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ABSTRACT

Cyanine molecules are important phototheranostic compounds given their high fluorescence yield
in the near-infrared region of the spectrum. We report on the frequency and time-resolved
spectroscopy of the S, state of IR806 which, upon binding to the hydrophobic pocket of human
serum albumin (HSA), demonstrates enhanced emission. From excitation emission matrix spectra
and electronic structure calculations, we identify the emission as one associated with a 103-degree
twisted geometry state. In addition, we find that this configuration is significantly stabilized as the
concentration of HSA is increased. Spectroscopic changes associated with the S and S; states as
a function of concentration, as well as anisotropy measurements, confirm the formation of HSA
dimers at concentrations greater than 10 uM. These findings imply that the longer-lived S; state
configuration can lead to more efficient phototherapy agents and cyanine S, spectroscopy may be

a useful tool to determine the oligomerization state of HSA.
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Excitation to high-lying electronic excited states usually leads to internal conversion (IC)
to the lowest excited state, as postulated by Kasha.! Efforts to extend the lifetime of higher excited
states, including increasing the solvent viscosity, have been shown to decrease the rate of IC.>*
The combination of viscosity and nonlinear excitation has been shown to cause changes in the
S»/S1 population ratio that are greater than an order of magnitude.’ Here, the protein pocket of
human serum albumin (HSA) is found to stabilize the S state of cyanine IR806 in a geometry that
delays the excited state non-radiative dynamics, resulting in a longer S> excited state lifetime. As
the HSA concentration increases and protein dimers form, we find increased emission due to

greater constraint of the molecular structure.

Heptamethine cyanine dyes are promising phototheranostic reagents given their high
fluorescent yield and generation of singlet oxygen.®® IR806 (2-[2-[2-chloro-3-[2-[1,3-dihydro-
3,3-dimethyl-1-(4-sulfobutyl)-2H-indol2-ylidene]-ethylidene]-1-cyclopenten-1-
y1]ethenyl]3,3dimethyl)-1(4-sulfobutyl)-3H-indolium hydroxide, inner sodium salt) is a
heptamethine cyanine dye capable of exhibiting extended conjugation through the polymethine
group (Scheme 1a), allowing it to absorb and emit light in the IR region. IR806 is of interest due
to its high extinction coefficient as well as quantum efficiency, giving it the potential to be used
as a phototheranostic agent.'®!3 Extending the lifetime of the S, state of cyanines can lead to
phototheranostic activity via two-photon excitation of the S state with near-IR laser pulses.'*!3
The motivation for the use of IR806 can be derived from the similarities to the heptamethine dye
IR125, also known as indocyanine green (Scheme 1b), the only near-IR FDA approved dye, which
is extensively used for medical diagnostics including cardiac output measurements, liver function
and ophthalmic angiography.'®~!® Previous studies involving cyanine dyes have shown that these

molecules binds HSA, the most abundant protein in blood.'*23
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Scheme 1 Molecular structure of (a) IR806 and (b) IR125.

HSA consists of 585 amino acids with a molecular weight of 66.5 kDa.?*2% In vivo HSA
has a wide variety of functions in addition to maintaining plasma oncotic pressure, such as
transporting steroids and the capability of binding to reactive oxygen species.?’* Thus,
understanding the interactions of molecules with HSA is of great importance due to HSA’s ability
to allow binding and transporting a wide variety of molecules such as fatty acids, hormones, and
a multitude of drugs.?!73? X-ray crystallographic studies have shown that HSA has a heart-shaped
tertiary structure, which changes to an ellipsoid in solution.**3> Hence, the tertiary and quaternary
structure of HSA must be dependent on the overall concentration of HSA in solution, which would
naturally alter the behavior of the protein. Research has shown that reversible non-bonding dimers
of HSA occur in concentrations as low as 10 uM,*%37 indicating that a significant portion of HSA
could exist as dimers in the blood stream of a healthy individual where the concentration is between
526753 puM.? Additionally, HSA dimers are a biomarker for oxidative stress and liver
cirrhosis.*®3° Spectroscopic agents capable of quantifying HSA dimer concentration may be of

great value.



The binding of IR806 with HSA has been experimentally confirmed in Awasthi et. al.’s
work.2? The two common ligand binding sites in HSA are the hydrophobic cavities in subdomain
ITA and IIIA."%2340 The binding site in subdomain IIA exhibits hydrophobic interactions which
are strongly influenced by interactions with the hydrophobic sections of the binding dye.

