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extent quantum coherence may be involved
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coherent behavior, we have embedded
living cyanobacteria between the parallel
mirrors of an optical microresonator
irradiated with low intensity white light. As
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1 | INTRODUCTION

In photosynthesis, light energy is absorbed and converted
into relatively stable chemical products by well orga-
nized, dynamic, membrane-integral pigment-protein
complexes called photosystems for long-term chemical
energy storage."”” Photosynthetic complexes are opti-
mized to capture photons from solar light and transmit
the excitation energy from peripheral pigments to the
photosynthetic reaction center with an extremely high
efficiency (close to 100%?). They consist of a collection of
pigment molecules, such as chlorophylls and carotenoids

a consequence, we observe vacuum Rabi splitting in the transmission and fluores-
cence spectra as a result of strong light matter coupling of the chlorophyll a mole-
cules in the photosystems (PSs) and the cavity modes. The Rabi-splitting scales with
the number of the PSs chlorophyll a pigments involved in strong coupling indicat-
ing a delocalized polaritonic state. Our data provide evidence that a delocalized
polaritonic state can be established between the chlorophyll a molecule of the PSs
in living cyanobacterial cells at ambient conditions in a microcavity.

that are arranged by a protein scaffold in a way that near-
field dipole coupling is possible.” When interacting with
light they no longer act as independent excited mole-
cules, but coupling between them results in collective
excitations called excitons, whose wave function extends
over several pigment units.*?

The observation of oscillatory intensity modulations of
ultrafast photon echoes from isolated photosynthetic com-
plexes of Chlorobium at cryogenic temperatures and under
almost physiological conditions led to the hypothesis that
quantum coherence could be a possible explanation for
the efficient energy transfer.**'° Recent investigations
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have revealed that both electronic and vibrational coher-
ences are involved in primary energy transfer in bacterial
reaction centers.'"'?> However, excitation in ultrafast time-
resolved laser spectroscopy, as it was done in the experi-
ments mentioned above, is pulsed and coherent, while
perception of white light under ambient conditions occurs
continuously over the course of minutes to hours via inco-
herent photons. As a consequence, the energy transfer in
the photosynthetic machinery must operate on the basis
of independent single photons. A possible alternative
way to ultrashort laser pulses in time domain spectros-
copy is to observe coherent light-matter interaction in
the frequency domain by placing the respective chromo-
phores in a resonant optical microresonator to achieve
hybrid light-matter states.'® Thus, we have enclosed liv-
ing cyanobacteria (Synechococcus elongatus) in the con-
fined electromagnetic field between the two mirrors of
the microresonator to probe their optical properties
in vivo. Using low intensity white light irradiation, we
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FIGURE 1

actually observe a symmetric splitting of the transmis-
sion band, which is a consequence of coherent excitonic
coupling between the chlorophyll a pigments within
photosystems (PSs) and the cavity field via the forma-
tion of a delocalized polaritonic state in vivo. We suspect
that this coupling could lead to an explanation for the
very efficient photosynthetic energy transfer within the
PSs of cyanobacteria.

2 | RESULTS

To study possible quantum effects in the PSs of living
organisms at ambient conditions, we embedded cells of
S. elongatus (strain PCC 7942) in an optical microcavity.
In contrast to sulfur bacteria,*'* S. elongatus performs
oxygenic photosynthesis. The photosynthesis of this
cyanobacterial species is intensively studied with respect
to biochemistry, structural organization and dynamics
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The spectral properties of the photosynthetic pigments of S. elongatus cells and a Fabry-Pérot microresonator. The survival
of S. elongatus cells is not impaired by the light conditions prevailing in the microcavity. (A) Scheme of the Fabry-Pérot microcavity, which
consists of two partially transparent mirrors. The distance between the mirrors can be fine-tuned with piezoelectric actuators. Due to
constructive and destructive interference, only wavelengths fulfilling the resonance condition of the cavity are transmitted. The bacteria are
placed in an agarose matrix inside the cavity. (B) Normalized absorption (blue) and fluorescence (red) spectra (dex =440 nm) of S. elongatus
cells located inside the microcavity. The dashed black line indicates the wavelength where the bacteria emit and absorb photons of the same
wavelength. (C) Light microscopy image of S. elongatus cells inside the microcavity. (D) Spot assay'® of S. elongatus cells in BG11 medium.
Top: Non-irradiated control in a dilution series (1:10), initial concentration: OD;so = 0.5. Below: Irradiated sample in a dilution series (1:10),
initial concentration: OD7so = 0.5. The bacteria were irradiated with an expanded laser beam at adjusted intensity before the preparation of a
spot assay. The irradiation conditions were comparable to those in the microcavity. The comparable growth rate indicates a negligible
impact of the typical irradiation during the experiments
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of the photosynthetic machinery™'> and therefore well-
suited for the study of quantum physical processes
in vivo at ambient conditions.

