples and Reagents. A ∼40mg·ml–1 stock solution in
water (18.2MΩ, Millipore) of bovine serum albumin (BSA,
Sigma-Aldrich, Poole, UK) was prepared and diluted to
accommodate to the optical density requirements of the
diferent instruments used (see Experimental Procedures).

2.2. Instrumentation. A FP-6500 fuorimeter (Jasco, UK), a
DXR2 Smart Raman spectrometer (Termo Fisher, UK)
equipped with a 633 nm He laser (∼8mW power at sample
position), and a ChiralRAMAN-2X™ ROA spectrometer
(BioTools, USA) equipped with a 532 nm Nd-YAG laser
(∼2000mW at control unit, ∼55% at sample position) were
used.

A simple PDMS (Dow Corning Sylgard 184 silicone
elastomer) microfuidic channel (Figure 1) was prepared
using standard lithographic methods [17] to a depth of
approximately 1.5mm, with channel dimensions as spec-
ifed in the “Supplementary Materials” section (Figure S1).
Access holes for the fuid to enter the channel were drilled
into the PDMS using a biopsy puncher. Te PDMS above
the main chamber of the fuid channel was cut out with a
scalpel, and two quartz microscope slides were bonded to
the microfuidic device to create a rigid fuid fow cell. Te
bonding was performed by exposing the PDMS micro-
fuidic device and the quartz slides to oxygen plasma,
placing the exposed sides of the quartz slides against the
exposed sides of the PDMS, and leaving the combined cell
on a hot plate at 90oC for 30 minutes [18, 19].

Te fuid fow cell was connected through the precut
access holes to Tygon®microbore tubing (0.020 inches inner
diameter and 0.060 inches outer diameter), with needle tips
cut from 0.5-inch gauge needles inserted into the ends of the
tubing to provide a stable connection. Tese tubes were
connected to a PU-980 Intelligent HPLC pump (Jasco, UK)
to recirculate the sample solution through it.

Figure 1: Polydimethylsiloxane channel with an inlet and outlet.
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We also designed and built a 3D printed photo-
bleaching unit consisting of industrial diode lasers that
could be used to reduce the background fuorescence in
Raman spectroscopy without wasting the life span of the
instrument laser. Details of the design of the unit and
dimensions can be found in the “Supplementary Materials”
section (Figures S2–S6).

2.3. Experimental Procedures

2.3.1. Fluorescence Recovery Experiments. Te experiments
were conducted using the fuorimeter by exciting only the
tryptophan residues in BSA using 295 nm excitation
wavelength and measuring its emission band at 340 nm
[20, 21]. For these experiments, a 1mg·ml–1 solution of
BSA in a 3mm pathlength quartz cuvette (Starna, UK) was
photobleached for 10min with a spectrum measured after
each minute. 10 individual measurements were collected
using a 3 nm bandwidth for both the excitation and the
emission slits, and the photobleaching was conducted
with a 10 nm bandwidth for the excitation slit. Te sample
was then homogenised using a vortex stirrer, and the
experiment was repeated.

2.3.2. Photobleaching Experiments Using PDMS Cast. For
this experiment, diferent aliquots of the 40mg·ml–1 BSA
stock solution were measured with the ChiralRAMAN-2X™
spectrometer using a 532 nm excitation wavelength and
control unit nominal powers in the range 250–900mW
(∼55% at sample position, as measured with a laser power
meter by Coherent branded as “Laser Check”). Te spectra
were exported every 5 min, and the signal at 1838 cm–1 was
plotted over time. Two types of experiments were
performed:

(i) No stirring or cooling, with continuous exposure to
the laser for ∼11 h using 500, 700, and 900mW
control laser powers. 0.080ml aliquots of the stock
solution were measured in a 4mm pathlength quartz
cuvette (Starna, UK).

(ii) Exposure to the laser while being recirculated
through a microfuidic channel for ∼11 h using 250
and 500mW laser powers. Aliquots of ∼0.5 ml
were required to fully fll the circuit with the
pump.

2.3.3. Photobleaching Experiments Using Photobleaching
Unit. Aliquots of a 25mg·ml–1 BSA solution (diluted from
the 40mg·ml–1 stock one to prevent saturation of the de-
tector) were measured using a Termo Fisher Raman
spectrometer, with 633 nm laser, 1s exposure, and 10 ac-
cumulations. Ten, the samples were photobleached for 30
and 60min using the external 532 nm and 635 nm lasers and
the 633 nm instrument laser in 3 separate experiments, and
their spectra were collected using the same parameters as
before.