In our recent studies of the higher excited states of IR144 and IR140, we found two S
states which have distinctly different geometries designated as S;™ and S,*.> The geometry of S;!
resembles a planar structure in the polymethine chain and fluoresces at a higher frequency. The
geometry of Sot shows a 94- and 91-degree twist in the polymethine chain, respectively, which
fluoresce at a lower frequency. We find that IR806, when bound to HSA, adopts a distorted
geometry. Based on spectroscopic data and calculations, we find that Sp and S; states have energy
minima corresponding to their planar geometries, thus the distorted geometry involves twisting
distributed among several bonds. However, we find that the S," state of IR806, with a 103-degree
twist in the polymethine chain is stabilized when bound to HSA. This observation is supported by
an increase in the S;' fluorescence intensity and lifetime as the concentration of HSA increases.
We present evidence for spectroscopic changes in IR806 bound to HSA occurring at
concentrations where HSA reversible dimers form. This finding has two important consequences.
First, a longer S» lifetime may enable the higher energy and hence more reactive state to act as an
efficient phototheranostic species. Cyanine dyes can be designed accordingly to release therapy
agents upon S; excitation.!®!315 Second, the S emission of IR806 shows conspicuous
enhancement following HSA dimerization, in comparison to low HSA concentration. Therefore,
it points to a spectroscopic method for quantifying the degree of aggregation of HSA, which has

been linked to oxidative stress and liver cirrhosis.



The normalized steady-state absorption of IR806 in buffer solution is shown in Figure 1a,
which shows an absorption maximum for the first electronic excited state (Si) at 12520 cm ™,
accompanied by a vibronic shoulder at 13600 cm™!. Keeping the IR806 concentration constant at
5 uM, we increased the concentration of HSA, which resulted in a red shift of the S; absorption
maximum. The red shift indicates IR806 is binding to the hydrophobic IIA pocket. The 1:15
IR806-HSA solution shows a red shift of 200 cm™! in comparison to the unbound dye. The
extinction coefficients of these solutions are presented in the Supporting Information (SI) Fig. S1.
The excitation emission matrix (EEM) spectrum of IR806 in solution is shown in Figure 1b, and
the EEM for a 1:15 IR806-HSA mixture is shown in Figure 1c. The emission maximum for S;
shows a red-shift of 160 cm™! in the unbound dye compared to the IR806-HSA mixture. The EEM
spectrum of IR806 reveals higher excited state emissions, which we shall label as S, and S)t,
which show excitation maxima at 16300 cm ™! and 14880 cm ™!, respectively. The corresponding
emission maxima for S>™ and S,' are 15290 cm ™' and 14130 cm™!, respectively. It is worth noting
that, although we are not able to identify the S, and S," absorption maxima from the absorption
spectra, mainly because of the strong Si absorption, we can determine excitation maxima from the
EEM spectra. The EEM spectra for all the different concentrations can be found in the SI (Figure

S2).
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Figure 1. Steady-state absorption and fluorescence spectra. (a) Normalized absorption of IR806 and IR806-HSA
samples prepared in pH 7.4 buffer. The IR806 concentration was kept constant at 5 uM. (b) EEM spectrum of IR806
in the buffer. (c) EEM spectrum of IR806-HSA at 1:15 relative concentration. Please note that the scale for the z-axis
in the EEM spectra is logarithmic.

The emission spectra following excitation at 16667 cm™!, which is close to the excitation
maximum of S,Y, is shown as a function of HSA concentration in Figure 2a. For these
measurements, the concentration of IR806 was fixed at 2 uM and the integrated emission was
normalized to a constant for all the samples. For free IR806, we observe that emission from S, is
significantly higher and S," emission is negligible. However, the emission from S," increases upon
IR806 binding to HSA, as can be seen in the 2 uM HSA case. The S emission shows significant

enhancement with the increase of HSA concentration, along with a noticeable decrease in the S,



emission. With the further increase of the HSA concentration, beyond 10 uM, we observe an even

greater increase in the ratio of S;* to S>M! emission, as shown in Figure 2b.

Fluorescence lifetime measurements were carried out on the IR806 and IR806-HSA
solutions. Isotropic decay traces (/|(t)+2/.(t)) of this excited state are shown in Figure 2c, which
are plotted on a logo scale. The fluorescence, upon laser excitation centered at 16500 cm™! and
detection at 14500 cm™!, exhibited a biexponential decay. The deconvoluted lifetimes for the
different solutions are given in Table 1. The presence of a biexponential decay indicates that a
fraction of the population remains in Ss. In previous work from our group on IR144 and IR140,%°
we identified a change in the molecular structure associated with twisting in the polymethine chain
in the S» state that causes a bottleneck which prevents IC to Si. The molecules that become twisted,
namely the S, state, have a much slower IC to S;, and primarily exhibit S,—S fluorescence.
Therefore, the fast component 7; of the biexponential corresponds to a portion of the S, population
which undergoes IC to the S; state, while the slow component 7 corresponds to a non-IC
configuration that remains trapped in So. We rule out the possibility that the long-lived component
is due to S; fluorescence given that the S; fluorescence lifetime 75 is shorter than 520 ps in the

presence of HSA (see S.I. Figure S4b).