Our Fabry-Pérot optical microresonator (quality fac-
tor, Q = 98) consists of two partially transparent mirrors
(Figure 1A). Their distance can be precisely adjusted with
a piezo actuator to control the resonance condition of the
microcavity. Compared to previous works,"* we have
chosen silver mirrors with a large layer thickness to
achieve a stronger interaction between the microcavity
and the cyanobacteria. More details about the experimen-
tal set up are given in the supporting information
(Appendix S1). Transmission spectra were acquired from
below via a high numerical aperture (NA) objective lens
(NA = 1.4), while the microcavity was irradiated by a
continuously emitting white light source from above
(Figure 1A). Additionally, we irradiated the sample with
a laser from below to detect strong coupling in the emis-
sion spectrum of individual bacteria, which is made pos-
sible by the small focal spot size of the high NA objective.
As shown in Figure 1B, the in vivo absorption (blue line)
shows the typical chlorophyll ¢ maximum at around
680nm due to a red-shift of protein-bound chlorophyll.?”
The emission spectrum at 440nm excitation reveals
again a maximum at around 680 nm. This fluorescence
emission can be predominantly assigned to the chloro-
phyll a pigments of the PSs as the fluorescence of
the phycobilisomes is almost completely quenched
in vivo.'>181° However, the observed fluorescence
emission can predominantly be attributed to the chlo-
rophyll a molecules of photosystem 2 (PS2), as the
photosystem 1 (PS1) acts as a very efficient energy trap
at ambient temperature.’® The cavity resonance can be
tuned across the absorption and emission maximum (see
Figure S1), allowing efficient optical coupling between the
cavity modes and the cyanobacteria. Remarkably, the
absorption and emission spectra of the photosynthetic pig-
ments largely overlap in the 680nm region (Figure 1B),
demonstrating that the cyanobacteria are able to reabsorb
their own emitted light. This photophysical feature of
S. elongatus is a prerequisite for the potential coupling of
the photosynthetic pigments to an optical field confined in
a microcavity.

The survival rate of the cyanobacteria in the microcavity
was assayed to examine the possible impact of the laser irra-
diation on the embedded organisms (Figure 1C). Since only
a single bacterium is exposed to the focused laser irradiation
inside the cavity at a time, which cannot be isolated after the
experiment, we have designed an assay to analyze compara-
ble irradiation conditions by embedding a cyanobacterial cul-
ture in a low-melting agarose matrix outside the cavity. The
cyanobacteria were then exposed to light conditions (440 nm,
1000 pmol photons s~* m~2, 3minutes) similar to those
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prevailing in the cavity, while a non-irradiated culture
served as a control and the survivability was analyzed by
a spot assay (see supporting information [Appendix S1]
for details). No growth difference between the irradiated
and non-irradiated sample was observed (Figure 1D),
indicating that the light conditions in the microcavity
have no discernible impact on the cyanobacterial
survivability.

To determine whether the microcavity influences the
cyanobacterial photosynthetic system in vivo, fluores-
cence lifetimes (FLTs)*' of its pigments in single bacteria
were acquired.

