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Abstract

Photobiomodulation (PBM) describes the use of low irradiance light i+ the ~.d to near-infrared wavelength range to
stimulate biological effects in tissue, and many biological and sp~~*ro. ~opic techniques are used to study PBM.
However, these techniques focus on the products or downstrean. =ffec ts rather than the electronic transitions that
initiate the PBM processes. This study presents a novel approaa . studying low irradiance light exposures on
individual proteins and/or protein complexes by combining . « yntinuous wave (CW) laser diode with femtosecond
transient absorption spectroscopy (TAS), coined here as 7~ ."'-T .S, and tests the system on reduced cytochrome c
(Cyt ¢) for proof of principle.

TAS was conducted using a 532-nm excitation pu., beam and a 350-600 nm supercontinuum probe. CW laser
diodes with wavelengths of 450 nm, 635 nm, 2~d 808 n. 1 were interchangeably fiber coupled into the HELIOS Fire.
Samples of Cyt ¢ were tested by TAS using a p. mp power of 15 pW, both with and without CW exposure. CW
exposures were carried out with irradiances «f '.J9 and 3.20 mW/cm?, except for 808 nm, which was only tested at
1.60 mW/cm®. Both kinetic and global ana'-se: = ere performed on the TAS data and the time constants for sets with
and without CW exposures were compai - 4.

The TAS data for Cyt ¢ with the fu'! ac-age of CW exposures did not alter the TAS data distinguishably from the
control data. No new electronic tr nsie, “ signals were observed beyond the background when testing Cyt ¢ with the
CW exposures. Kinetic analys’, . n...med that existing transients did not deviate beyond uncertainty. Global time
constants for Cyt ¢ were c. lcu. ted 0 be 0.25 £ 0.03 ps and 5.1 £ 0.3 ps for the control study, and the time constants
for the CW exposed Cyt ¢ we. ~ not significantly different.

This study concludes that CW irradiation, at doses delivered, does not alter the transient absorption data of Cyt c.
The CW-TAS method provides a new tool for studying PBM effects in other proteins and protein complexes that
might respond to the CW wavelengths, such as Complex IV, in future studies.
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1. Introduction
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Photobiomodulation (PBM) utilizes low irradiance light in the red to near-infrared (NIR)
wavelength range (R-NIR) to generate beneficial biological effects in living cells and tissues.
One early study of PBM showed that exposing cells to a low-power 632.8-nm HeNe laser
stimulated ATP synthesis in mitochondria [1]. Since then, a wide range of methodologies have
been used to study the effects of PBM, ranging from biological methods such as histology [2]
and western blot analysis [3], to the techniques of spectrophotometry [4], Raman spectroscopy
[5], and fluorescence [6]. Many of these studies focus on the products, or downstream effects of
cellular processes, rather than the immediate photon absorption steps by proteins that initiate the
PBM processes. Some beneficial physiological outcomes from PBM include enhanced wound
healing [7-9], pain relief [10,11], cell proliferation [12], and reduction of both inflammation [13]
and muscular soreness [14], as well as increased muscular performance, resistance to muscle
fatigue [15], nerve regeneration [16—18], and mitigation of traumat.. brain injury [19].

Mitochondria, the chief producers of ATP in eukaryotic cells, « e ¢enerally accepted as critical
targets of PBM therapy [20]. The leading hypothesis for t'ie ¢-igin of the PBM effect points
specifically towards an enzyme complex in the electron ¢ ansport chain (ETC). The absorption
profile of Complex IV (C-1V) has several similarities v itn the action spectrum for PBM and has
been named the primary photoreceptor for PBM therapic. "21-26]. However, other ETC proteins,
namely Complex III (C-III) and cytochrome ¢ (Cy* 2, share some of the absorption properties of
C-IV, and are often found bound together i -wl.imeric supercomplexes. Therefore, it is
important to widen the focus of PBM rese>. ™ w include C-III and Cyt ¢ as potential targets of
PBM therapies.

The primary role of Cyt ¢ in the ETC 1. to shuttle electrons between C-III and C-1V, and in the
process, pump protons across the mi*oc >ondrial membrane to contribute to the electrochemical
proton gradient that drives the sv=th¢<is of ATP [27,28]. C-lII, C-IV, and Cyt ¢ are heme-
containing proteins. Heme groun. are iron-containing porphyrins whose absorption spectra are
characterized by a strong abso.ntion peak in the Soret band (~380 - 500 nm), and weaker
absorption peaks in the Q hana ~500 - 700 nm) [29]. The ability of these proteins to shuttle
electrons, in combinatica vin the fact that heme proteins are easily characterized by
spectroscopic techniq.=s 7], also make C-III, C-IV, and Cyt ¢ potential candidates for
involvement in PBM. Th: s, light-dependent perturbations in the electronic transitions of these
three photoactive proteins would implicate them in the initiation of PBM pathways.

