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l. Introduction

The global annual energy demand, according to the International Energy Agency, is l5
TW l. On a cloudless day, on average, every square meter of the Earth's surf-ace is exposed
for one hour to sunlight of about I kW 2. This means that the amount of solar energy
reaching the Earth's surface in one hour exceeds the annual need of all humanity for energy.
This fact causes that solar energy is one of the most attractive sources of renewable energy
and an inspiration for scientists in searching for and developing ways to detect it, convert it
into a useful form of electricity and storage.

Nearly all plants, some simple eukaryotic organisms (such as dinoflagellates, diatoms or
brown algae) and some bacteria such as cyanobacteria, green or purple bacteria have the
ability to carry out the photosynthesis process. This process in the light-dependent phase
begins with the absorption of solar radiation by organic molecules found in thylakoids, the
basic elements of a plant cell chloroplast or autotrophic prokaryotic cell, called assimilation
dyes. These molecules are located in protein-lipid matrices creating more or less extensive
protein photosynthetic complexes. Photosynthetic organisms use pigment-protein complexes
to absorb sunlight, to efficient energy transfer and to charge separation across the
photosynthetic membrane. Nature has optimized this process so much that the efficiency of
one electron separation cycle per absorbed photon of sunlight is close to unity. The charge
separation takes place in reaction centres (RC) of photosynthetic complexes: photosystern I
(PSI) and photosystem II (PSIf 3. Due to its unique properties, these complexes have found
application as components of systems such as photosensors 4'5, biosensors for detection of
herbicides 6, and solar devices 7'8.

Metal nanoparticles are characteized by a strong absorption of light in the visible and
ultraviolet range, thanks to which they have been successfully used for thousands of years in
the production of stained glass or ceramic vessels. A well-known example of this is the
ancient Lycurgus cup, probably from the 4th century AD, which now is placed in the British
Museum in London. The vessel changes colour depending on the light exposition, namely in
the reflected light it is green and in the light transmitted by it has a red colour (Fig. 1a, b).
And although this unusual vessel was created hundreds of years ago, it was only the
development of microscopic techniques that allowed scientists in 1990 to use a transmission
electron microscope (TEM) to explain this phenomenon. The material from which the cup
was made is dichroic glass, containing gold (Au) and silver (Ag) particles with a diameter of
about 50-100 nanometers (Fig. 1c) e.
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Fig. l. The Lycurgus cup: in reflected light (a), transmitted light (b) TEM image of the silver and gold alloy
nanoparticle (c) ".

The colour changes of the vessel occur due to the localized surface plasmon resonance
(LSPR) found in the metallic nanoparticles. As a result of the interaction of the
electromagnetic wave with the free electrons from the conductivity band Ag and Au, the
oscillation of free electron gas is induced. The quasiparticle that is the quantum of such
oscillations is called plasmon. The position of the plasmon resonance band depends on the
material from which the metallic nanoparticle is made (gold, silver, platinum, etc.), its shape

and size. For example, Fig. 2 shows TEM images of gold nanorods coated with CTAB
polymer, with different ratio of length to diameter (a-d) conesponding to them plasmon
resonanse absorption bands (e) and dependence of that ratio on the maximum position of the
plasmon resonance band (LPM) (0 '0.
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Fig. 2. TEM image of gold nanorods with different aspect ratio of ,,length x diameter" [nm]: 33x30 (a),40x21
(b), 50x17 (c) i 55x14 (d) corresponding absorption spectra (e) and dependence ofLPM on aspect ratio (fl '0.

The surface plasmon resonance (SPR) phenomenon is used in plasmonic hybrid
nanostructures that consist of at least two elements, where one is a metallic nanoparticle and

the other any light emitter, e.g. a dye molecule or a photosynthetic complex. One of the
main goal of the construction of such hybrid is to obtain a system with improved optical
properties. This modification may increase the probability of light absorption by molecules
located near the metallic nanoparticles and enhance their fluorescence (MEF - metal
enhanced fluorescence). The phenomenon of MEF strongly depends on the wavelengths and

distance between the emitter and the metallic nanoparticle rr. Fig.3a presents the
dependence of enhancement factor (EF) in function of the wavelengths for nanoparticles
placed l0 nm from the emitter. The dependence of the fluorescence enhancement coefficient
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as a function of the mutual
nanostructure, determined on the

distance of the components

basis of theoretical calculations,

of the plasmonic hybrid
is shown in Fis. 3b.
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Fig. 3 The calculated fluorescence enhancement factor of a single dye molecule in the vicinity of a silver and
gold spherical nanoparticle with a diameter of 80 nm: in the function of: (a) excitation wavelength at a constant
mutual distance of 10 nm; (b) the mutual distance at a constant excitation waveleneth I I 

.

Too little distance between the emitter and metallic nanoparticle leads to quenching of the
emitter's fluorescence. This happens as a result of the non-radiative transfer of excitation
energy to the metallic nanoparticle and then its dissipation. The most efficient MEF is at a
distance of about 10-15 nm between the emitter and the metallic nanoparticle, while for
larger distance the effect decreases to zero. The MEF is used to increase the quantum yield
of fluorescent molecules with the fluorescence quantum yield significantly lower than one.

2. Motivation and objectives

The SPR finds application in medicine 12 or optoelectronic devices 13 allowing to
significantly improve the sensitivity and efficiency of the device without increasing its size.
The coupling of photosynthetic complexes with metallic nanoparticles can lead to
modification of their optical and electrochemical properties. Govorov and Carmeli in 2007
analyzed the effect of the presence of spherical metallic nanoparticles on PSI electron
generation efficiency a. Theoretical calculations indicate that for the PSI complex combined
with the silver nanoparticle, we can expect a strong spectral dependence of the photocurrent
generation and a large, fourfold enhancement of photocurrent generation for the excitation
energy corresponding to plasmon resonance in the nanoparticle. In addition, Raoul Frese and

colleagues presented in 2016 the results of experimental research showing more than double
enhancement of photocurrent generated by the bacterial reaction centre (RC-LHI) deposited
on nanostructured silver substrate la. Such promising results of both, theoretical and

experimental work, are inspiration for the study and explanation of the influence of metallic
nanoparticles on the optical properties of photosynthetic complexes.

