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Abstract
Rhodamine group of molecules are widely used dyes for imaging of biological molecules. Application of these dyes however
includes a limitation that these molecules absorb in the visible range of the spectrum, which does not fall in the ‘biologically
transparent window’ (BTW). Two photon absorption (TPA) process could come up with an alternate solution to this as these dyes
could be excited in the near infrared (NIR) window to extract similar information. To validate this we have investigated TPA cross
section (TPACS, σ2) of two rhodamine dyes, namely Rhodamine 6G (R6G), Rhodamine B (RhB), site selectively bound with a
model protein, bovine serum albumin (BSA), by exciting at 800 nm. Two photon spectroscopy and imaging confirms the binding
of the dye to the protein. The decreases in TPACS with increasing temperature at a fixed BSA concentration excellently follows
the temperature induced structural transition of BSA as the protein transforms from a molten globule to unfolded conformation
beyond 60 °C, which has previously been established through circular dichroism (CD) measurements. The thus established
resemblance in TPACS and CDmeasurement trends thus strongly affirms the suitability of TPA process in protein imaging and as
an alternative marker to tracking its conformational transformations using NIR radiation.

Keywords Two photon . Rhodamine . Human serum albumin . Circular dichroism

Introduction

Interaction of proteins with small molecules as well as their
structural stability under external perturbation are important
issues to be understood prior to their pharmaceutical applica-
tions [1]. There have been several experimental techniques that

have conventionally been used to extract information, however,
with certain limitations. Fluorescence spectroscopy andmicros-
copy has been one of the most leading tools in this field of
research using both intrinsic and externally labeled flurophores
[2]. Most of these fluroprobes have their excitation and emis-
sion wavelength outside the biologically transparent window
(BTW, 680–1300 nm) in which interference from the biologi-
cally important molecules are minimum, and thus is useful for
explicit biological imaging [3–5]. There is therefore an urge to
develop optimization in protein-probe interaction window that
can resolve this ambiguity. Two photon absorption (TPA) study
comes up with an excellent solution to this problem as visible
probes bound to proteins can be excited with near-infrared
(NIR) radiation and extract information of the systems in-
volved. To validate this hypothesis, we, in this contribution,
have studied the site specific binding of two such molecular
probes e.g. Rhodamine 6G (R6G), Rhodamine B (RhB) with
a well-known model transport protein bovine serum albumin
(BSA) using two-photon induced fluorescence and examined
whether it can follow the temperature induced unfolding of the
protein. The information extracted from the TPAmeasurements
has been compared with those obtained from conventional
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circular dichroism and time resolved fluorescence measure-
ments with comparable proteins [6] in order to authenticate this
process to be of biological importance.

TPA is the simultaneous absorption of two photons by a
molecule when their frequencies correspond exactly to the
energy between two eigenstates. [7, 8] In recent past this tech-
nique has been used in photodynamic therapy (PDT) [9, 10],

bioimaging, [11, 12] biosensing, [13, 14] biophysics [15, 16]
and various other applications. It was found that TPA cross
section (TPACS, σ2) for a molecular system strongly depends
on the excitation laser wavelength [8, 17] and solvent envi-
ronments [17]. Very recently, it was shown that two photon
fluorescence technique is able to differentiate the mode of
binding, either intercalation or minor groove binding, of var-
ious probes with DNA [18, 19]. This study shows that the σ2

value of groove binding molecules are enhanced while those
of intercalative binding molecules exhibit suppressed values.
Recently Deiana et al. have established specific recognition of
G-quadruplex over duplex DNA using two photon induced
fluorescence study [20]. While application of TPA is reported
for DNA molecules, such studies using proteins are in sparse
[21, 22]. Deiana et al. [21] in their recent work has investigat-
ed the TPA process of a macromolucular probe Ant-PIm
which specifically binds to human serum albumin (HSA)
and BSA. They found that the σ2 values strongly depend on
the excitation wavelength with a maximum occurring at
820 nm. This study confirms that TPA can probe the specific
binding of probes to proteins, which prompted us to investi-
gate whether this fact could be exploited to understand site-
specific binding as well as conformational changes in proteins
undergoing thermal denaturation.