Light-induced electronic excitations in proteins can be on the order of femtoseconds (fs) to
picoseconds [30,31], thus requiring the use of a femtosecond laser source to obtain the necessary
temporal resolution for resolving these dynamics with spectroscopy. Ultrafast spectroscopic
methods, such as fs transient absorption spectroscopy (TAS) are ideal for studying short-lived
photoinduced energy and electron transfers, such as those expected at the beginning of the
signaling pathways associated with PBM. Applying light exposures, consistent with those used
in PBM studies to individual ETC proteins during TAS data collection, could eliminate or
implicate these proteins for involvement in the PBM response.

TAS is a pump-probe spectroscopic technique that can characterize the photophysical dynamics
of biological and chemical systems. In TAS, if the sample contains molecules that absorb



photons at the pump wavelength, a single ultrashort pulse from the pump promotes a fraction of
the chromophore’s electrons into a transient excited state. At various delay times relative to the
pump pulse [32], a single probe pulse of supercontinuum light provides a broadband absorption
measurement of the sample. Typically, both the pump and probe pulses have durations of about
100 fs. As the time delay is varied, and if the transient electronic states have a unique absorption
wavelength relative to the ground state absorption profile, the method identifies absorption
lifetime dynamics that are specific to the chromophore and type of photoproduct generated. This
process is repeated multiple times, changing the time delay each time, until all transients have
either transferred their energy or decayed back to the ground state.

To normalize the transient spectra, the pump probe is delivered at one-half the frequency of the
probe pulses, and those absorption measurements without a prec.“ing pump pulse make up the
dynamic ground state absorption spectra. In real time with the ;ro.= pulses, the ground state
absorption value (without pump) is subtracted from the excit*d s:ate absorption (with pump
pulse preceding) to obtain an absorbance difference (AA) at caci delay time. Over the course of
the measurement, a complete AA profile, as a function of t ‘th wavelength and time delay (AA(A,
t)), is generated.

Even though there is a generally accepted hypothes’s to. the PBM process that begins with
electronic transitions in C-IV [21,23], others ha e r ported the possibility of a photophysical
mechanism whereby R-NIR light reduces int aceuular water viscosity [33]. Addressing the
question of an electronic excitation mechr aisr i, we have modified the TAS method to include a
third laser beam incident on the same samplc volume interrogated by the pump and probe beams.
Here, this third beam has wavelength «~d irradiance (W/cm?) dosimetry consistent with those
giving rise to release of nitric oxid: ' MOG) in retinal pigment epithelial cells in culture [6].
Whether this release of NO is an e>-'v .*<p in the path to PBM remains unknown, but neither NO
release nor PBM effects occur 1.nmediately upon exposure to light. This implies a delayed
metabolic response. Thus, when Inoking for immediate light-induced effects in purified proteins,
or even isolated mitochondr 2, w . are cautious about calling the applied low-irradiance CW light
a “PBM light” because u.'s would imply a known down-stream effect. Our new TAS
configuration allowed s .~ zerform TAS in real time with low-irradiance exposures, during the
accumulation of radiant :xposure. Although TAS has been used to probe the excited state
dynamics of C-III [34,35], Cyt ¢ [36-38], and C-IV [39], none of these studies assessed the
effects an additional beam of light in real time with TAS data collection, such as R-NIR low-
irradiance light.

In this study, we describe a modified TAS method that combines a 532-nm pump beam, a 350-
600 nm supercontinuum probe, and an experimental beam of varying continuous wave (CW)
irradiances at either 450 nm, 635 nm, or 808 nm to interrogate Cyt ¢ in its reduced form. The
focus of this study will be on Cyt ¢ because it is a much smaller and less challenging protein to
work with than C-IV, thus allowing us to establish a proof of concept for future studies focusing
on C-IV. Because PBM effects at the system level require a certain time of exposure, our
hypothesis is that capturing successive TAS data in real time with the CW laser will capture a
time-dependent “switch” in the electrodynamics of the purified photoactive proteins that are



suspected of being responsive to the CW wavelength. In this manner, we also demonstrate that
this concomitant CW exposure does not degrade or interfere with the TAS signal. We believe the
described method to be useful in characterizing photoresponsive proteins or enzyme complexes.
The application of this technique, which we call CW-TAS, to the components of the ETC will
allow us to identify whether R-NIR low-level light can induce electronic transitions in the
enzyme complexes implicated in PBM.