The main goal of my research was to understand the effect of the presence of silver
nanoparticles on the optical properties of photosynthetic complexes. For this purpose, one
type of metallic nanoparticles - silver nanowires (AgNWs) and photosynthetic complexes
with different protein complexity and number of chlorophyll a (Chl c) molecules were
selected. First, the interaction of peridinin-chlorophyll-protein (PCP) with silver nanowires
was studied. PCP is a simple model protein which monomer contains two Chl a molecules.
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In the next step, the bioconjugation process of the PCP complexes with the modified surface
pf AgNWs was observed, consisting in the formation of a stable connection streptavidin-
biotin. Further research was carried out on functional complexes (capable of transporting
electrons) and at the same time with a higher degree of complexity of the photosynthetic
protein. Conjugates of the bacterial reaction centre and plant photosystem I were prepared
with a rnodified silver nanowires using the histidine-NTA combination. The obtained hybrid
structures were mainly studied by fluorescence microscopy techniques.

The f-ascination of coupling photosynthetic complexes with metallic plasmonic
nanostructures was initiated by Professor Sebastian Mackowski, head of the Optics Team of
Nanostructures Hybrids (ZONH) at the Nicolaus Copernicus University in Toruri. I joing to
his group in 201I and it resulted in: knowledge of new experimental methods based on
fluorescence microscopy, independent slmthesis of silver nanoparticles and nanostructures
as well as research on understanding the optical properties of photosynthetic proteins in the
presence of metallic nanoparticles.

Research leading to the understanding of optical properties of biohybrid plasmonic
nanostructures also required the organization of a new chemical laboratory and the
construction of a glove box for carrying out chemical reactions under anaerobic conditions.
They were also an inspiration to attempt to extend the functionality of the fluorescent wide
field microscope by combining it with a quartz oscillator (tuning fork) enabling precise
electrical measurements using the Kelvin Probe Force Microscopy (KPFM) technique.

3. Materials and methods

Studies on the influence of plasmonic interactions on the optical properties of
photosynthetic complexes in biohybrid nanostructures were mainly carried out using
fluorescence optical microscopy. The basic measurements to determine the concentration or
control of photosynthetic protein degradation in aqueous solutions were made by steady-
state spectroscopy using a single beam spectrophotometer Cary5O (Varian) and a Fluorolog
3 spectrofluorimeter (Jobin-Yvon).

The hybrid nanostructures, which are my scientific achievement, consist of metallic
nanoparticles (silver nanowires) and photosynthetic complexes. Silver nanowires were
obtained by chemical synthesis by polyol method 15. Their average length is about 10

microns, and typical diameters are in the order of tens of nanometers. A scanning electron
microscope (SEM) image of nanowires is shown in Fig. 4.
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Fig. 4 SEM image of silver nanowires.



The maximum of the AgNWs plasmon resonance band is around 380 nm, extends towards
the infrared and overlap with the absorption and emission spectra of selected photosynthetic
complexes. The micron length of nanowires ensure their simple and precise localization in
measurements using an optical fluorescence microscope. The method of deposition of
protein complexes on the AgNWs depends on the type of experiment carried out:

a) PCP mixed - solution of PCP with AgNWs in PVA mixed and deposited on the
glass substrate,

b) PCP layer by layer Qbl) - the glass substrate was first coated with an AgNWs layer
and then covered with a PCP layer in the PVA polymer,

c) PCP@AgNW - PCP bioconjugate with AgNW. PCP complexes with embedded
streptavidin were conjugated with a biotin-modified AgNW surface and applied to
a glass substrate,

d) RC@AgNW - bioconjugate of bacterial reaction centre (RC) equipped with a

histidine tag (Histag) with modified surface of silver nanowires (using
nitrilotriacetic acid (NTA) and nickel Ni (II) salt) by forming a coordinate covalent
bond between nickel ions and histidine (Ni-His),

e) PSI-LHCI@AgNW - bioconjugate of photosystem I supercomplex with light-
harvesting complex I (isolated from red algae) with NTA-Ni modified AgNW
surface via cytochroffis cjJJ,

0 PSI-LHCI+AgNW - PSI-LHCI deposited on NTA-Ni modified AgNWs by the
physisorption in absence of cytochrorlo c553.

One of my important scientific achievements of the presented work was the development of
a protocol for silver nanostructures functionalization using NTA-Ni groups. That protocol
allows to conjugate His-Tag photosynthetic proteins with AgNWs. Three procedures with a
different composition of reagents were chosen after detailed study of the literature. The first
one is a two-stage method using 3,3'-Dithiobis[N-(5-amino-5-carboxypentyl)propionamide-
N,N'-diacetic acid] dihydrochloride and nickel sulfate 16. In the second method, the surface
of the nanoparticles is first modified with the amino-reactive cross-linking agent DTSP, then
exposed to amino-nitrilotriacetic acid (ANTA) which results in attaching NTA moiety to the
nanowire surface via a sulfhydryl group at the other end. Finally, the nickel salt is applied r7.

The third method come down to the formation of a NTA-Ni group on the metal surface in
five steps tt. Because the chemical compounds used are reactive with oxygen, in order to
achieve better results, a glove box was constructed on its own (Figure 5), in which in the
inert gas (argon) environment several steps of surface modification of silver nanoparticles
were carried out. The best results of AgNW bioconjugation with RC and PSI photosynthetic
proteins were obtained using the second procedure.
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Fig. 5 Handmade glovebox from my project at NCU.

In the first step, 250 1tL of an AgNW aqueous solution (OD : 8.0 at 1, : 380 nm) was
centrifuged and rinsed with dimethylsulphoxide (DMSO). The silver nanowires were then
placed in a solution of cross-linking agent DTSP (dithiobis succinimidyl propionate) in
DMSO at a concentration of 1 mg/ml. After an incubation time of 60 minutes, the AgNWs
were centrifuged and rinsed with a 0.5 M aqueous solution of potassium carbonate (pH 9.S)

and left for 90 minutes in a mixture of 150 mM chelator (Ncr,, Nu-Bis (carboxyMethyl) -L-
lysine) at 0.5 M KzCO:. The described procedure for surface modification of nanowires was

carried out in a glove box under argon, and its scheme is shown in Fig. 6. Finally, after
centrifuging the solution, AgNWs were placed in ultra-pure distilled water. Incubation of
photosynthetic complexes with modified nanowires will be described later in the result
chapter.
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Fig. 6 Scheme of the AgNWs modification procedure using NTA-Ni groups and conjugation with a

photosynthetic complex equipped with His-Tag.