The light-harvesting pigments of the PSs serve to rap-
idly and efficiently transfer light energy from the periph-
eral pigments to the reaction center, therefore, the
fluorescence signal of cyanobacteria is weak. Transfer
and trapping of the excitation energy in the PSs lead to a
fast non-exponential fluorescence decay, which can be
observed from live cyanobacteria with a wide distribution
of FLT components from short ones in the low and mid
picosecond range and slow components in the low nano-
second range.** The spontaneous emission rate of a chro-
mophore can be increased or decreased by placing it in a
microcavity and tuning it in-resonance or off-resonance
with the chromophore emission. This is known as Purcell
effect®>** leading to shorter or longer FLTs, respectively.
The long-lived FLT component originates from particularly
those PS2 chlorophyll a pigments where the excitation
energy is trapped in an emitting state and can therefore be
analyzed in vivo for three cases: (a) free space (outside of the
cavity), (b) inside the cavity in off-resonance mode and (c)
inside the cavity in resonance mode. Due to the extreme effi-
cient energy transfer of PS1, its FLT is around 20 ps,”> which
is much shorter than the temporal resolution of the used
time correlated single photon counting equipment. Hence,
we assume that the observed FLTs are those of PS2. Short
laser pulses (1o, =440nm) with pulse durations of less
than 80 ps and a pulse rate of 80 MHz were used. The PS2
chlorophyll a pigments irradiated in free space (i) reveal
a FLT value of 7; = (0.26 +0.006) ns ((i) in Figure 2) and
a slightly larger value of 7; =(0.29£0.016) ns in the off-
resonant microcavity ((ii) in Figure 2). In contrast, the
FLT of the PS2 pigments in the resonant microcavity (iii)
decreased to 7; =(0.16 £0.006) ns and was significantly
shorter compared with the data obtained in free space or
in the off-resonant cavity. This result is consistent with
the Purcell effect®® of isolated pigments and demonstrates
that the microcavity has a noticeable impact on the PS2
photosynthetic processes in single living cyanobacteria.

In general, the interaction of a quantum system with
the optical field in a microcavity can be separated in the
weak and strong coupling regime. In the weak coupling
regime, the individual damping constants of the cavity
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FIGURE 2 The FLT of S. elongatus chlorophyll a pigments is
influenced in vivo by the microcavity. The bacteria were embedded
in low-melting agarose and irradiated with short laser pulses

(4ex =440nm) with a duration of less than 80 ps and a repetition
rate of 80 MHz. The average intensity-weighted FLTs were recorded
in free space ([a], red, n = 53), inside the off-resonance cavity ([b],
green, n = 50) or inside the cavity in resonance with the light
emission of the cyanobacteria ([c], blue, n = 33). The center line in
the box plot indicates the median, box edges show the 75th and
25th percentiles, and whiskers cover the full range of values. A two-
tailed t-test confirms a significant difference between the PS2
chlorophyll a FLTs for the off-resonant (and without) cavity and
the resonant cavity, p=2.05 x 1075, (p = 3.20 x 10~°)

and the chlorophyll a pigments are larger than the cou-
pling constant. In this case, the microcavity only influ-
ences the spontaneous emission rate via the Purcell effect
as observed in the FLT analysis (Figure 2). However, if
the coupling constant exceeds the individual damping
constants, the energy of a photon can be coherently
cycled back and forth between the oscillating electromag-
netic field in the microcavity and the induced polarization
formed by a large number of coherent electronically excited
chromophores enclosed between the cavity mirrors before it
escapes from the cavity; this condition reflects the strong cou-
pling regime.* The energy of the photon, which is dispersed
in the whole mode volume and shared between the cavity
mode and the polarization, is described in quantum electro-
dynamics as a hybrid light-matter state or polariton.”’"* In
our case, these so-called polaritonic modes are a coherent
superposition of the cavity mode and the electronically
excited state of the chlorophyll a pigments in the PSs. As
shown in Figure S2, the back and forth cycling of the photon
energy between the electromagnetic field in the microcavity
and the polarization in the time domain leads to a splitting in
the spectral domain that manifests itself as a double-peaked
cavity transmission spectrum with a peak separation referred
to as vacuum Rabi splitting, as schematically illustrated in
Figure 3A,B.