Rhodamine dyes are the most commonly used markers in
the TPA studies [8, 17] due to their high fluorescence quantum
yields [23] and low cost which find important applications in
two photon imaging of life cells [24]. Recent studies have
shown that these dyes have very strong affinity towards site
selective binding with the active sites of proteins [25–27]. In
the light of these preliminary studies we investigate whether
TPA of such dyes can extract fruitful information of various
biophysical processes in proteins. To accomplish such intent,
we have monitored the TPA cross section of R6G and RhB in
presence of a widely studied serum protein BSA at different
concentrations and temperatures. The choice of BSA as a
model protein is rooted in the sense that the structure and the
thermal denaturation pathway of this protein has unambigu-
ously been established in the literature using various conven-
tional techniques and would be helpful to correlate the data
obtained from the TPACS measurements. The decrease of σ2

value with increasing BSA concentration indicates a strong
site-selective binding of the dye with BSA.We also found that
the changes in the σ2 value with temperature also follow the
protein denaturation pathway, as has also been established
with CD and other spectroscopic techniques.

Experimental Section

Sample PreparationAll the chemicals, Rhodamine 6G (R6G),
Rhodamine B (RhB) (see their molecular structure in
supporting information in Fig. S1) and lyophilized powder
of bovine serum albumin (BSA) protein were procured from
SigmaAldrich and usedwithout further purification. For mak-
ing the protein stock solution, we used a phosphate buffer
solution at pH~7.4. The same buffer solution was also used
to make the stock solutions of R6G and RhB. The concentra-
tion dependent studies were performed by diluting the stock
BSA solution by adding calculated amount of aqueous buffer.

Steady-State Measurements A UV-2600 spectrophotometer
(Shimadzu Corp.) was used for all the absorption spectrum
measurements. For temperature dependent absorption studies,
we increase the temperature by 5 °C and wait for 5 min for the
system to equilibrate and then recorded the absorption data.
All fluorescence spectra were recorded with a Fluorolog
(Horiba Jobin Yvon) spectrofluorimeter with slits set at
2 nm. For temperature dependent fluorescence study we used
a temperature controller attached to the fluorimeter after en-
suring temperature equilibrium. Circular dichroism (CD)
spectra were recordedwith a JASCO J-815 spectropolarimeter
using a wavelength step of 0.5 nm and a bandwidth of 1.0 nm.
For absorption and CD measurements we used a 1 mm path
length quartz sample cell while the fluorescence measure-
ments were done in a 10 mm path length quartz sample cell.

Time Resolved Measurements Time resolved fluorescence
measurements were performed using a commercially available
spectrophotometer (LifeSpec-ps) from Edinburgh Instruments
U.K. using a diode laser with the central wavelength 299 nm
and 480 ps instruments response function (IRF). Fluorescence
decay data were fitted using commercially available F900 soft-
ware provided by Edinburgh Instruments.

Two Photon Excitation StudiesWe used a home built fluores-
cence spectrometer for all the two photon induced fluores-
cence studies. A femtosecond regenerative amplified laser
system (Libra HE, New Port, USA, Inc.) was used with the
central wavelength of 800 nm, 1 kHz repetition rate and 40 fs
pulse width (full width at half maxima, FWHM). A schematic
experimental setup is shown in scheme S1 (see in the
supporting information section). We used a 10 cm lens to
focus the laser pulses onto the sample and fluorescence was
collected using a 5 cm focal length lens kept perpendicular to
the excitation laser beam to minimize the scattering from the
excitation laser beam. We used a high resolution miniature
grating spectrometer, USB 4000 (Ocean Optics, USA) to re-
cord emission data which is interfaced with a personal com-
puter. For temperature dependent two photon fluorescence
studies we used a temperature controller. We specifically used