Experiments for understanding the influence of metallic nanoparticles on the optical
properties of photosynthetic complexes were carried out using two fluorescence optical
microscopy techniques: wide field microscopy and confocal microscopy. Both microscopes
in ZONH are based on Nikon microscope body and components. A fluorescence wide field
microscope was integrated with an atomic force microscope (AFM) based on a quartz
resonator with its controller. The mechanical system for integration of microscopes consists

of the base of the AFM microscopeo moved in two axes (x, y) of the table equipped with
travel motorized actuators and sample holder. The mechanical part of AFM microscope
consists of a quartz resonator holder, tri-axial (x,y, z) piezoelectric table and feed equipped
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with a piezoelectric screw together with the controller. Described microscope is presented in
Fig. 7.

Fig. 7 A photo of a wide field microscope extended with an AFM scanner (left) and a confbcal microscope
(right).

This wide field microscope made it possible to measure the fluorescence intensity maps of
the biohybrid nanostructures and their topography using the AFM method. A confocal
fluorescence microscope was used to study both fluorescence intensity maps of hybrid
systems with their emission spectra and fluorescence decay curves using the Time
Correlated Single Photon Counting (TCSPC) method. The combination of two microscopy
techniques, a fluorescent wide field with atomic microscopy, allowed to study the
topography of the discussed hybrid nanostructures, precisely locate silver nanowires,
estimate their size, etc., and study the enhancement of fluorescence intensity of
photosynthetic complexes coupled to nanowires. In addition, the use of confocal
fluorescence microscope allowed for additional information on the nature of the interaction
of protein complexes with silver nanowires.
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4. Experimental results

IHll "Imaging of fluorescence enhancement in photosynthetic complexes coupled to
silver nanowires",20L3, Applied Physics Letters, 102, pages: 083703/1-08370315

The peridinin-chlorophyll-protein (PCP) is a light-harvesting complex isolated from algae
Amphidinium carterae from dinoflagellate le. Figure 8a shows the crystallographic structure
of PCP monomer which consists of two protein chains embedded in a protein-lipid matrix
(blue).

300 400 500 600 700 800

Wavelength [nm]

Fig. 8 Crystallographic structure of PCP monomer 20 (a) and absorption spectrum (black line) and fluorescence

spectrum (red line) of PCP, excitation wavelength 532 nm 2t (b).

Four molecules of peridinin connected with van der Waals bonds are embedded in each

chain (orange colour) and are surrounding one chlorophyll a molecule (green colour). The
PCP complex is characterized by the absorption spectrum shown in Figure 8b with black
colour. Peridinin absorbs light in the range from 400 nm to 550 nm and transfers energy to
the Chl a molecule, which collects light in the Soret band with a maximum around 440 nm
and in the area from 600 nm to 670 nm. The fluorescence spectrum of PCP marked in red in
the figure has a maximum at the wavelength of 673 nrn which corresponds to the emission
of Chl a. Due to its simple structure, i.e. relatively low protein complexity and small amount
of photosynthetic dyes, PCP is a good model complex. Figure 8b also shows a blue dashed

line of extinction of silver nanowires that overlaps with the absorption and emission
spectrum of the PCP, with the maximum of the plasmon resonance band located at about

380 nm.

In order to investigate the effect of the presence of silver nanowires on the optical
properties of PCP complexes, a mixture of an aqueous protein solution and an aqueous

AgNWs solution containing a PVA polymer was prepared. This resulted in an AgNWs
water mixture with PCP at a protein concentration of I pg/mL in l%o PVA, which was spin
coated on a coverslip with speed of 60 rounds per second. The prepared sample was called

"mixed", while the reference sample was obtained in an analogous manner by adding
distilled water instead of the AgNWs solution to the mixture. The use of PVA polymer was

aimed at creating a homogeneous layer of PCP, and it also reduced the effect of PCP's
photobleaching (photochemical irreversible process of Chl a molecules transition into a non-
fluorescent state). Samples were excited by LED illuminators with 405 nm and 480 nm light
(in the case of measurements using a wide field microscope) and by laser with 485 nm (in
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the case of experiments on a confocal microscope). This excitation wavelength
corresponding to the maximum of PCP absorption band and at the same time is iust behind
the maximum of plasmon resonance band of silver nanowires.
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Fig. 9 Wide-field microscopy images of fluorescence obtained for PCP complexes deposited on Ag nanowires.
The excitation of 405 nm was used.

The example of fluorescence intensity map of PCP complexes for a "mixed" sample is
shown in Fig. 9a. This map is collected exceptionally for the excitation wavelength of 405
nm, which is located closer to the maximum of the AgNWs resonance band. For all the rest
of the experiments and data analysis the excitation of 480 nm was used. It can be noticed
that emission of PCP complexes is enhanced in the area of AgNWs compared to the PCP
emission on glass. Fig. 9b shows the zoom in for one, well separated silver nanowire
covered with PCP proteins. Fluorescence intensity of photosynthetic complexes placed away
from the nanowires is much lower than for the complexes coupled to AgNWs. Moreover,
the this emission intensity is clearly higher at the ends of the silver nanowires. This situation
has been observed for over 90oh of the analysed PCP coupled to silver nanowires. The
strong plasmonic effect observed at the ends of nanowires can be due to antennae effect,
where higher density of electromagnetic field is expected for structures with high curvature
as well as due to enhanced scattering of plasmons in nanowires at discontinuities. The
procedure of analysis data was focused on estimating the fluorescence intensity for the PCP
complexes placed along the nanowires and at their ends. In that case the value of emission
intensity was taken as an average fluorescence intensity obtained from all pixels along a

curve that followed the individual shape of each NW. By placing identical curve to the
vicinity of the analysed AgNW (where the fluorescence was not enhanced) the reference
intensity was obtained. The ends of nanowires were analysed analogically from single,
brightest points. The ratio of PCP emission obtained in this way is the plasmonic
enhancement factor (EF) of PCP emissions in the presence of silver nanowires. The value of
averaged enhancement factor is 1 l and 2.2 for PCP complexes located along the nanowires
and at the ends of AgNWs, respectively.