To study vacuum Rabi splitting, due to a polaritonic
mode in the PSs of a living cyanobacterium and the optical
field in the microcavity, we simulated and experimentally
investigated the dispersive behavior of the coupled system.

The dashed lines in Figure 3A,B illustrate the
simulated uncoupled emission of the cyanobacteria PSs
(green) and the cavity mode (red). Figure 3A illustrates
the case when there is no spectral overlap between them.
The transmission spectrum of such a coupled, but off-res-
onant system, is similar to that of the uncoupled cavity
mode. Conversely, when the cavity mode approaches the
spectral position of the chlorophyll a emission, a splitting
into two polaritonic modes is visible (Figure 3B, blue
line). Figure 3C represents the simulated spectral shift A\
of the coupled modes relative to the uncoupled modes.
The shift caused by strong coupling is largest when the
cavity is in resonance with the chlorophyll a emission,
leading to a symmetric double-peaked cavity transmis-
sion spectrum. The occurrence of such a spectral gap
between the two polaritonic modes is called vacuum Rabi
splitting. Mathematically, such a coupled system can be
modeled by two coupled damped harmonic oscillators, as
described in the supporting information (Appendix S1) or
in Reference 30. First, we want to illustrate in Figure 3D,
E the results of the calculation without coupling between
the cavity mode and the chlorophyll a emission
(k=0eV). Each line in Figure 3D represents a cavity
transmission spectrum, as indicated by the spectrum
number, and its intensity is given by the color map. In
this simulation, the cavity length gradually increased
from top to bottom, leading to a spectral red shift of the
cavity resonance. The dashed lines in Figure 3D,E repre-
sent the spectral position of the uncoupled chlorophyll
a emission and the cavity mode, respectively. In the
absence of strong coupling, no splitting is observed, even
when both modes were tuned to the same resonance
wavelength; the chlorophyll a emission was only
influenced by the Purcell effect (Figure 3E). This changes
with strong coupling between the cavity mode and the
chlorophyll a pigments, with a calculated coupling con-
stant of k =0.14¢V in Figure 3F,G. The calculated cavity
transmission spectra in Figure 3F show a clear anti-cross-
ing behavior when the cavity resonance approaches the
spectral position of the chlorophyll a emission at 680 nm.
In the calculated emission spectra in Figure 3G, the mode
splitting is less obvious, because it is obscured by the
spectrally broad fluorescence background of the chloro-
phyll a pigments that are not strongly coupled to the
cavity mode. The uncoupled chlorophyll a pigments have
their electronic transition dipole moments oriented per-
pendicular to the polarization and constitute about 2/3 of
the total number of chlorophyll a pigments. By compar-
ing the simulations in Figure 3D,E with Figure 3F,G, it is

95US017 SUOLUIOD 9A1I.1D) 3{cedl|dde au Ag peusenob ake sapie O ‘8sn JO Sa|nl 1oy Akeiq18UIIUO AS]IAN UO (SUOTHPUOD-PUR-SUWLBIWI0D" A3 1M ALeIq 1 [Bul [UO//:SdL) SUORIPUOD PUe SIS | 8L 88S " [620Z/0T/£0] Uo ARiqi auluo A8 (1M ‘usbuipned %euio!iqiqinyasyooH Aq 9€T00TZ0Z 01a[/Z00T 0T/I0p/uod" A Im Afeid1Bul|uoy/Sdiy Woiy papeojumod ‘Z ‘220z ‘8vaor9sT