800 nm laser pulses as an excitation source for our studies due
to the pronounced two photon absorption cross section of
these two dyes (R6G and RhB) in water [16]. For laser power
dependence studies, we varied the laser intensity using a
neutral-density filter (Model: 100FS04DV.4, Newport, USA,
Inc.) and recorded data at each laser power. Prior to all these
studies we ensured a slope of ~2 when logarithm of the fluo-
rescence intensity was plotted against logarithm of the laser
power (intensity) in order to ascertain the occurrence two pho-
ton process.

Two Photon Absorption Cross Section Measurement (σ2) TPA
cross section (σ2) was measured using two photon induced
fluorescence technique. The measured σ2 values were obtain-
ed by using the following equation, [20, 28, 29].

σ2 ¼ σref
Φref

Φ2

cref
c2

nref
n2

F2
Fref

ð1Þ

Where, ci is the concentration, ni is the refractive index, Fi is the
two photon induced fluorescence (TPIF) integrated over the
total fluorescence curve and Φi is the fluorescence quantum
yield calculated using Eq. S1 (supporting information section).
Here, the subscript ‘2’ stands for the solution under measure-
ments and ‘ref ’ stands for water, for which the values have been
obtained from previously published literatures (e.g. for R6G,σ2
~10.3GMand forRhB,σ2~4GM,where, 1GM= 10–50 cm4 s
photon−1) [17]. Quantum yields were individually measured at
each protein concentrations. Temperature dependent quantum
yields were also estimated at each individual temperature in
presence and in absence of the protein.

Two Photon Microscopy For imaging we directed the laser
beam into a fluorescence microscope (FV300 coupled with
IX71, Olympus, Inc., Tokyo, Japan) that has been modified
for two-photon imaging. The focus of the laser beam was

scanned on the sample by two perpendicular-axis pair of gal-
vanometer mirrors through a pupil-transfer-lens into the side
port of the inverted microscope. Selection of focal point was
done by scanning the complete sample in the Z-direction (from
top to down) and selecting the middle point of the fluorescence
region. To change the focal point depth in the specimen, a
stepping motor was used. Finally, the beam was focused by a
100× and 1.25 NA oil-immersion objective lens from ‘iNEA’
onto the specimen. Two-photon fluorescencewas collected by a
photomultiplier tube (PMT). The excitation wavelength used to
excite the dye and the dye-protein complex was having central
wavelength at 800 nm (6 nm bandwidth, FWHM) with pulse
duration 120 fs and the repetition rate of 76 MHz. We have
integrated the area of the image as a function of increasing
BSA concentration using a MATLAB program.

Results and Discussions

Steady State Measurements The absorption spectra of R6G
and RhB dyes in buffer and in presence of different concen-
trations of BSA are shown in Fig. 1. The observed absorption
peak maxima at ~527 nm for R6G and ~555 nm for RhB are
due to the electronic transition from S0→ S1 electronic states
of the dyes [17]. The small hump observed at ~350 nm for
both the systems are due to the S0→ S2 electronic transitions
in the dyes [30]. The ~285 nm peak appearing in the UV
region is mostly due to the absorption of BSA. We found that
with increasing BSA concentration the intensity at ~285 nm
increases, whereas that in the dye (visible) region decreases,
which unambiguously concludes the dye to bind with the pro-
tein. We also notice that absorption in the visible region does
change almost linearly as a function of the protein concentra-
tion (see, fig. S3) which indicates a selective binding proce-
dure of the dye to the protein as had previously been reported