Measurements of PCP emission intensity maps for a "mixed" sample obtained with wide
field fluorescence microscopy technique showed enhanced emission of photosynthetic
complexes located in close vicinity to metallic nanoparticles. Unfortunately, this technique
does not allow to explain, whether this enhancement is only result of enhanced light
absorption in the hybrid system. More direct information about the nature of plasmonic
interactions in presented hybrid nanostructures can be derived by measuring the
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fluorescence spectra and emission decay curves. Consecutive measurements were made
using the fluorescence confocal microscopy technique. Then, in confocal mode, PCP
complexes were localized precisely along the selected nanowires, at their ends or in non-
interacting with AgNWs neighbourhood, and for this particular setting the emission
spectrum and PCP fluorescence decay curves were recorded.
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Fig. l0 Emission spectra (left) and the corresponding fluorescence decay curve (right) for PCP complexes
placed outside of AgNWs (a and b) and on AgNWs (c and d) at excitation 485 nm. Experimentally measured
transient curves were fitted with exponential decays, as displayed with solid black lines.

In Fig. 10, the results for the reference sample and for the photosynthetic complexes located
in close vicinity to the silver nanowires are shown in red and blue respectively. The PCP

emission spectra do not change their shape, which means that the protein in contact with the

rnetallic nanoparticle remains intact - its structure is not changed and it is not damaged. A
clear difference is visible for the PCP fluorescence decay curves. In the absence of a metallic
nanoparticle, the decay of PCP complexes is mono-exponential with a typical decay constant

of about 4 ns, remaining in agreement with previous studies t'. Fot the PCP complexes
coupled to nanowires, a bi-exponential fluorescence decay is observed. One component of
this decay is characteristic for PCP lifetime in the absence of a metallic nanoparticle, while
the second component has a value of less than 0.3 ns. More than a ten-fold reduction of the

radiative rate of Chl a molecules in the PCP complex is due to the interaction with plasmons

induced in silver nanowires.

In conclusion, in this work a model PCP photosynthetic complexes were successfully
coupled to silver nanowires and an almost two-fold enhancement of protein emission was

observed. lnteractions between PCP complexes and AgNWs resulted in an increased value
of fluorescence intensity and shortened lifetime of photosynthetic complexes. These were
the first such results on a elobal scale.
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lH2l "Metal - enhanced fluorescence of
coupled to silver nanowires,', 2013, The
670412n2

chlorophylls in light-harvesting complexes
Scientific World Journal, pages: 67041211-

Studies on PCP complexes coupled with silver nanowires were continued for two
concentrations of PCP complexes differing in order of magnitude (c1 :2 pglmL and c2 :0.1
pglml), two excitation wavelengths (405 nm and 480 nm) and two geometries of samples -
"mixed" and "layer by layer" (lbl). Excitation wavelengths of hybrid nanostructures have
been selected to excite PCP complexes around their maximum of absorption band (480 nrn)
and in the vicinity of the maximum plasmon resonance band of silver nanowires (405 nm).
To observe the most efficient MEF of PCP complexes two different concentrations of
photosynthetic proteins were selected (while maintaining the same AgNWs concentration).
Because the phenomenon of MEF strongly depends on the distance between the metallic
nanoparticle and the emitter, the experiment used two types of sample geometry presented in
Fig. ll. In the case of a "lbl" sample, alayer of nanowires deposited on the glass substrate
was covered by a PCP layer (Fig. I I a) whereas the "mixed" sample was a mixture of both
these components, applied to the glass substrate (Fig. 1l b).
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Fig. I I Geometry of the "lbl" sample (a - left) and "mixed" sample (b - right) on the glass substrate. Gray
dashed lines represent AgNWs, and coloured objects are PCP complexes.

Collected emission intensity maps of PCP complexes for the discussed hybrid structures
showed an increase in the fluorescence intensity of the protein in the close vicinity of
AgNWs. Analysis of PCP fluorescence intensity maps was performed analogously to the
previous publication. Fig. 12 shows the histograms of the fluorescence enhancement factor
of PCP complexes coupled with AgNWs and excited at 405 nm. The blue sample was
marked "mixed" and the red sample "lbl". Due to the fact that at the ends of nanowires, the
photosynthetic complexes exhibit a much higher emission intensity, the determined EF
values were placed on separate histograms (Fig. 12 b and d). The upper panel of the figure
refers to a concentration of 2 pg/mL of protein and the lower panel presents results for the
lower concentration. The average values of PCP emission enhancement factor for a "mixed"
("lbl") samples with a higher protein concentration are 1.32 (1.22) for complexes located
along nanowires and, 2.40 (I.67) at their ends, respectively. The influence of sample
geometry on EF values is more dominant for samples with lower concentrations. In this
case, the average values of EF for the "mixed" ("layered") samples are 1.93 (1 .22) along
AgNWs and 4.1 I (1.73) at their ends, respectively.
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Fig. 12 Histograms of EFs for the ,,mixed" (blue) and ,,layer by layer" (red) samples. On the right, the analysis
was carried out for complexes deposited at the ends of AgNWs, on the left for proteins located along the
AgNWs. PCP concentration:2 pg/ml (a and b) and 0.1 pdmL (c and d); l*^" : 405 nm.

An analogous analysis was carried out for samples excited by light at 480 nm. ln this case,

the calculated averaged values of EF for the "mixed" ("layered") samples, with a higher
protein concentration, along AgNWs were 1.35 (l .25) and at their ends2.32 (1.76), while
for the sample at a lower concentration, they were 2.10 (1.27\ along metallic nanoparticles
and 4.83 (2.04) at their ends, respectively. The obtained results using the wide-field
microscope are only qualitative and approximate, and obtained EFs of PCP emission are

usually underestimated. In order to estimate the more quantitative nature of PCP interactions
with AgNWs, emission spectra of photosynthetic complexes isolated from metallic
nanoparticles and coupled with silver nanowires as well as their decay curves were
measured. The emission spectra of PCPs coupled to AgNWs, regardless of the geometry of
the sample, have the same shape and position as the fluorescence spectra of proteins in the
absence of rnetallic nanoparticles. This means that the photosynthetic complexes coupled to
AgNW retains its functionality and is not damaged.
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Fig. 13 The PCP fluorescence decay curves together with fits of exponential functions and residuals for
reference (a), "lbl" (b) and "mixed" (c) samples. PCP concentration:: 2 pglmL, I"*": 485 nm.