RAMMLER ET AL. OURNAL OF 50f9
PHOTONI CSJ—
(A) Off-resonant case (B) Resonant case (C) Wavelength shift
Coupied system —— T rrr — Acavity = Abacteria
— Cavity mode H] —_ - Cavity mode | [3| 20 —+ . h L
=. -« Bacteria mode =. -- Bacteria mode S [—
S " E, ] e 1 E
> > — t 2
= = c »
z 2 5 I
S —l_il |2 3 g
E E -1 Q
e | I ot Creied[ 50
680 700 720 660 680 700 660 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Calculations Experiments
No coupling Coupling
25 (D) I (F) [ = -
5 |20 3
2l 5 : - <
2 E 15 : 15 2 15 é’
gl (2 2 2 4]
IR ERD 10 810 5
gl (& @ @& =
': 5 5 -
640 660 680 700 720 640 660 700 720 640 660 680 700 720
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(E) | S (o) _
5 8,50 5 3
|2 >
Ol |= 2.5 4 >
‘vl |E £ £ =
o o o
El & : 5 e
5 £
640 660 680 700 720 640 660 700 720 640 660 680 700 720
Wavelength (nm) Wavelength (nm) Wavelength (nm)
FIGURE 3 Strong coupling between a microcavity and the chlorophyll a pigments in living cyanobacteria. (A) represents where the

bacteria absorption/emission and the cavity are spectrally separated. The dashed green and red spectra represent the uncoupled bacteria
absorption/emission mode and cavity mode. The blue spectrum illustrates the cavity transmission spectrum for the nonresonant but coupled
case and is similar to the uncoupled system. The graph on the right illustrates the corresponding energy level scheme. (B) Illustration of the
resonant case, where the cavity mode is spectrally overlapping with the emission of the PSs, and two polaritonic modes (blue lines) are
clearly visible in the double-peaked cavity transmission spectrum. (C) Spectral shift AA of the coupled modes relative to the uncoupled ones.
The largest splitting, that is, vacuum Rabi splitting, is observed when the cavity and the chlorophyll a pigments of the cyanobacterial PSs are
in resonance. (D,E) Simulated cavity transmission/ bacteria emission spectra without coupling as a function of the decreasing mirror
distance (indicated by the spectrum number). The dashed green and blue lines are the spectral position of the uncoupled bacteria emission/
cavity resonance, respectively. No anti-crossing can be observed when the cavity mode is tuned across the chlorophyll a emission. (F,G)
Simulated cavity transmission/ chlorophyll a emission spectra including strong coupling between the cavity mode and the emission. Strong
coupling is visible in (F,G) by the anti-crossing dispersion, when the cavity mode is close to the emission of the cyanobacterial PSs. (H,I)
Experimental cavity transmission/ chlorophyll a emission spectrum. Strong coupling can be observed in (H,I) by the anti-crossing dispersion

and is in perfect agreement with the simulation in (F,G)

possible to experimentally distinguish between no/weak
and strong coupling in the microcavity-cyanobacterial
system. Notably, the experimental white light transmis-
sion spectra derived from the PSs of living cyanobacteria
show a clear anti-crossing behavior when the cavity reso-
nance is tuned over the chlorophyll a emission at 680 nm
(Figure 3H). In the emission spectra (Figure 3I) the split-
ting is less obvious since it is composed of two types of
photons, those that participate in the strong coupling
process with the cavity mode and those that escape from

the resonator without coupling due to the Purcell effect.
The experimental results fit perfectly to the calculated
spectra in Figure 3F,G and prove that strong coupling
between the microcavity and the chlorophyll a pigments
is achievable in living cyanobacteria.

According to the Jaynes-Cummings model, the
energy splitting AE is given by Equation (1) and is pro-
portional to the square root of the number n of chloro-
phyll a pigments that coherently couple to the cavity
mode with a coupling constant g,.*°
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FIGURE 4 Reducing the number of chlorophyll a pigments in a
cyanobacterium by photobleaching reduces vacuum Rabi splitting and
shows that the chlorophyll a pigments are coherently coupled in living
cyanobacterial cells. (A) Cavity transmission spectra with two cavity
modes as a function of the exposure time. One mode shows vacuum
Rabi splitting (dashed blue line), while the other is not coupled
(dashed green line). The splitting energy, and thus the coupling, is
reduced by the continuous irradiation and photobleaching the
chlorophyll a pigments of the bacterium. (B) First (blue line, t =05)
and last (red line, t = 5005s) spectrum of A. (C) Rabi splitting
between the two intensity maxima around 680 nm as a function of
the exposure time. Three different, individual bacteria (red, green
and blue) in the cavity show the decrease of the vacuum Rabi
splitting with increasing bleaching of the chlorophyll a pigments.
(D) Cavity transmission spectra with two resonances as a function of
the illumination intensity of the white light lamp of