2. Methods
2.1 Sample Preparation

Cytochrome ¢ was purchased from Sigma-Aldrich and used without further purification. Samples
(0.8 mM) of oxidized cytochrome ¢ (Cyt cox) were prepared by 1. 7ging solid Cyt ¢ in a 25 mM
NaPO,, pH 6.3 buffer containing 0.14 M NaCl. To prepare sar..'es of the reduced form (Cyt
Cred), @ small amount of solid dithionite was added to the solui'on of Cyt cox. The sample was
centrifuged briefly to remove excess solid. The oxidation «tate of all samples was verified by
UV-VIS spectroscopy using a Cary 6000i spectrophotc meter prior to all TAS experiments.
Samples were assayed in a quartz cuvette with a 2-mm pau. leagth.

2.2 Transient Absorption Spectrometer Setup

All TAS experiments were performed with a1 HFLIOS Fire (Ultrafast Systems) transient
absorption spectrometer, and Figure 1 disr.a,s o« schematic of the HELIOS system. The pump
and probe sources were provided by a Ti:s. »hire regenerative amplifier (SpitFire Ace, Spectra-
Physics) with wavelength centered at R00 nm, pulse duration of 80 fs, and repetition rate of 1
kHz. The pump pulses were generated hy ~nlitting part of the 800-nm source light to an optical
parametric amplifier (OPA; TOPAS-T wvi1s, Light Conversion), where it was converted to 532-
nm light (FWHM ~10 nm) by the mehod discussed in previous studies [40,41]. The pump light
traveled through a chopper wh-=1 (CW, Fig. 1) that reduced the repetition rate to 500 Hz. The
pump pulses were focused witw. 2 converging lens (L1, Fig. 1) and directed to be coincident with
the probe pulses within the scrple (S, Fig. 1). The probe pulse consisted of a supercontinuum
(350-600 nm) genera*ed ‘ron the fundamental 800-nm pulse incident upon a window of CaF,
(W, Fig. 1), also havin_ a repetition rate of 1 kHz. After the supercontinuum probe was
generated, the center o. the probe beam passed through a through-hole in the first parabolic
mirror (PM1, Fig. 1) to eliminate the majority of the remaining 800 nm. The remaining annular
shaped probe continued to the next parabolic mirror (PM2, Fig. 1). This light passed through an
800-nm notch filter (F, Fig. 1) to remove the residual 800 nm. The second parabolic mirror
redirected and focused the probe pulse into the beam path of the pump pulse. The foci of the
pump and probe pulses converged at the same volume within the sample (S, Fig. 1), and the
annular shape of the probe beam kept it from overlapping with the pump until it reached the
sample. After passing through the sample, the pump and probe pulses approached the third
parabolic mirror (PM3, Fig. 1) with a through-hole which allowed the pump pulse to pass
through and collimated the annular-shaped probe pulse. The final parabolic mirror (PM4, Fig. 1)
focused the probe pulse into the collection fiber (CF, Fig. 1). The beam radius of the pump pulse



was about 100 um at its focal point, as determined by the knife-edge technique [42] assuming a
1/¢* beam waist.

Pump Probe

PBM diodes
1 £ E
[ = c =
o ) 0
[Tp] (12] o
< © )

Fig. 1. Schematic for the HELIOS Fire fs tra- sier absorption spectrometer. BB denotes the beam blocks.
CF is the collection fiber connecting to the spec.. ymeter. CW is the chopper wheel. F is the 800-nm filter.

PM1, PM2, PM3, and PM4 are off-axis p.vabolic mirrors. L1 and L2 are converging lenses. ND1, ND2,
and ND3 are neutral density filters. S is th_ <an.nle. T is the translation stage. W is the window of CaF,.

As shown in Figure 2, the CaF, w’.. %0, generated a supercontinuum in the ultraviolet to visible
(UV-VIS) region. The CaF, crys:al was kept in motion through translation to maintain the
stability of the supercontinuum ¢ rtput and to prevent damage from the incident 800-nm pulses
[43].
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Fig. 2. Supercontinuum spectra generated from the CaF, window.

2.3 Low-Irradiance CW Laser Diode Setup

For sample irradiation with low-irradiance CW lasers during TAS scanning, the output from one
of three laser diodes was coupled into a fiber imaging system (Fig. 1) that was mounted in the
transient absorption spectrometer. We used CW laser diodes (Thorlabs) with wavelengths of 450
nm (blue; CPS450), 635 nm (red; CPS635), or 808 nm (NIR; CPS808A) that were all
interchangeably coupled into a 550-um diameter fiber (M37L02, Thorlabs). The output power of
the diodes was controlled with a continuously variable neutral density filter (NDL-25C-2,
Thorlabs) prior to the coupling of the light into the fiber. The f ber output was imaged to the
sample with a flat top beam profile having a diameter of 0.95 cm, reslting in an area of 0.71 cm’
at the cuvette. The fiber output was placed above the pump, p1-obe Heam plane, and directed to
the cuvette at a shallow angle so that the diode light was n-t ¢~uected by the parabolic mirror
(PM3, Fig. 1) beyond the sample. The light from the laser di. 7~ illuminations did not affect the
AA(M, t) spectrum, as verified through observation ¢ *he real time AA(A) spectrum in the
HELIOS software.