Figure 13 shows PCP ernission decay curves. In the case of the reference sample, the
exponential decay of emission with the determined fluorescence lifetime value is visible, 4
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ns ilrespective of used excitation wavelength - 405 nm and 485 nm. For both hybrid
nanostructures is observed a bi-exponential fluorescence decay of PCP complexes. Obtained
the fluorescence lifetimes of protein complexes coupled to silver nanowires are about 4 ns
and 0.3 ns for the "mixed" sample regardless of used excitation wavelength. In the case of a
"lbl" sample, the shorter lifetime was 0.2 ns for excitation 405 nm and 0.5 ns for excitation
485 nm. In addition, in the case of a "mixed" sample, the amplitude associated with the
fitting of the two-exponential function for a smaller value of the decay time constant is two
times higher as in the case of the "lbl" sample. It means that the number of PCP complexes
interacting with nanowires is larger for the "mixed" sample. The long component measured
for the laser beam placed onto a nanowire originates from the PCP complexes that are
isolated from the nanowire. The diameter of the laser spot is about 1 prm and the diameters
of the AgNWs below 200 nm. Due to that fact it is expected to detect signal associated with
the PCP complexes that are far away from nanowire and do not interact with it.

In summary, the presented study observed a plasmonically enhanced fluorescence of PCP
complexes conjugated to silver nanowires. The EFs values do not depend on used excitation
wavelengths. The geometry of the sample and the concentration of photosynthetic
complexes affect the observed increase in the emission intensity of PCP complexes. In the
case of a "mixed" sample, a larger number of protein complexes interact with metallic
nanoparticles. The shortening of PCP fluorescence lifetime indicates that the increase in the
radiative constant plays an important role in the presented hybrid nanostructures. The
obtained results can be applied for developing ways to plasmonically control the light-
harvesting capability of photosynthetic complexes.

lH3l "Wide-Jield.fluorescence microscopy of real-time bioconjugation sensingtt,
2018, Sensors 18,290,pages: l-10

As mentioned before, the plasmonic interactions between the emitter and the metallic
nanoparticle depends on the distance between them and the phenomenon of enhanced
fluorescence requires their mutual distance between l0 nm - 30 nm. Due to that fact, another
research challenge was set up to control the distance between PCP complexes and silver
nanowires. The protocol for the modification of the surface of silver nanowires using biotin
was used from the doctoral dissertation M. Olejnik 23. PCP complexes with attached
streptavidin protein (PCP-strept) were conjugated with AgNWs by forming a streptavidin-
biotin binding. Using wide-field microscope, the speed rate of the bioconjugation process
was studied. Fig. U (a) shows a photo of white light transmission for a sample with silver
nanowires deposited on clean bare glass. After 10 seconds from the start of collecting data, 5

pL of PCP-strept solution with a concentration of 0.2 pglmL was applied and changes in the
fluorescence intensity of the protein complexes were observed.
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Fig. l4 Transmission image of AgNWs before application of PCP solution (a), PCP fluorescence intensity map
straight after application of PCP solution (b) and PCP emission intensity maps recorded in the described time
of measurement collection. The scale of PCP emission intensity on all maps is identical; 1,"^. : 405 nm.

The measurements show that the intensity of light from the emission of PCP complexes
deposited on the rnodified surface of nanowires begins to appear after 0.5 s from application
of protein solution. This intensity reaches its maximum value after 2.5 seconds from the
application and then starts to decrease as a result of the slow photobleaching process. In
order to investigate the influence of the substrate (on which the sample was placed) on the
dynarnics of the conjugation process, the glass substrates modified with streptavidin were
used and the experiment was repeated. Biotin-modified silver nanowires were applied to a
streptavidin glass and the PCP-strept solution was applied.

Tnne [s]
100 t50 200 250 300

Time [s]

Fig. l5 Kinetics of PCP@AgNW emission intensity changes: on glass (a) and streptavidin glass (b). Changes
in the ernission intensity of PCP complexes conjugated at the ends of AgNW (blue), along the AgNW (red -
average value fiom the entire length of the nanowire, green - value from one point on the nanowire), outside
the AgNWs area (black).

Fig. 15 shows the kinetics of changes in the fluorescence intensity of PCP complexes
conjugated with nanowires deposited on clean glass and on streptavidin glass. The changes
in the intensity of protein emission located at the ends of nanowires are blue, while the
emitters deposited on the glass outside the area of interaction with the silver nanoparticles
are marked with black. For PCP located along the nanowires, red was used for the average
etnission intensity collected from the entire AgNW length, and the green value of the
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fluorescence intensity collected from one point on the nanowire was used. In both cases of
used substrate, an increase in the PCP emission intensity conjugated with AgNW was
observed, followed by its decrease as a result of the photobleaching process of chlorophylls.
Moreover, in the case of streptavidin glass substrate no signal is obtained from the emission
of free PCP complexes (reference from outside the interaction area with AgNW) ). This can
be explained by the repulsive action of the glass substrate on which streptavidin protein
molecules are deposited relative to the PCP complexes, which also contain streptavidin
attached. It is possible that PCP complexes remain for a longer time in the applied solution
"waiting for" attachment to the modified AgNW surface, which could explain the longer rise
time of PCP emission intensity located on AgNW, deposited on the streptavidin substrate
compared to the situation on the glass substrate. ln addition, a detailed analysis of
approximately 60 well-separated nanowires on both substrates showed that the average PCP
emission along AgNWs (at the ends of AgNW) on a clean glass substrate is 540 * 190 (1700
* 600) while on a substrate modified with streptavidin is 230 + 60 (700 * 300).