10 pmol photonss~! m~2 to 1 pmol photonss~! m~2 (corresponding
to 28 - 2.8 mWcm 2 at 680 nm) from bottom to top. The coupling
remains constant while the intensity of the white light lamp is
reduced. (E) Intensity normalized version of (D), where each spectrum
is normalized to its maximum intensity, to better visualize the
constant splitting. (F) Splitting as a function of the white light
intensity. At low illumination intensity, five different, individual
bacteria in the cavity show that the vacuum Rabi splitting is
independent of the light intensity

AE=2./ing, 1)

Therefore, the splitting energy should decrease when the
number of pigments is reduced. This can indeed be

achieved in a living cyanobacterium by photobleaching a
fraction of the functional chlorophyll a pigments by
increasing the laser intensity by a factor of 100 as com-
pared to the previous experiments.

As shown in Figure 4A at the beginning the cavity
mode at 1=680nm had a spectral dip at the center due
to vacuum Rabi splitting. As the photobleaching of the
chlorophyll a molecules proceeded (Figure 4A, blue
dashed line), the energy splitting between the two peaks
reduced and disappeared. In contrast, at the same time
for the cavity mode at A =546 nm, which has no coupling
to the chlorophyll a pigments, no changes in intensity or
spectral position were visible. This is further illustrated in
Figure 4B, where the first (blue line) and the last (red
line) spectrum of the spectral series in Figure 4A are
shown.

The number of molecules (n in Equation (1)) decreased
exponentially by photobleaching as tested at three different
locations in the cavity, resulting in a decreased splitting of
the coupled modes, which can be fitted to the square root
of an exponential decay (Figure 4C). These results demon-
strate that the extent of the Rabi splitting depends on the
number of chlorophyll a pigments effectively participating
in polaritonic coupling to the optical mode throughout the
entire focal volume.

To reveal the light intensity dependence, white-
light transmission spectra were acquired with differ-
ent excitation intensities of 10pmol photonss™' m~—2
down to 1pmolphotonss™*m=2 (corresponding to
28.0-2.8mWcm~2 measured at 680nm) in single living
cyanobacteria as shown in Figure 4D,E, where the y-axis
corresponds to different excitation intensities. The reso-
nance mode at 1=680nm, which is strongly coupled to
chlorophyll a, showed Rabi splitting which remained
constant with decreasing white light irradiation intensity
(Figure 4D). This was even more obvious in the normal-
ized spectra (Figure 4E), where each spectrum along the
y-axis was normalized to its maximum intensity. This
constant Rabi splitting was observed for different individ-
ual cyanobacteria in the sample, as shown in Figure 4F
by plotting the Rabi splitting against the intensity of the
cavity mode. As a consequence, since the photons used
for white-light illumination are completely incoherent,
strong coupling must occur even at very low light inten-
sity; or in other words, one resonant photon is already
sufficient to induce a polaritonic state between the
microcavity and the chlorophyll a pigments in vivo.