3. Results

Te frst set of experiments was to investigate the origin of
apparent “reversibility” in photobleaching experiments.

In the second set of experiments, we investigated how a
recirculating system could be used to remove the recovery
artefacts. Finally, we assessed how well our simple external
photobleaching unit worked in practice.

3.1. FluorescenceRecovery Experiments. Figure 2 shows how
tryptophan fuorescence, measured at 340 nm, decays
exponentially with time when exposed to 295 nm light and
how signifcantly (but not completely) the fuorescence
signal recovers after mixing with a vortex mixer. Tis is a
consequence of the laser only illuminating a small portion
of the bulk of the solution during the experiments and the
impurities in the surrounding areas returning to the il-
luminated area on mixing. Measurements were performed
with a small slit aperture to minimise any photobleaching
during data acquisition, and the photobleaching was
performed with the maximum aperture allowed by the
instrument to expose as much area of the cuvette as
possible to the radiation.

3.2. Photobleaching Experiments Using PDMS Cast. In order
to characterise further the apparent fuorescence recovery
after photobleaching in a Raman experiment, a concentrated
BSA sample was placed in the BioTools ChiralRAMAN-2X™
instrument which has a more intense laser than most Raman
instruments (as it is designed for Raman optical activity).
Samples were measured over time using diferent laser
power with and without recirculation. Figure 3 shows how
intensity at 1838 cm–1, which was attributed to fuorescence
signal only, Figure S7 (Supporting Information), changes
over time when exposed to powers between 500 and 900mW
(nominal values).

If the photobleaching process was due only to photo-
degradation, the curves in Figure 3(a) could be linearised by
applying a logarithm to the data [10]. However, as it can be
seen in Figure 3(b), the plot curves become linear to diferent
degrees when expressed on a logarithmic scale with the
500mW being the most linear followed by 700mW and
900mW.We concluded that this trend is due to the fact that
higher powers result in more heat and therefore higher
thermal degradation.

Te fuorescence decay trends for stationary samples
in a quartz cuvette shown in Figure 4 initially correspond
well to the trends shown in Figure 3(a). However, ir-
regularities were observed in wider time windows. Also,
those irregularities occurred earlier for higher powers. To
test the hypothesis that this irregular behaviour results
from illuminating only small portion of the solution,
which locally heats the sample and gives rise to convective
currents, we repeated the experiments by recirculating the
sample through a homemade PDMS microfuidic device
(Figure 1) connected to a HPLC pump, resulting in
uniform loss of fuorescence (Figure 4).
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3.3. Photobleaching Experiments Using Photobleaching Unit.
While photobleaching in both spectrometers was clearly
successful, it is not convenient as it takes 12 hours for a single
sample, making the instrument unusable for data collection
and reducing the operating lifetime of the instrument. We
therefore designed and built an external photobleaching unit
in-house. Te unit consists of two industrial diode lasers
(532 nm, 160mW output power, and 635 nm, 190mW
output power), purchased from O-like (China). Te lasers
are enclosed within a 3D printed black case (Figure 5) and a
safety interlock to prevent the laser from being exposed
during operation. Te cross section of the green laser beam

was found to be circular, with approximately 3mm diameter
at sample position. Te red laser beam was found to be
elongated in the horizontal axis, with the beam cross section
at sample position being ellipsoidal (3mm× 6mm).Te unit
is powered with 12VDC current.Te dimensions of the unit
are 14×12× 4 cm3, and the weight is 396 g. Te total cost of
building the device was approximately £200 (USD$275).