In summary, the described work uses a wide field fluorescence microscopy technique to
monitor the bioconjugation process of silver nanoparticles with photosynthetic complexes.
The bioconjugation process is very efficient and takes place in just a few seconds. The speed
of the bioconjugation process on the substrate modified with streptavidin is smaller
compared to pure glass. On both substrates there is a phenomenon of plasmonically
enhanced emission of PCP complexes conjugated with AgNWs. This method could be
universally applied for real-time biochemical sensing with metallic, plasmonically-active
nanostructures or platforms, presumably down to single protein level.

tH4l 'tSpectrally selective .fluorescence imaging of Chlorobaculum tepidum reaction
centers conjugated to chelator modiJied silver nanowires",2018, Photosynthesis Research,
135, pages: 329-336.

The research presented earlier has allowed to describe the effect of the presence of
metallic nanoparticles on the optical properties of a simple protein complexes. The Reaction
Center (RC) is a natural light converter found in the cells of photosynthetic organisms. It
shows almost 100 % of quantum efficiency of light conversion to electric current. This fact
causes that many scientists around the world make attempts to incorporate this type of protein
complexes into various types of electrodes to construct cheap and effective photovoltaic cells.
The coupling of such protein complexes to silver nanoparticles can lead to modification of
their optical properties. This in turn may translate into increased efficiency of absorbed solar
radiation or efficiency of photocurrent generation by bioelectrodes constructed on the basis of
functional photosynthetic complexes. In addition, as a result of such a combination, a

structure with an oriented location of photosynthetic complexes should be created, working as

an anode or cathode, depending on the orientation of the functional photosynthetic complexes
to its surface.

In this work, a reaction centers from green bacteria Chlorobaculum (Cb.) Tepidum is
used, which is a transmembrane piginent-protein super complex and, at the same time, a

simpler analogue of photosystem I (PSD. Fig. 16 shows the absorption spectrum of RCs
(green) and AgNWs (black) and the emission spectrum of reaction centers (red).
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Fig. 16 Absorption spectra of RCs (green) and AgNWs (black) and emission spectrum of RCs (red). Arrows
indicate excitation wavelengths used in the experiment.

Carotenoids absorb light in the range between 430 nm and 540 nm. Contribution of
bacteriochlorophyll c (BChl a) in the absorption spectrum of RCs is visible in two spectral
regions from 300 nm to 430 nm and between 540 nm and 850 nm (the Q* and Qv bands are

visible at around 600 nm and 810 nm). The absorption band, whose maximum is about 670

nm belongs to the Chl a derivative. The FMO (Fenna-Matthews-Olson) protein is attached

to the RC complex, which BChl a absorbs light in the spectral range from 550 nm to 645
nm. Light absorbed by the FMO protein is mainly transferred to the RCs. The emission
spectrum of RC is characterizedby a wide band with a maximum located at around 840 nm.
Widening of this spectrum on the short-wave slope may be the result of FMO fluorescence.

The figure also shows the absorption spectrum of silver nanowires, which overlaps with the
absorption and emission spectrum of RCs. The RC's complexes are equipped with a

polyhistidine bridge (His-Tag), which allows them to be attached in a specific way to the

modified surface of nanowires. The process of surface modification of AgNWs with NTA
acid and nickel salt has been described in the section on measurement methodology. The
tnodified AgNW-NTA were incubated in a buffer solution with RCs for 60 minutes and then

rinsed and centrifuged several times. This procedure ensured that finally only the RC
complexes conjugated with the AgNW surface (RC@AgNW) were in the solution.

Fig. l7 presents maps of emission intensity of RC complexes immobilized on the surface

of silver nanowires recorded using (a) confocal microscope and (b) wide field microscope.
The measured emission spectra of RC complexes attached to AgNWs at various positions on
the nanowire are characteized by a different fluorescence intensity value, but their shape

and position is the same as for RC complexes in the buffer solution (Fig. 17a). This means
that in the bioconjugation process and in the vicinity of metallic nanoparticles, RCs are not
damaged or denatured and retain their functionality.
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Fig. 17 Fluorescence intensity maps of RC complexes attached to AgNWs collected using (a) confocal
microscope (inset: emission spectra of RCs located on particular spot on AgNW) and (b) wide field
microscopy (inset: distribution of emission intensity of RCs immobilized along the selected nanowire (yellow
color) and its vicinity (red color)).

Fig. 17b displays how the RC's complexes homogeneously immobilized on the AgNW's
surface - a bright emission intensity of RCs feature the shape of the nanowire, along with
lighter endings on an essentially dark background. Inset shows the distribution of emission
intensity of RCs attached along the nanowire (yellow) and practically its lack in the AgNW
environment (red color), which means that in the final solution all RC complexes were
conjugated with the surface of AgNWs. In addition, the distance between the nanowire and
the protein complexes was enough large that there was no quenching of fluorescence of
RCs. In order to accurate investigate the effect of the presence of metallic nanoparticles on
the optical properties of RC complexes, five excitation wavelengths have been used from the
entire absorption of RCs (corresponding to absorption of different protein pigments). The
measurements were carried out in such a way that exactly the same spot on the sample was
illuminated with a wavelength from 630 nm to 365 nm (using the same excitation power),
and emission intensity maps of RC@AgNW were collected. This procedure allowed to
determine the relative values of the emission intensity of RCs conjugated to a particular
nanowire in the function of excitation wavelength. Over one hundred isolated, well-
separated nanowires were analysed.
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Fig. I 8 Comparison of the fluorescence intensity of RC buffer solution (green triangles) and averaged emission
intensity of RC@AgNWs at the ends of NWs (blue squares) as well as along the NWs (red circles). Solid lines
correspond to emission intensity of RC@AgI{Ws scaled to the excitation spectrum of RC solution.
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Fig. 18 shows the emission intensity of the RC solution in the buffer (green colour)
determined from the excitation emission spectrum measured at a constant value of the
excitation light intensity. The emission intensity of RC@AgNW conjugates were measured
using a wide field microscopy for the same excitation powers of all five LED illuminators
used. The average values of emission of RC@AgNWs determined along the nanowires (red
dots) and at their ends (blue squares) are marked with a dashed line. All graphs were
normalized to the emission of RC at 407 nm excitation. It can be noticed that the
dependence of the intensity of light emitted by the RC complexes on the excitation
wavelength is different for the case of buffer solution and RCs conjugate with NWs. While
the emission intensity of the RC solution has a higher value for l,r*, : 365 nm compared to
RC@AgNWs, this situation is reversed for 1."", : 485 nm. For a better presentation of the

influence of nanowires on the optical properties of RCs, the emission intensity of RC@
AgNWs was nonnalized to the same value of absorbed light intensity, i.e. divided by the
emission intensity values from the RC excitation spectrum in the buffer solution. In this way
red and blue solid lines were obtained. One can clearly see the influence of plasmonic
excitations induced in silver nanowires on enhancing the emission intensity of RC
complexes attached to AgNWs in an oriented way. Additional measurements for
RC@AgNW conjugates made with time resolved spectroscopy methods showed that the
fluorescence decay curves measured at excitation wavelengths of 485 nm and 640 nm do not
differ from emission decay curves for the reference sample (RC solution in buffer). Since

there is no shortening of the fluorescence lifetime of the protein complexes immobilized on

nanowires, it can be concluded that the increase of emission intensity of RCs conjugated to
AgNWs is mainly the result of enhanced absorption of light by RC.