Table 1 Fluorescence lifetimes obtained from time-correlated single photon counting experiments. The time constants
are as defined by the fitting equation f{f) = a exp(-t/t1) + (1—a) exp(-#/z2). The anisotropy time constant R(t) is given by
7oR, and the lifetime of the S1 state is given by 7s1.

Sample? a 71 (ps) 2 (ps) Tavg (PS) 7oR (ps) 1

IR806 0.88 273 +£20 1138 £ 107 380 £ 31 450 £ 49 261+ 3
IR806-HSA (1:1) 0.84 286+3 1296 + 22 445+ 6 550 £ 62 305+5
IR806-HSA (1:15) 0.64 293 +9 1363 £ 70 673 + 31 - 505+ 10

*Tavg:arl + (1— a)n



(a) —— (b)
34
[ =
o
)
Q2
£ 2-
w T
3 0
Q .
A »
£ 14
o
Z
0-0 L L] ¥ ) L ) b L] i 1 0 1 L] 1 ] 1 T
13.5 14.0 14.5 15.0 15.5 16.0 0 10 20 30 40 50
Energy (10° cm™) [HSA] (uM)
© 14 « 0
1§ 5uM
1i:
1E:
2 1
5 {i
o .
s |
I
N ¥
S I
E
o i
z A
®
001t TR ] — .

0 1 2 3 4 5 00 05 10 15 20 25

Time (ns) Time (ns)

Figure 2. (a) Steady-state fluorescence of IR806 and IR806-HSA samples, with increasing HSA concentration,
excited at 16667 cm™!. The IR806 concentration was kept constant at 2 pM. We normalized the data to keep the
integrated emission under the two fluorescence bands constant. (b) The integrated fluorescence ratio of S2M/Sot,
excited at 16667 cm™!, as a function of the HSA concentration. Note the difference in slope for concentrations above
10 uM, a concentration where dimerization becomes favorable. (c) The fluorescence decay of IR806 and IR806-HSA
samples, with a constant IR806 concentration of 5 uM, excited at 16500 cm™! and detected at 14500 cm™'. (d)
Rotational anisotropy decays associated with Sz fluorescence for the samples in (c).

The experimental rotational anisotropy decays R(t), which report on the ability of
molecules to reorient in solution, are shown in Figure 2d for the same solutions in Figure 2¢. The
decays were fitted to single exponential functions. The solution containing IR806 showed a decay
of 450 = 49 ps, the solution with 5 uM HSA showed a slower decay of 550 + 62 ps. The solution

containing 75 uM HSA showed no discernible decay within the sub-nanosecond fluorescence



lifetime. Given that reorientation time depends on molecular size, we conclude that IR806 binding
to HSA slows its reorientation time, and when the concentration is high enough for the presence

of dimers, it can no longer reorient during the fluorescence lifetime.

Molecular docking calculations of IR806 in HSA were carried out using AutoDockTools*!
which yielded the 10 most favorable conformations, the highest binding affinity being —9.2
kcal/mol. After analyzing the conformations, we infer that IR806 binds in the IIA subdomain of
the protein primarily through hydrophobic interactions.?'>* Figure 3a shows IR806 non-covalently
bound to the hydrophobic IIA pocket of HSA, with specifically the non-polar indoline groups on
one end embedded into the pocket, while the charged sulfonate group extends out of the pocket.
Another iteration of docking was carried out specifically in the IIA subdomain with the objective
of obtaining the most likely conformation of IR806 in HSA. The IR806 geometry, upon binding
with HSA, is shown in Figure 3b which exhibits an overall twist in the polymethine chain, in

comparison to the planar conformation in the unbound ground state conformation.?!-??

Figure 3. Molecular docking study of IR806. (a) IR806 (spheres) bound to HSA (ribbons). The different subdomains
are depicted by different colors: 1A - gray, IB - purple, IIA - blue, IIB - green, I1IA - salmon, and IIIB- red. The atoms
of IR806 are shown by different colors as well: C - orange, Cl - green, O - red, S - yellow, and N - blue. (b) The
geometry of IR806, when bound to HSA.