2.4 Testing Parameters

For the TAS procedure, the 532-nm pump v-_ve.~ngth was used with a power of 15 uW, and the
UV-VIS supercontinuum was used for th. or.be pulse. The pump and probe pulse overlap was
optimized before the start of each TAS meas.-ement by testing with a 0.36 mM Rhodamine 6G
in methanol solution and maximizing ti.> signal response using the Helios spectrometer. The
time delay setup for each scan was Jrog:ammed to take 0.2-ps steps from -2 to 0 ps, 0.05-ps
steps from 0 to 3 ps, 0.1-ps steps f ui> 5 0 10 ps, and 0.5-ps steps from 10 to 50 ps, for a total of
221 time steps. At each time delay ctep, 0.5 s of measurement were taken, which resulted in 250
AA(A, t) measurements averag ~d .~gether at that time delay. The TAS program was set to take a
total of 14 contiguous time s.2ns for each replicate of Cyt ¢ tested. The first scan was taken as a
baseline and did not hav : an - CW laser diode light incident upon the sample. Scans 2-11 were
taken with a CW diode ~nucting light onto the Cyt ¢ sample. Scans 12-14 were taken with the
CW diode turned off to ~",serve changes after the full dosage of irradiation [6]. The total time to
record 14 scans was 46 min and 36 + 11 s. The duration of the CW diode exposure during scans
2-11 was computed to be 33 min and 17 + 8 s. A detailed analysis was done to determine the
number of necessary data sets to be collected in order to have a sufficient signal to noise ratio
(See supplemental section S1.) and it was determined that five sets was sufficient. Five CW-TAS
data sets were collected with each laser diode at each irradiance specified in Table 1, with the
exception of the red laser diode at 3.20 mW/cm” where six sets were collected. The visible CW
laser studies were conducted individually with an irradiance of either 1.60 or 3.20 mW/cm®.
Exposures at 808-nm were at 1.60 mW/cm® due to its maximum power constraint of 2.78
mW/cm®.



Table 1. Laser diode parameters used for CW-TAS of Cyt ¢ samples.

Laser Diode CPS450 CPS635 CPS808A
Irradiance (mW/cm®) 1.60 3.20 1.60 3.20 1.60
Total Power (mW) 1.13 2.27 1.13 2.27 1.13

Radiant Exposure (J/cm®) | 3.20+.01 | 6.39+.03 | 3.20+.01 | 6.39+.03 | 3.20+ .01

Total Energy (J) 226+.01 | 453+£.02 | 226+.01 | 453+.02 | 226+ .01

2.5 Data Processing and Analysis

Data was collected and exported from the Helios FIRE sofi varr and processed in Surface
Xplorer (version 4.3.0, Ultrafast Systems). Background sut trac ions were performed using the
spectra taken at the time delays prior to time-zero. Chirp ¢ wrecuon was performed for each data
set, and the time-zero correction was acquired by fitt'ng the coherence spiking near the zero
delay time in the surface data. CW data sets were pro.~ssed by averaging together each scan
from a replicate sample to the same scan number f-_-n other replicate data collections. Then, the
averaged baseline data were taken and compar2.' to the averaged scan number 11, when the
maximum amount of CW radiant exposure v.2s delivered. Kinetic cross sections were taken at
wavelength 374, 415, 430, and 570 nm, a..1 *ie absorption difference kinetics of the full dosage
scan was compared to the baseline kinetics.

Kinetic and global analyses were corai ~ted in Surface Xplorer. Kinetic fits were computed by
the software using a sum of expr=ertiul decays convolved with a Gaussian instrumentation
response function (IRF), as detailc 1 in previous studies [44].

~to 2

-\= = ko WrwHM
C(t)=e(t’) *ZAie T, ty, = In2 #(1)
l

Equation 1 displays the ki 1etic model, C(t), as a function of time (t) between the pump and probe
pulses, where * indicates convolution. In the equation, A; is the magnitude contribution of each
exponential decay of time constant (t;), to 1S time-zero, and t, is a fit parameter relating to the
Gaussian IRF’s full width at half maximum (FWHM) shown as wrwim. Global analysis was
performed by first performing principle component analysis on surface data through singular
value decomposition (SVD) as detailed in previous studies [45]. Equation 1 was then used on the
selected principal components to acquire the time constants.