In sutnmary, in this paper Reaction Centers were immobilized on the silver nanowires in
an oriented way. Bioconjugation did not quench the emission of RCs, it even enhanced it.
Plasmon enhancement of emission of RCs is mainly the result of enhanced absorption of
photosynthetic complexes. Obtained results can be applied for the construction of improved
solar energy converters based on photosynthetic complexes and metallic nanoparticles. The
research described below was conducted as part of the European BoldCats project
("Bioinspired Oxygen evolving Light Driven CATALYSIS (BOLDCATS)", 20lI-2014,
650,000 PLN), which I was the main contractor and coordinator of cooperation with the
laboratory of prof. R. Cogdell.

lHsl "Plasmon-induced absorption of blind chlorophylls in photosynthetic proteins
assembled on silver nunowires"r20lJ, Nanoscale, 9, pages: 10475-10486

Photosystem I with the light-harvesting antenna complex I (PSI-LHCI) is a super

complex protein isolated from red alga Cyanidioschyzon merolae.lt is characterized by high
resistance to extreme conditions such as exposure to light, temperature (20'C - 60o C) or pH
(4 - I I ), making it an interesting photosynthetic protein for use in, for example, converters
of sunlight for electriciry '0. Previous research has shown that the oriented attachment of
reaction centers RC to silver nanowires results in a modification of their optical properties.

Therefore, in this work, a PSI-LHCI super complex was conjugated with silver nanowires
via His-tagged cytochrorne c553, which is a natural electron donor. The crystal structure of
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PSI-LHCI is well known and is presented in Figure 1a. This super complex form a illonomer
with a size of 15 nm and contains about 157 - 159 molecules Chl a and 35 molecules of
carotenoids. Fig. 1b shows the absorption ftlack colour) and emission (red colour) spectrum
of PSI-LHCI together with the absorption spectrum of silver nanowires (blue colour).
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Fig. l9 Crystal structure of PSI-LHCI monomer 25 
1a); absorption spectrum (black line) and tluorescence

spectrum (red line) of PSI-LHCI for excitation wavelength 405 nm and absorption spectrum of AgNW (blue
line) (b).

The absorption spectrum of the supercomplex is characterized by several broad bands that
coffespond to the absorption of light by various photosynthetic pigments. Chl a molecules
absorb sunlight in the Soret band corresponding to the part of ultraviolet and blue light, and
near infrared (Qv band). The absorption of carotenoids is characterized by smaller bands in
the region of green light. The maximum of ernission spectrum of PSI-LHCI is at 678 nm,
and the spectrum is widening towards longer wavelengths which is attributed to the emission
of so-called red chlorophylls. The isolated native PSI-LHCI complexes do not have a

histidine tag enabling them to be attached in an oriented way to the modified surface of the
silver nanoparticles. In this situation, the natural electron mediator - cytochrome c.ss3

equipped with His-Tag was used.
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Fig. 20 Geometry of samples: (a) PSI-LHCI layer, (b) PSI-LHCI complexes deposited on AgNW wirhout using
cytochrome, (c) PSI-LHCI immobilized on AgNW using cytochrome.

Fig. 20 shows the geometry of investigated samples. The main difference between the
samples is the presence of cytochrome c553 (PSI-LHCI@AgNW) or its absence (PSI-LHCI +
AgNW). In the case of a sample where cytochrome was not used, the protein complexes
could not attach to the surface of the silver nanowires in an oriented way, but were only
deposited on them by physical adsorption. The modified silver nanowires were first
incubated in the cytochrome cssr buffer solution for half an hour and then rinsed and
centrifuged. The nanowires obtained in this way had the entire surface covered with
cytochromes (AgNW-cyt) awaiting for binding of the PSI-LHCI super complexes. First, the

- 
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condition required for complete bioconjugation was established. The PSI-LHCI solution was

added to the sample containing AgNW-cyt, and after l0 min, 30 min and 60 min of
incubation time a mixture was drawn, deposited on glass substrate and emission intensity
maps of PSI-LHCI were collected (for 405 nm excitation). The obtained results showed that
after ten minutes the PSI-LHCI complexes coupled with AgNW-cyt emit enhanced

fluorescence, however, the intensity of this emission is weak and heterogeneous along the
NWs. A much better effect was visible after 30 minutes, and after 60 minutes where the
emission of PSI-LHCI complexes conjugated with AgNW-cyt was much more intense and
homogeneous. This time was considered as the optimal incubation time of the PSI-LHCI
mixture with AgNW-cyt and was used for further studies. Two PSI-LHCI mixtures were
then prepared, one containing modified silver nanowires and one containing cytochrome
coated nanowires. Both mixtures were incubated for 60 minutes, centrifuged several times
and rinsed and then deposited on glass substrate. The emission intensity maps of PSI-LHCI
collected for these samples are presented in Fig. 21.

Fig. 2l Emission intensify maps of: PSI-LHCI+AgNW (a, c) and PSI-LHCI@AgNW (b, d) for excitation
wavelengths of 405 nm (a, b) and 535 nm (c, d). All maps are on the same emission intensity scale.