Electronic structure calculations using TD-DFT helped us understand the structural
features of the ground and excited states of IR806. In spite of typically overestimating transition
energies by almost an eV (8065 cm™') in TD-DFT calculations of cyanine dyes, the calculations
are capable of depicting the intricacies of the potential energy surface trajectories accurately.*>#
Several different ground state geometries were compared which revealed that the s-trans
conformation is the most stable geometry.***> The ground state geometry (Somin) resembles a
planar structure along the polymethine chain, the central cyclopentene ring, as well as the
substituted aromatic indole groups on either side. The excited state optimizations were carried out
to obtain the geometries responsible for the emission characteristics of IR806. Figure 4 highlights
the results of our calculations with the different electronic states corresponding to the ground and

excited state geometries, and the relevant transitions and the transition energies.

The vertical excitation (absorption) energy from the ground state to S; is 15647 cm™',
which is 3146 cm™! higher than the experimental S; maximum of 12502 cm™'. The optimized first
excited state, which corresponds to the vibrationally cooled conformation in the S; electronic state,
has been labelled Simin. The excited-state equilibrium geometry of Simin is very similar to the
geometry at the FC point of the ground state. The emission energy from S; is calculated at 11937

cm!, which is in excellent agreement with the experimental value of 12018 cm™".

In line with the previous calculations of IR144 and IR140, there seems to be two distinct
local minima on the S, PES that could be resolved through our calculations.’ The first minimum,
Somin-1, boasts a geometry that is quite similar to the Somin and Simin geometries, specifically in
terms of the planarity of their structures. The second minimum, Somin-2, on the contrary, displays
a high degree of distortion. The polymethine chain of Somin-2 is twisted out of plane by 103°. The

emission energies estimated from our calculations are 23712 and 20728 ¢cm™! for Somin-1 and

10



Somin-2 (experimental values are 15290 and 14130 cm™'), respectively. Based on qualitative
agreement with experiment, the minima Symin-1 and S,min-2 correspond to the emissive states,

SoH and Sob, in line with Laboe et al.’s work.
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Figure 4. Results of the TD-DFT calculations showing energies for the different states corresponding to different
geometries. The top row of molecular geometries depicts the molecules to be in the plane of paper while the bottom
row is a visualization of the same system, with the Chlorine atom coming out of the plane of paper. The energies for
So, Si1, and Sz are shown in black, red, and blue, respectively.

Electronic structure calculations have helped us understand the structural features of the
ground and excited states of IR806. While cis-trans isomers are known to contribute to the
spectroscopy of cyanine dyes,***” we did not consider the contribution of different cis-trans

configurations for every carbon in the polymethine chain. The energy difference for several

11



different conformers, depicted in Figure S11, is given in Table S2. At room temperature we expect
the EEEE conformer to be 11 times more probable than the next lowest energy conformer EEEZ.
Therefore, our calculations are limited to the all-trans EEEE isomer. We examined minimum
energy configurations for multiple geometries starting from different twisting angles of the carbon
atoms closest to the center of the polymethine chain. We found that Sp and S; always relaxed back
to the planar geometry but found a configuration we call S, that corresponds to a minimum with
the polymethine chain twisted to 103-degrees. Emission from such a highly twisted geometry

could populate the EEZE conformer but such a possibility has not been pursued here.

Non-covalent binding complex formation of HSA with IR806 manifests itself in the S;
absorption spectrum with a red-shift as well as an increase in absorptivity (Figure S1).2! The fact
that IR806 in solution shows negative solvatochromism, i.e., a red shift in the S; absorption
spectrum with decreasing solvent polarity, is in line with a decrease in the dipole moment upon
excitation to S;.** This indicates that the binding of IR806 with HSA is primarily though non-polar

interactions, similar to the binding behaviors of other cyanine dyes.?!~%3

The hydrophobic nature
of the binding has also been captured in the docking studies of IR806 (Figure 3). Upon increasing
the relative protein concentration, we see evidence of stronger protein-dye binding in the S;

absorption spectrum of the 1:15 sample that is more red-shift in comparison to the 1:1 case (Figure

l1a). The red-shift in absorption can thus be used as a gauge of protein-dye binding efficiency.