3. Results
3.1 TAS of Reduced Cytochrome c



TAS measures the absorbance of excited state transitions of electrons, so it is important to first
establish the ground state absorbance of the sample. Figure 3 presents the ground state
absorbance spectra of both reduced and oxidized Cyt ¢ using the Cary spectrophotometer. Cyt cox
had a strong absorption peak in the Soret band at 409 nm, and a single, broad absorption peak in
the Q band at 530 nm. The Soret peak for Cyt c..q was red-shifted with a Ay« at 415 nm, and in
the Q band region, there were two peaks at 520 nm and 550 nm. The 532-nm pump’s bandwidth
(FWHM ~10 nm) overlapped with the absorption peaks of both reduced and oxidized Cyt ¢ and
allowed for the excitation of both species. The reduced form of Cyt ¢ was used for all TAS
experiments in this study.
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Fig. 3. Ground state absorbance spectra for vt ¢ in its reduced (red) and oxidized (black) states. Inset plot
displays a magnified view of the Q band

There are two possible changes 1 1AS data that would indicate light-induced electronic
transitions had occurred. First s . < appearance, disappearance, or a change in wavelength-
specific absorption of one or 1. ot¢ transient species due to the presence of the low level light.
Second is a modification in ac~2y times for a transient species present in the absence of the low-
irradiance light. Once a ‘ont ibuting photosensitive protein is found, our analysis will provide
valuable feedback for op “‘mizing the dosimetry of the low-level light, and perhaps for the PBM
response in general. Frc=. this information, we can further elucidate what underlying molecular
processes are stimulated through PBM therapies.

TAS data collected for Cyt c in the Soret region using the 532-nm pump is shown in Figure 4a.
The surface plot displayed positive transients (orange and red colors) at 374 nm and 429 nm,
corresponding to excited state absorptions. More specifically, the 374-nm signal corresponded to
changes in the heme & band and the 429-nm signal corresponded to a ferrous five-coordinated
heme [46]. The negative transient signal (blue color) at 415 nm corresponded to ground-state
bleaching due to greater Soret band absorbance by Cyt ¢ (Fig. 3). TAS data were also collected
for the Q band using the 418-nm pump (Fig. S3), which displayed ground-state bleaching at
around 520 nm and 550 nm. Figure 4b displays spectral cross sections over the Soret and Q
bands taken at different time delays with the 532-nm pump scattering region not displayed. The
ground-state bleaching at 550 nm was partially resolvable with the 532-nm excitation, but not



addressed further in kinetic analysis due to overlap with the 532-nm scattering region. Our TAS
spectra agree with previous studies reported for reduced Cyt ¢ [36-38].
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Fig. 4. Transient absorption spectra of Cyt ¢ with 532-nm excitatic~ at 30 nJ/pulse displayed as (a) a
surface and (b) spectral cross sections at different time delays

3.2 CW-TAS comparison results — Kinetic Analy is

Comparisons between TAS data with an” wi'aouw CW light, made by examining kinetic cross
sections of the surface data at wavelengths 1.~ving observed transients, indicated no differences.
Selection of wavelengths at or around local extrema of peaks (transients) and troughs (bleaching)
appearing after the coherence spiking n..r iime-zero defined the data for comparison. Averaged
kinetic data from the 11™ scan =itl. “W light was best for the comparison because this
represented the time of delivery “c- maximum CW radiant exposure. Averaged kinetic data from
the samples without CW light ex,osure provided the baseline for comparison with CW exposure.
Figure 5 displays the compariscns of kinetic cross sections without and with 635-nm CW
exposure at 3.20 mW/cn": wken at 373.6, 415.1, 429.5, and 569.6 nm. The normalized kinetic
cross sections between the ~ontrol data and CW data showed no significant deviation. Similar
results (data not shown) vere observed for the other CW wavelengths and irradiance settings
listed in Table 1.
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Fig. 5. Kinetic cross sections of Cyt ¢ TA™ data at \a) 373.6 nm, (b) 415.1 nm, (c) 429.5 nm, and (d) 569.6
nm, displaying the normalized transient resvo. <e both with (red) and without CW (black). Pump power was

30 nJ/pulse, and the CW light was from “ne 0.”5-nm diode at 3.20 mW/cm®.

Surface Xplorer provided kinetic “it tu- the time constants in each cross section shown in Figure
5. Table 2 provides the compil 4 tuae constants, along with their uncertainties as computed at
the 90% confidence interval. 1 dme constants extracted from the data with full dosage CW
light did not vary in a sta*<tic~.ly significant way from the time constants of the data without
CW light. This suppc-ts ‘he dea that the relaxation and transition processes in Cyt ¢ were not
changed by the CW dosa, =s used in this study, and this is further explored with more robustness

with global analysis techiiques (see section 3.3).