3 | DISCUSSION

The emission and transmission spectra presented here
suggest that there is in vivo strong coupling between the
microcavity and the chlorophyll a pigments of the
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cyanobacterial photosystem. Photo-bleaching experi-
ments confirm that the microcavity couples to about
4.8 x10° chlorophyll a molecules (calculated from the
measured splitting and assuming that a chlorophyll mole-
cule has a transition dipole moment of 5.39 D and that
the average refractive index of its surroundings is
n=1.34,>! see supporting information [Appendix S1] for
calculation) at the same time to form a delocalized
polaritonic state. Considering that each PS2 monomer
contains 35 chlorophyll a molecules and each PS1 mono-
mer 96 chlorophyll a molecules®®* the experimentally
determined coupling of 4.8 x 10° chlorophyll a molecules
suggests that the majority of the PS bound chlorophyll
a pigments in the thylakoid membrane of a
cyanobacterial cell participate to the interaction with the
microcavity. The term vacuum Rabi splitting refers to
number of photons in the resonator, which can be zero,
indicating that it works at very low light intensities and
for the formation of a polaritonic state one single photon
is sufficient. The wide delocalization of the polaritonic
state suggests that each PS reaction center is optimally
supplied with photons also in a low-light environment.
To be able to take advantage of the long-range polaritonic
state, a complex and dynamic spatial and structural orga-
nization of the PS complexes appears to be required,
which compensates or makes use of the thermodynamic
fluctuations occurring in the ambient environment. The
functional implications on the physiology of oxygenic
photosynthetic organisms have to be determined in
future, involving molecular genetic approaches. How-
ever, our observation of strong coupling between the pho-
tosynthetic light harvesting machinery of living
cyanobacteria and an optical microcavity at ambient con-
ditions makes it worth investigating other biological pro-
cesses, which are difficult to be explained by classical
thermodynamics with respect to quantum electrodynam-
ics effects.>** Future experiments will show if and to
what degree the semi-classical model of energy “hop-
ping” in the light-harvesting machinery of PSs must be
expanded by a delocalized wave-like energy transfer
under natural irradiation conditions.

4 | METHODS

4.1 | Preparation of cavity mirrors

The mirrors were produced by evaporating a 3nm thick
chromium layer on a glass surface serving as an adhesion
layer for the following silver layer, which has a thickness
of 30nm or 60nm for the lower and upper mirror, respec-
tively. Since silver is bactericidal and very susceptible to
damage and oxidation, it was coated with a gold layer
(5nm) and an SiO, layer (20nm).*> These layer

thicknesses result in a microcavity with a quality factor
of Q=098. The microcavity was assembled in a custom-
built holder with piezo actuators and mounted on a stage
scanning confocal microscope for the collection of both
white light transmission and fluorescence spectra from
the same spatial position.

4.2 | Lightintensity measurements
The light intensity was measured with a Li-Cor Li-189
radiometer from Heinz Walz GmbH (Germany).

4.3 | Bacterial cultivation conditions
Synechococcus elongatus PCC 7492 cells were cultivated
under photoautotrophic conditions with continuous illu-
mination at around 30 pmol photonss~! m~2 (Lumilux de
Lux, Daylight, Osram) at 28°C. The cultures were grown
in 100mL Erlenmeyer flasks, filled with 40mL BG11%¢
medium, supplemented with 5mM NaHCO; and shaken
at 120 — 130 rpm.

4.4 | The survivability after laser
irradiation analyzed by a spot assay

The S. elongatus cultures of both treatments were
adjusted to an optical density OD759 =0.5, and a dilution
series to the power of 10 was made in BG11 medium
(10° — 107>). Five microliters of each dilution was dropped
on BG11-agar plates and cultivated at 28°C>” under constant
light with the intensity of 30umol photonss™*m~2 for
7days. All experiments are shown in Figure 1D. Top:
Non-irradiated control in a dilution series (1:10), three
replicates. Figure 1D below: Irradiated sample in a dilu-
tion series (1:10), three replicates. The bacteria were irra-
diated with a lens widened laser beam at adjusted
intensity (lex =440nm, power: 1.8mW) for 3 minutes
before preparation of a spot assay. Representative results
are shown in Figure 1D.

4.5 | The spectral properties of
S. elongatus

To characterize the spectral properties of the photosyn-
thetic pigments, absorption and emission spectra were
recorded from 20pL of a cyanobacterial suspension,
embedded in a low-melting agarose matrix to prevent cell
movement (Figure 1C). The absorption spectrum shown
in Figure 1B features four distinct bands: the soret band
of chlorophyll a at 440nm,*® the carotenoid band at
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500nm,* the PBS band at 630nm®’ and the Q, band of
chlorophyll a at 680 nm.*! Excitation of the soret band is
very efficient, taking additional advantage of the large
Stokes shift to separate the laser reflection at the cavity
mirrors from the emission signal, which is dominated by
the chlorophyll a emission at 680 nm.*”
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