Free IR806 in solution shows two distinct absorptions from Sp to S;!' and Sy with
excitation maxima at 16300 and 14900 cm™!, respectively (Figure S3a). In the presence of HSA in
the 1:1 mixture, the S> absorption band becomes wider, more intense, and shifts to a lower
frequency. We associate the relative loss of intensity in the high-frequency and increase in the

lower-frequency band to a loss of planar structures in the ground state, resulting from binding to
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HSA. As the concentration of HSA increases, we see further shift to lower frequencies. This
confirms that the bound IR806 adopts a twisted geometry in the ground state, in line with previous

studies of cyanines binding with HSA.2!?2

Free IR806 shows two conspicuous emissions from S;" and S,*. Upon binding to HSA, the
S>l emission becomes favored, captured by the fluorescence spectra (Figure 2a) as well as the time-
resolved fluorescence data (Figure 2c). Additionally, the emission from S, shows significant
enhancement upon increase in HSA concentration while S;! shows marked depletion, with a 8-
fold increase in the S;'/S)M emission compared to free IR806 (Figure 2b). The fluorescence
lifetime of the S, excited state shows a marked increase in the 75 uM HSA sample compared to
the 5 uM HSA sample, because of stronger IR806 binding. The distorted configuration that IR806
adopts when bound to HSA stabilizes the 103-degree twist in the polymethine chain that
characterizes the St state. This conclusion is supported by similarities of the S,* geometry
(corresponding to Somin-2 geometry) with the structure of the docked geometry of IR806 (Figure

3b). The enhanced emission signature can hence be used as an indication of binding.

We evaluated the spectroscopic changes in IR806 as a function of reversible HSA dimer
formation. A study by Bhattacharya et al.>¢ suggests that HSA dimerization becomes detectable at
10 uM HSA concentration. Chubarov et al. confirmed the reversible formation of HSA dimers,
and gave the approximate equilibrium binding constant Kp~100 pM.3” Based on those findings,
we focused our study on HSA concentrations between 0 and 75 uM, while keeping a constant
IR806 concentration. Based on the Kp value above, we expect dimer concentration to reach 10%
when HSA concentration reaches 10 uM. First, we verified that no aggregation takes place
between dye molecules upon increasing the IR806 concentration from 1 uM to 5 uM. This was

confirmed from the identical line shapes of the excitation spectra. Starting with S, state emission
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(Figure 2a), we find higher S and lower S,™ emission, as the concentration of HSA increases.
When the S;%/S;" emission ratio is plotted as a function of HSA concentration (Figure 2b), we
observe a change in the slope occurring near 10 uM. We confirm the presence of dimers by the
large increase in fluorescence lifetime and anisotropy decay observed for 75 uM HSA solutions
(Figures 2c and d). We also looked at changes in the S; state spectroscopy, following excitation at
its absorption maxima, for clues of dimer formation. We found that the fluorescence maxima red
shifts as a function of increasing HSA concentration (Figures S6a and b) obtained at 2 and 5 uM
IR806, respectively. When the shift is plotted as a function of HSA concentration, we see a change
in slope near 10 uM. Similarly, when plotting the S emission intensity after normalization to the
emission maxima, we find a change in slope near 10 uM (Figures S8a and b). Finally, when the
raw Si emission intensity is plotted as a function of HSA concentration (Figure S9), we find a
change in slope near 10 uM (Figure S10). We attribute the spectroscopic changes observed to
reversible HSA dimer formation above 10 uM HSA consistent with the findings of Bhattacharya
and Chubarov.?**” We postulate that dimer formation leads to a more hydrophobic environment
for IR806. Our findings indicate that spectroscopic changes in the S; and S; fluorescence of IR806

and perhaps other cyanines may be used as indicators for HSA oligomerization.

In this study we have explored changes in the spectroscopy of the cyanine IR806 as a
function of HSA concentration in buffer solutions. Based on a spectroscopic shift in the S;
absorption and emission, as well as changes in the S;* and S,! state emissions as a function of
HSA concentration, we find that IR806 binds HSA. Protein docking calculations, together with an
observed red shift of the S; absorption spectrum, lead us to conclude that binding takes place in
the hydrophobic pocket (IIA subdomain) of HSA. From EEM spectra and electronic structure

calculations, we identify the major emissive state of the IR8B06-HSA complex as one associated
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with a 103-degree twisted geometry labeled as Syt. As the concentration of HSA increases above
10 uM, we find a change in the rate of spectroscopic changes affecting absorption and emission of
the S; and S states that is consistent with the formation of reversible HSA dimers. The formation
of dimers was further confirmed by reorientation anisotropy measurements at low and high HSA
concentrations. Findings from our study have two important implications. First, the stabilization
and hence longer lived high-energy S» state could enable the design of more effective phototherapy
agents via formation of singlet oxygen or photo-release of therapy agents. Second, the dependence
on HSA concentration indicates that cyanine S, spectroscopy may be used to quantify the
oligomerization state of HSA. This is important given the fact that HSA dimerization has been

utilized as a biomarker for numerous medical conditions related to oxidative stress.
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