Table 2. Kinetic fit results for Cyt ¢. Control sets were calculated with n = 14, whereas CW data sets were

calculated with n = 5, except in the case of 635-nm CW at 3.2 mW/cm” where n = 6.

Cross-Section CW Wavelength CW Irradiance
Wavelength (nm) (nm) (mW/cm?) 71 (pS) 72 (ps)
Control #1 - 44+0.3 -
Control #2 - 4.7+0.5 -
450 1.60 4.8+0.5 -
373.6 nm 450 3.20 43+04 -
635 1.60 3.9+0.6 -
635 3.20 45+0.3 -
808 1.60 41+04 -
415.1 nm Control #1 - 0.22+0.11 5612




Control #2 - 0.19+0.17 54+14
450 1.60 0.19+0.42 48+3.0
450 3.20 0.20+0.15 5.6+29
635 1.60 0.20+0.19 48+2.4
635 3.20 0.23+0.08 52+1.8
808 1.60 0.47+0.38 54+27
Control #1 - 0.19+0.09 49+0.2
Control #2 - 0.19+0.08 49+0.2
450 1.60 0.19+0.33 5.0+£0.2
429.5 nm 450 3.20 0.20+0.07 4.8+0.2
635 1.60 0.21+0.07 5.1+£0.2
635 3.20 0.20+0.05 5.2+0.1
808 1.60 0.20+0.04 5.0+£0.2
Control #1 - 021+ '23 59+1.9
Control #2 - 019+£02_ 6.5+£2.6
450 1.60 0.19 0.7 50£1.5
579.6 nm 450 3.20 0"+ 210 63+1.5
635 1.60 (20 0.31 5.5+£3.0
635 3.20 0.2u+0.22 5.6£2.0
808 1.60 L L20+0.16 54+14
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Fig. 6. The two significant (a) spectral components and (b) kinetic components from SVD analysis on the
control data of Cyt c,q with the wavelength range of 350-500 nm.

We used global analysis to fit the time constants of the data sets of Cyt ¢, both with and without
CW light exposure. The wavelength range chosen for the analysis was 350-500 nm. At shorter
wavelengths, there was low signal to noise ratio (S/N) due to weak probe strength. At longer
wavelengths, low S/N was due to pump pulse leakage into the detector. After performing SVD
analysis on each TAS data set, two principle components were determined as significant for
obtaining global time constants. For the control data, SVD analysis yielded singular values of S;
=09, S; =04, and S¢ < 0.1 for k > 3. Figure 6 displays the first two principle spectra and
kinetics. The principle kinetics were fit using Equation 1 and this resulted in the determination of
two decaying exponential terms, along with a constant contribution. The time constants acquired



from global analysis on the control data were 0.25 &+ 0.03 ps and 5.1 + 0.3 ps. The global time
constants for control and CW data collections are displayed in Table 3, along with their
uncertainties computed at the 90% confidence interval. The time constants extracted using the
global fitting procedure on the data with full dosage CW light did not vary in a statistically
significant way from the data without CW light. Hence, the relaxation and transition processes
associated with these time constants (detailed in the discussion) were unaffected by full dosage
CW light.

Table 3. Global analysis fitting results for reduced Cyt c. Control sets were calculated with n = 14, whereas CW
data sets were calculated with n = 5, except in the case of 635-nm CW at 3.20 mW/cm” where n = 6.

CW Wavelength CW Irradiance ‘

(nm) (mW. /cmz) 71 (ps) T2 (ps)
Control #1 - 025+003 | 51+03
Control #2 - 0.26 + 0.03 # 5.1+04

450 1.60 020+0"? 5.3+0.6

450 3.20 020+ 05 5.0+0.5

635 1.60 0.25 0.0v 5.1+0.5
635 3.20 v -0.93 5.0+0.3
808 1.60 L.26 + 0.05 49+04

4. Discussion
4.1. Kinetic and Global Analyses

In our study, kinetic and global analy.=s of Cyt ¢ yielded similar results, producing two time
constants. We took both a kinetic and _'ou~l analysis approach to analyzing TAS data of Cyt c,
both without and with concurrent low-"evel CW light. Although more commonly used in pump-
probe spectroscopies with a singl< wa relength probe pulse, kinetic analysis techniques can also
be used to provide a first glimp. > at .he kinetic processes prior to global analysis. For broadband
probe pulses, global analysis tc~huiques are widely considered the standard approach for data
analysis [44,45]. The long~~ ti.~ . constant (5.1 £ 0.3 ps) is consistent with previous TAS studies
on Cyt c using 532 ni~ e. citzdon [37]. The authors concluded this time constant corresponds to
recombination of the disi. ! methionine (Met-80) to the porphyrin Fe in the Cyt ¢ active site. The
shorter time constant (0..5 = 0.03 ps) is consistent with the shorter relaxation values attributed to
vibrational relaxation of the heme [36,37].