The samples were excited using two wavelengths: 405 nm - corresponds to the location of
the maximum resonance band of AgNWs and 535 nm - an area in which the PSI-LHCI
complexes hardly absorb light. It can be noticed that the presence of metallic nanoparticles

in both samples does not quench the emission of super complex proteins. The main
difference is in the intensity of emission of PSI-LHCI. The ratio of emission intensity of
PSI-LHCI at excitation wavelength 405 nm to emission intensity at 535 nm excitation is:

about 5 (PSI-LHCI+AgNW) for samples where photosynthetic proteins were not
specifically conjugated with plasmonically active AgNWs in a controlled manner, almost 2
(PSl -LHCI@AgNW) for the conjugates and over 6 for the reference sample (PSI-LHCI).
This important result shows that the attachment of PSI-LHCI complexes in an oriented

manner to silver nanowires strongly modifies the optical properties of these super

complexes. The results of time-resolved fluorescence spectroscopy for these hybrid
nanostructures have shown a shortening of the fluorescence decay. Moreover, the

bioconjugated nanostructures seems to exhibit the fast component of the fluorescence decay

with the slow component significantly diminished. The obtained results show that PSI-LHCI
super complexes attached to silver nanowires in an oriented manner have enhanced

efficiency of green light harvesting, in the spectral range that those proteins in vivo are

optically nearly inactive. The reason for this is the strong modification of the optical
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properties of these photosynthetic complexes. [t should be noticed that illurnination of PSI-
LHCI above 500 nm populates the so-called red Chlls, which form an energy trap mainly in
the LHCI antenna system, but also in the PSI core. The attachment of PSI-LHCI complexes
to silver nanowires with their donor side increases the probability of light absorption by red
chlorophylls.

In conclusion, in this paper, photosystems I super complexes were immobilized in a

oriented way to the modified surface of silver nanowires via cytochrome css3. The tirne at
which the cytochrofiie c553 is connected with the PSI-LHCI complexes was detennined. The
coupling of PSI-LHCI complexes on the donor side (P700) with silver nanowires modifies
the optical properties of these complexes. This modification consists in a strong
enhancement of green light absorption, in an area where in natural conditions the light is not
nearly absorbed by PSI-LHCI. In this way, we applied oriented nanostructuring of PSI-
LHCI complexes to enhance the specific plasmonic interactions that improved absorption of
PSI-LHCI, thereby paving the way towards significant advances in the application of this
remarkably efficient solar light converter in a viable artificial leaf.

5. Conclusions

The most important results included in my scientific achievement are:

' observation of plasmonically enhanced fluorescence of the simple model photosynthetic
complex PCP, coupled as a result of physical adsorption with silver nanowires,

' increasing the effect of the MEF phenomenon for PCP complexes coupled to silver
nanowires by controlling the geometry of the sample (increasing the number of protein
complexes interacting with nanowires),

' application of wide-field fluorescence microscopy to measure real-time attachment of
photosynthetic proteins to plasmonically active silver nanowires,

' enhancement of light absorption by bacterial reaction centers (capable of charge
separation) immobilized in an oriented way to silver nanowires,

' development of a protocol for surface modification of silver nanowires and coniugation
with them PSI-LHCI super complexes via cytochromes and enhancement of green light
absorption by the fabricated hybrid nanostructure.

The presented research results met with gteat interest of the scientific community in the
country and abroad. They were presented in the form of oral presentations and posters at

several foreign and national scientific conferences, where they were welcorned. The
potential application of the results obtained is:

' for developing ways to plasmonically control the light-harvesting capability of
photosynthetic complexes,

' for real-time biochemical sensing with metallic, plasmonically-active nanostructures or
platforms, presumably down to single protein level,
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. for the construction of new, efficient and ecologically clean photovoltaic cells based on
functional photosynthetic complexes, capable of charge separation, immobilized in a

directed way on the plasmonically active metal nanostructures.

V. Other scientific/artistic achievements

Immediately after completing my doctoral thesis I went on a post-doctoral internship at

the University of Saskatchewan in Canada, where I worked under the supervision of Professor '

Ronald Steer. The scope of my scientific activity there was a continuation of the subject of my
doctoral dissertation. The first experiments carried out in Canada concerned quenching the
fluorescence of magnesium and zinc tetraphenylporphyrins by molecular oxygen 26 

as well as

photophysical properties of these porphyrins in solutions ".Thenext topic was about corroles
- porphyrin derivatives. A sudden increase in interest in these compounds appeared when a

sirnple method of their synthesis was discovered. Under the supervision of prof. R. Steer I
studied the spectral and photophysical properties of two metallocorroles in a mixture of
benzene and pyridine in the ground state and higher excited states '*. After completing the
postdoctoral fellow at UofS in Canada I went to Spain, where at Universidad de La Laguna in
Tenerife I cooperated scientifically with the group of Professor I. Martin. I was involved in
fabricating glasses and ceramic glasses doped with rare earth ions and studying their optical
properties using time-resolved laser spectroscopy 2e'30. After returning to the country,

Professor S. Maikowski offered me a job in his research group, in which i stay up to date.

Cooperation with Professor S. Maikowski turned out to be exffemely interesting and

interdisciplinary, and the research topic dealt with here focuses on hybrid bionanostructures.

In addition to studies on the influence of silver nanowires on optical properties of
photosynthetic complexes, I also participated in experiments using other nanoparticles and

plasmonic nanostructures in hybrid systems. One of the first works concerned the coupling of
quantum dots with PCP comple*es 3'. The influence of plasmons induced in the silver island

layer (SIF) on the optical properties of photosynthetic complexes with various degrees of
protein complexity and number of emitters, such as FMO 32,bacteial reaction center 33 or
cyanobacterial photosystem I 3a was also studied. The silver nanowires which I have

synthesized have been used successfully in numerous experiments conducted by master

students, PhD students and other scientific staff of the ZONH '5. The interdisciplinary
character of ZONH's work was also the result of a precise determination of the quantum

efficiency of emissions of thioxinones synthesized in the laboratory of prof. D. Gryko 36 or
steady-state spectroscopy of optical properties of organic compounds doped with rhenium and

used in organic light emitting devices 3t. I also participated in several grants headed by
Professor S. Ma6kowski. We are currently working on the already-ending Polish-Turkish
project on the study of optical and electrochemical properties of nanostructured bioelectrodes

composed of a PSI-LHCI multilayer attached in an oriented manner to the surface of graphene
38 and the influence of the silver islands films deposited under single layer graphene on the

electrochemical effi ciency of this bioelectrode.
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