Fig. 1 Absorption spectra of rhodamine dyes as a function of BSA
concentration for R6G (a) and RhB (b) respectively. The arrows
indicate increasing BSA concentration (from 0 to 50 μM). The spectra

indicate decrease of absorbance in the dye region whereas increases in the
BSA region with increasing BSA concentration



for other dye-protein pairs [25, 26, 31–33].Molecular docking
studies have established that RhB binds with BSA pocket and
one of the diethylamino groups of RhB fits into the bottom of
the binding pocket of BSA, surrounded by the residues
Trp213, Arg194 and Arg198, while the other diethylamino
group locates at the entrance of the pocket and interacts with
the hydrophobic residues Val342, Ala341 and Pro446 of the
protein. The carboxyl groups of the dyes form two key hydro-
gen bonds (2.0 and 3.3 Å) with Arg194 of the protein render-
ing their affinity towards binding [27]. A subtle peak shift
(~1–3 nm) is observed for both the dyes in both UV and
visible regions. The observed marginal change in the peak
frequency in the visible region excludes the possibility of
dye aggregation. The absorption profile exhibits minimal
changes as temperature is increased up to 90 °C in presence
as well as in absence of the protein.

Emission spectra of R6G and RhB, excited at 480 nm, as a
function of the protein concentrations are shown in fig. S4 (see
the supplementary information section). Strong fluorescence
profile peaking at ~556 nm for R6G and ~580 nm for RhB in
water are observed. Addition of BSA progressively quenches
the emission in both the dyes which can be explained consid-
ering site specific binding of these dyes corroborating earlier
findings [25, 26, 31, 32]. The difference in the emission in-
tensity of these two dyes is due mainly to the difference in
their respective quantum yields (ϕR6G ~ 0.95 and ϕRhB ~ 0.31)
[23, 34]. When excited at 280 nm, we surprisingly observe the
appearance of a new emissive peak in the visible region
(~660 nm) (Fig. 2), which otherwise was not evident in water
and most likely emanates from dye-BSA complex formation
and consequent energy transfer from the protein to the dye(s).

Intensity of the new emission peak (at ~680 nm) increases
with increasing protein concentration which indicates that en-
ergy transfer rate enhances as more of such complexes are
formed. We also notice that as the protein concentration in-
creases the emission of the dye (at ~560 nm) quenches, which
unambiguously supports the energy transfer phenomenon to be

the most accountable reason for the increase in the new emis-
sion peak intensity. It can also be noted that the dye concentra-
tion has been kept rather low (~2 μM) in order to rule out any
possibility of self-aggregation of the dyes to originate any new
spectral characteristics (aggregation starts at a dye concentra-
tion above 10−4 M in aqueous solution) [35–38]. The appear-
ance of the new peak renders support to the site specific tight
binding of the dye with the protein [25]. Temperature depen-
dent fluorescence study of R6G and RhB in buffer show a
noticeable reduction in the emission intensity at elevated tem-
peratures (fig. S5, supplementary information). For rhodamine
dyes such decrease has been explained in terms of mobility
change of the molecules’ diethylamino groups [39].

CD Measurements The dyes are achiral, and therefore CD
study of the dye-protein complex provides information on
the protein structure only. We found that addition of the dye
does not noticeably perturb the native structure of the protein.
Increase in temperature, however, affects the CD pattern as the
protein structure modulates. It has been reported that BSA
undergoes thermal denaturation beyond 60 °C [40, 41] and
accordingly we notice a drastic change in the CD pattern at
temperatures >60 °C (fig. S6, supplementary information).
CD measurements thus affirm a structural transition of the
protein at a temperature beyond 60 °C.