Te device was used to photobleach BSA samples over 30
and 60min periods using 635 nm and 532 nm external lasers.
Te results were compared to photobleaching using the
633 nm Termo Fisher instrument laser. Samples were not
mixed in these experiments.
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Figure 3: (a) Relative Raman intensity at 1838 cm−1 (attributed only to fuorescence) of a 40mg·ml-1 BSA solution with diferent nominal
laser powers as a function of time with 532 nm excitation in the ChiralRAMAN-2X™without recirculation. (b) I/I0 of 900, 700, and 500mW
photobleaching curves in log scale with trendlines overlaid.
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Figure 2: Fluorescence recovery after photobleaching of a 1mg·m−1 solution of BSA in water. Te values of the fuorescence intensity were
expressed relative to the initial value.
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Figure 6 shows the initial Raman spectrum and how it
changes over time when exposed to light. Over the frst
30min, the average background fuorescence was cut down
by ∼20% and ∼15%, and over the following 30min, by an
additional ∼10% and ∼5% when photobleached with the 532
and 635 nm external lasers, respectively. In the case of the
instrument laser, the fuorescence dropped by ∼25% after
30min and by an additional ∼5% over the following 30min.

Te local fuorescence decrease is highest for the built-in
instrument laser, despite its lowest power, followed by the
532 nm and the 635 nm lasers. Tis observation can be
explained by the fact that the cross section of the in-
strument laser is much smaller (∼0.5mm diameter at focal
point), and thus the light intensity at the measurement
spot is higher. Additionally, this sample was not moved
between photobleaching and the measurement, unlike the

Figure 5: Homemade photobleaching unit equipped with a green and a red diode laser.
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Figure 4: Photobleaching of 80 μl of BSA sample in a static cuvette at 500mW (black square) and 250mW (red circle) laser power and 500 μl
of BSA sample recirculated in a microfuidic device at 500mW (blue triangle) and 250mW (green triangle) laser power.Te intensities were
expressed relative to the initial value as in Figure 3.
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samples photobleached externally, which had to be
transferred into the instrument and would have under-
gone some degree of mixing. 60 minutes of external
635 nm laser is approximately equivalent to 30 minutes in
the instrument.

Extended photobleaching (3 days) with the external
532 nm laser reduces the fuorescence by a factor of 4 and
shifts its wavelength to longer wavelength (Figure 7). In this

case, the curves are indicative of the presence of more than
one fuorophore, one of which is removed somewhat more
efectively than the other.

We chose 72 h of photobleaching with 532 nm as it
enabled a good Raman spectrum to be collected with either
Raman spectrometer using the total spectrometer time used
of approximately 30 minutes, illustrating the beneft of using
external photobleaching process.
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Figure 6: Initial spectrum of BSA and after 30 and 60min of exposure to external 635 nm laser and 532 nm laser and to 633 nm Termo
Fisher Raman spectrometer laser. All the spectra were measured with 1 s exposure and accumulated 10 times. Te spectra were expressed
relative to the initial values.
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4. Conclusion

We have demonstrated that, in line with previous reports,
the photobleaching process proceeds with exponential decay
of the fuorescence intensity. Te rate of decay depends on
the wavelength, the laser power used, and the identity of the
fuorophore. We have also demonstrated that the apparent
“reversibility” is the product of restricting the light exposure
to small areas of the sample where, by difusion or me-
chanical mixing, other fuorophores canmigrate, resulting in
recovery of fuorescence as in “fuorescence recovery after
photobleaching” (FRAP) imaging experiments [22].

We also observed an irregular recovery of fuorescence
over extended periods of photobleaching that can be
explained by the occurrence of convective fows from local
heating of the sample in a cuvette.Tose irregularities can be
prevented by recirculating the sample with a simple
microfuidic fow device. Alternatively, mechanically stirring
would have the same efect.

Finally, we have demonstrated that samples can be
photobleached externally by means of afordable industrial
LED lasers that can be safely used when built into a 3D

printed case with a safety interlock. Te external photo-
bleaching unit saves wasting signifcant instrument time and
thus prolongs the instrument’s usable life.Te LED laser used
in the construction of the external unit had nominal power
between 160–190mW. Higher power LED lasers are available
and have potential to further shorten the experiment time.
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Supplementary Materials

Figure S1: dimensions of silicon mask. Figure S2: photo-
bleaching unit through top. Figure S3: photobleaching unit
assembly. Figure S4: photobleaching exploded view. Figure
S5: photobleaching unit see through. Figure S6: laser’s
distance to sample in photobleaching unit. Figure S7: Raman
spectrum of a ∼70mg·ml−1 BSA solution collected with the
BioTools instrument. Te sample was photobleached with
800W (X 0.55 at sample position) for ∼3 h prior to the
measurement and accumulated over ∼8.6 h. . (Supplemen-
tary Materials)
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