A time constant in the range of 2.5-2.8 ps was reported in previous studies [36,37], however,
when the number of time constants used in our global analysis was increased, our SVD analysis
did not resolve an approximately 2.5-ps time constant. In Wang et al., the relative contribution of
the 2.8-ps time constant is consistently weaker than the contributions from other time constants
[36]. Additionally, in Negrerie et al., the first SVD component is predominantly composed of the
4.8-ps time constant, and dwarfs the contribution from the 2.5-ps time constant [37]. Given that
the noise level in our data at certain wavelengths is not optimal, as shown in Figure 5, it is likely
that the 2.5-ps time constant could not be resolved due to the noise in the data. Therefore, to
determine if the 2.5-ps time constant is resolvable in our samples, more replicates are needed to
increase the signal-to-noise ratio (S/N). A longer (16 ps) time constant was also resolved by



Negrerie et al. [37]. Their study notes that the 16-ps time constant had a minor contribution
compared to the 4.8-ps time constant, and their extended time window (out to 100 ps of time
delay) helped them to further resolve the 16-ps time constant. Our analysis likely did not resolve
the 16-ps time constant because the 16 ps time constant is a weaker contribution which requires
higher S/N to resolve.

4.2. Effect of CW exposures on Cyt ¢ TAS

In this study, both TAS and CW-TAS studies were performed on the reduced form of Cyt c. The
choice of CW wavelength and dosimetry were meant to approximate exposures expected to
generate PBM-like effects, based on results from previous studies [6,47]. In this way, we
expected to identify whether Cyt ¢ alone could account for the initial photon absorption and
electronic state dynamics of PBM. We found that for low-level C Y exposures at 450 nm, 635
nm, and 808 nm we could not distinguish any new transients (» 4) « eyond the noise floor in the
TAS data. Additionally, we found no significant differen<.. 1w the time constants for any
transient signals due to CW illumination (Table 3). It is 1I"kc'v *aat the reason that there are no
measurable changes with the CW exposures is that the gou. 1 state absorption for Cyt c is weak
at the wavelengths selected for the CW exposures. Thi. lea ls us to eliminate Cyt ¢ as a primary
target of PBM with a mechanism of electronic transitir a. A'ternatively, our results are consistent
with a mechanism for PBM that does not require ¢ (e .ti onic excited states.

One limitation to our study was that we onl;, . -ou~d the Soret region by using the 532-nm pump.
Although we only did one control experim~* o look at the Q band of Cyt ¢ (Fig. S2), it is highly
unlikely that probing within the Q band woula have changed the outcome because any electronic
change should affect both the Q and Se-et c2gions [29].

Although we did not see an effect of (v light on the excited state dynamics of Cyt ¢, we did
show that it is possible to suc-c.sfully incorporate low-irradiance CW light into the Helios
system without altering the TAS Jata. As presented in Tables 2 and 3, there were no statistically
significant differences in elc~tro .ic state dynamics between our data sets with and without CW
exposures as determined oy “Yoth kinetic and global analyses. Finally, we have established the
combined CW-TAS mc*he? us a viable method for screening proteins, or enzyme complexes, for
potential involvement in 11e electronic initiation of PBM by careful choice of CW wavelength
and dosimetry.

5. Conclusion

We have presented a modified method of TAS to include the introduction of steady-state CW
laser exposure in real time with repeated TAS measurements. The CW irradiation did not alter
the results of the TAS measurements using the reduced form of Cyt c. When using CW
wavelengths and dosimetry reasonably expected to induce NO in cells, and potentially lead to
PBM in animal systems, we were unable to identify electronic transients above background
levels for Cyt ¢ protein, likely due to the weak absorbance at the CW wavelengths utilized in our
study. We hypothesize that electronic transitions will be induced for protein targets which do



have strong absorbance at the selected CW wavelength and these targets will be candidates for
involvement in the initial step in the PBM process. To underpin our results with CW exposure,
our kinetic and global analyses produced data consistent with that previously published. The
CW-TAS method will provide a means for assessing other mitochondrial proteins and enzyme
complexes for a role in PBM initiation via electronic transition.
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S1. Determining Number of Replicate Scans:

When using CW during TAS data collection, each scan will have undergone a different duration
of CW illumination. Therefore, averaging each scan number wi*1 the same scan number from
multiple other replicate data collections is necessary, instead of a. eraging together all of the
scans in one data collection. Since the signal to noise ratio is i11po: ‘ant for obtaining a good fit
for the time constants with low uncertainty, we estimated '\ many replicate data sets were
necessary to average a sufficient number of scans betv ec> _ollections to reduce the noise
sufficiently for fitting the data with the kinetic fit equatirz 1s~d in TAS analysis (Equation 1).
t—to