Time Resolved Fluorescence Measurements Time resolved
emission spectra of R6G and RhB in presence of 10 μM
BSA (excited at 299 nm) are shown in Fig. 3a,b. Emission is
collected at three different wavelengths, at 350 nm: corre-
sponding to the emission from the protein itself (cyan), at
~550 nm: corresponding to the emission from the dye(s)
(green) and at ~660 nm: corresponding to the dye-protein
complex (red). We observe distinct dynamics at these three
different wavelengths which strongly signifies the dye-
protein binding. All the decays could only be fitted multi-
exponentially and the fitting parameters are presented in

Fig. 2 Emission spectra of rhodamine dyes as a function of BSA
concentration for R6G (a) and RhB (b) excited at 280 nm. The three
distinct emission bands indicate the emissions coming from BSA (peak
max ~350 nm), from the dye (peak max ~556 nm for R6G and peak max

~580 nm for RhB) and from the dye-BSA complex (peak max ~680 nm)
which arises due to the energy transfer from BSA towards the dye. The
arrows indicate increasing protein concentration



Table S1. The emission due to protein Trp (measured at
350 nm) shows two lifetimes of 1.8 and ~6 ns, which is in
good agreement with earlier reports [42]. RhB emission in
water (measured at ~550 nm) decays mono-exponentially
with a lifetime of ~4.5 ns [26]. In presence of BSA, however,
the emission decay could not be fitted mono-exponentially,
rather a bi-exponential decay model provides with a better
fit with time constants of 0.94 ns (10%) and 5.5 ns (90%).
The bi-exponential decay nature of RhB, site specifically
bound with BSA seems to vary with the increasing BSA con-
centrations as have been reported earlier [26]. The observed
quenching in emission lifetime can be correlated with the en-
ergy transfer as manifested in the steady state measurements.
For RhB the quenching has been more prominent and conse-
quently the dynamics also gets faster (Table S1). The emission
decay of the new peak (at ~655 nm) follows bimodal fits with
time constants of 1.6 (10%) and 5.5 ns (90%) for R6G and 1.8
(75%) and 5.2 ns (25%) for RhB. The time constants of this
new peak thus found to be different in the two dyes which
might be due to their difference in the structures and hence the
consequent difference in their respective affinity of binding.
We found that the lifetime of the dye-protein complex lies
within those of the protein (blue) and the dye(s) (green) which
corresponds to the allosteric binding of the dye with the pro-
tein as has been established in earlier studies [43].

Two Photon Imaging Representative two-photon images of
R6G bound to BSA at different concentrations are shown in
the insets of Fig. 4. It is observed that the contrast of the
images decreases with increasing protein concentration which
provides with direct evidence of the quenching of the dye
fluorescence as a consequence of protein binding. We plot
the relative change in the integrated area intensity of R6G as
a function of BSA concentration (Fig. 4).We observe a non-
linear decrease in the relative fluorescence intensity; initially
the quenching is rapid and beyond 20 μM of the protein con-
centration the changes are subtle.

Two Photon Absorption Cross Section Measurements We
measure the TPA cross section (σ2) of the dye(s) bound to

the protein following the methodology described in the earlier
sections (Eq. 1). Figure 5a, b show the changes in σ2 of R6G
and RhB dyes as a function of BSA concentration excited at
the central wavelength of 800 nm. The σ2 values obtained for
both the dyes in water are in good agreement with previous
results [8]. It is noticed that σ2 decreases sharply with increas-
ing BSA concentration for both the dyes which signifies tight
complex formation with high association constant as has been
reported in earlier studies [26, 27, 32]. It is known that heart
shaped BSA allows binding of the probe molecule(s) to its
active sites (site I and site II, dual mode binding) [26, 32,
44, 45]. The sharp initial decrease in the σ2 value up to
10 μM BSA concentration (corresponding to ~5 protein mol-
ecules per dye molecule) indicates progressive dye binding
with the protein. Further addition of the protein provides only
modest change in the σ2 value. The next sharp change in the
≥20 μM protein concentration is perhaps caused by a promi-
nent three photon absorption process of the tryptophen and
tyrosine amino acids present in BSA. It could be noted here

Fig. 3 Time resolved decay of
rhodamine dyes in presence of
5 μM BSA excited at 299 nm
measured at three different
emission maximum for R6G (a)
and RhB (b). The solid lines
indicate bi-exponential fits

Fig. 4 Integrated area ratio of R6G as a function of BSA concentration.
The decrease in the area intensity ratio with increasing BSA concentration
indicate fluorescence quenching due to the formation of R6G-BSA
complex. The insets show two photon fluorescence images of (a) R6G
in buffer, (b) R6G in presence of 10 μM BSA, (c) R6G in presence of
50 μM BSA



that the three photon absorption probability of the protein is
relatively low, [46] and in the low protein concentration re-
gime TPA of the dye overwhelms it. However, beyond a mod-
erately high protein concentration (herein ≥20 μM), this pro-
cess starts contributing reasonable share towards the total σ2

value and decreases it further.