AL (D) = ZAie_ T4 A, #(1)
i

To estimate the number of data sets needrua \ 'he» using CW illuminations during TAS, a data
collection with 20 scans was first taken or a sample of reduced cytochrome ¢ without CW
illumination. Then, a cross section w"s takeu from each of the 20 sets of TAS data at the
wavelength 430 nm which correspons>d .~ a transient feature in the TAS data. The 20 cross
sections were then used to compute « rer es of 20 averaged cross section beginning at 1 set and
ending at 20 sets averaged toge*ier. Kinetic fits using equation 2 with two terms were then
computed on each of the averag >d c.oss sections. Then, the sum of squared residuals (SSR) was
computed for each set and corrc-nonding fit (Equation 2).

§S.? = ||rI|§ - Z(A/l,fit(ti) - A/l,data(ti))z #(2)
7

The SSRs were then normalized to the highest norm value and plotted as a function of the
number of averaged sets. Thresholds were superimposed on the plot (Fig. S1c) to indicate where
the norm has reduced to below 20% and 10% of the initial value from 1 scan.
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Fig. S1. Transient absorption data (black), along with kinetic fitting cu ves (red) according to Eqn. 1, at
430 nm for cytochrome ¢ with pump wavelength 418 nm are displs yea vith (a) 1 scan averaged together
and (b) 20 scans averaged together. (¢c) The SSRs of the fit and da a .~ ~iotted as a function of the number
of scans averaged.

Figure S1 displays an analysis on reduced Cyt ¢ using 2” scans without CW light to determine
the number of replicate measurements that are neeZ>a for CW-TAS. Figure S1(a) and S1(b) are
cross sections taken from reduced Cyt c’s TAS ~a~. a’ the wavelength 430 nm, corresponding to
a transient signal, after (a) 1 scan and (b) 2C « "e1.oed scans. For each set of averaged scans from
1-20, a kinetic fit was performed at 430 ~o- using Equation 2 with two terms. The SSR was
computed using Equation 3 for each numbe. of averaged scans and plotted in Figure S1(c).
Approximately 5 scans were necessarv to -2duce the SSR, with respect to the data, to 20% while
10 scans were needed to reduce it belov 135%.

Examining Figure S1(c), the SSK~ as a function of the number of averaged scans appeared to
follow a decaying exponential u >nd. When performing this analysis at different wavelengths in
the TAS data, the numb~r 0" necessary scans can increase or decrease depending on
experimental parameters. 1 1.~ mitensity of the probe pulse, as well as the stability of its intensity,
affect the signal to n¢'se ~f the TAS data and hence the number of necessary replicate scans
needed. This was necessa 'y to reduce the error in fitting routines, such as kinetic analysis and
singular value decomposition, which extract time constants from the TAS data and can have
large standard deviations when the noise is significant.



S2. TAS of reduced Cyt c using 418 nm pump

Methods used to collect TAS data of Cyt ¢ were the same as described in Section 2.2 of the main
text with a few changes. The pump pulse generated from the 800 nm light source was split using
an OPA and converted to 418 nm in this case in order to excite at the Soret band rather than at
the Q band. Additionally, the supercontinuum was generated using the sapphire window rather
than the CaF, window, in order to produce a supercontinuum that covers the visible (VIS) region
as shown in Fig. S2.
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Fig. S2. Supercontinuum spe ~tr . generated from the Sapphire window.

Figure S3 displays the resulting TAS aw*a of Cyt c using the 418-nm excitation wavelength and
the VIS supercontinuum. Twenty-onr, s.2ns were taken and averaged to produce the surface in
Fig. S3a. Negative transients were ~bhs.r ed at 520 and 550 nm corresponding to the absorbance
peaks in the Q band of Cyt ¢’s i ~una state absorption spectra (Fig. 3), and therefore appear as
ground-state bleaching in TAS. .* dditionally, the positive transients, with peaks at ~495 and 575
nm, observed on both sid~s o.” the Q band bleaching peaks corresponded to excited state
absorptions.
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Fig. S3. Transient absorption spectra of cytochrome ¢ with 418-nm excitation at 200 nJ/pulse displayed as
a (a) surface and (b) spectral cross sections at different time delays.



Highlights

e Molecular mechanisms of photobiomodulation are studied using transient absorption
spectroscopy for the first time

e A novel methodology transient absorption spectroscopy utilizing continuous wave
excitation

e Extensive transient absorption studies of cytochrome ¢ were performed

e Multiple photobiomodulation wavelengths used to study the effect of lirradiation on
electronic processes in cytochrome ¢

e A possibility of electronic processes in cytochrome ¢ being primarily involved in
photobiomodulation has been eliminated