Effect of Temperature on Two Photon Absorption Cross
Section TPACS is known to sensitively depend on the tem-
perature of the medium [47, 48]. TPACS of RhB and R6G
dyes in presence of 5 μM BSA as a function of temperature
are shown in Fig. 6a, b. The protein concentration was kept
fixed at 5 μM to avoid any possible interference from three
photon absorption process. We found that σ2 decreases with
increasing temperature for both the dyes and that also in a non-
monotonic fashion with a definite change in the slope at
~60 °C. Previously Boni et al. [48] had shown that σ2 de-
creases linearly with temperature in azoaromatic compounds
which has been explained on the basis of thermal induced
molecular conformation as a result of increasing temperature.
Using femtosecond (fs) white-light-continuum Z-scan tech-
nique the same group [47] reported that σ2 decreases quadrat-
ically with temperature for all-trans-β-carotene dyes which
was related to the temperature induced change in the dipole
moment of the dyes. Our present data is intriguing in the sense

that σ2 of both the dyes decreases near-linearly in aqueous
medium (see fig. S7, supporting information section) while
in presence of the protein it deviates from linearity clearly
being indicative of protein structural perturbation. The specif-
ic dye-protein binding thus gets influenced by the protein
structural modification at elevated temperatures. It could be
noted that BSA (in analogy to its structural analog HSA) un-
dergoes a two-step denaturation process [6]. With initial in-
crease in temperature a gradual native to molten globule state
transition takes place up to 60 °C in which the protein swells
as the interaction between the various domains weakens and a
marginal exposure of the otherwise buried hydrophobic resi-
dues of the protein takes place.

On further increase in temperature the protein structure
gets completely ruptured and it unfolds [6, 49] (see the
representative CD profiles in Fig. S5). At elevated tempera-
tures the helical structure of the protein gets disrupted
forming less structured secondary forms (mostly random
coils) [40] and correspondingly its site specific ligand bind-
ing ability also gets modified [50]. In the TPA study we ob-
serve a characteristic change in the σ2 value near the protein
unfolding temperature exactly following theproteindenatur-
ation pathway. The mode of binding of the dye with the pro-
tein changes as the protein unfolds and the change gets clear-
ly manifested in the σ2 vs. temperature profile.

Fig. 5 Two photon absorption
cross section of R6G (a) and RhB
(b) as a function of BSA
concentration

Fig. 6 Temperature dependent
two photon absorption cross
section (σ2) of R6G (a) and RhB
(b) in presence of 5 μM BSA
solution



Conclusions

TPA has been a rather non-conventional process to investigat-
ing various biophysical processes, however, it has the advan-
tages of possessing deep penetration depth, low excitation
energy (in the near-IR region, which falls within the BTW)
and small focal volume, which could approach to a few-
molecule level excitation. We have studied the TPACS of
rhodamine dyes, site selectively bound to a model protein
BSA. TPA measurements and microscopy unambiguously
confirms site specific binding of the probes with the protein.
We also found that this technique could also track the temper-
ature induced protein folding pathways as a sharp change in
the σ2 vs. temperature profile is observed, which perfectly
resemble the protein unfolding temperature threshold as pre-
viously been reported using various spectroscopic techniques.
Our experimental results could open up a new avenue in bio-
imaging in which exciting dyes in the BTW could extract
information on the protein structural perturbation.
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