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Photosynthesis ighe processby which solar energyis convertedinto chemical
energy.Solarenergyis capturedby lightharvesting (LH) antenna complexasdthen
transfered to a specialized, membrargound complex called the reaction centre (RC)
where this energy is trapped as a charge sepatastate The development of
lithographic techniqueshas allowed pattening of photosynthetic complexeson
surfaces, creagthe possibility of studying their lightarvesting and energy transfer
properties Reconstitution techniques enable the assembly of membrane vesicles
containing LH and RC complexes for measuring teegsses of energy harvesting

and excitation transfer.

LH2 and RCLH1 complexes purified from the phototrophic bacteRtwdobacter

(Rba) sphaeroideshave been patterned on glass surfaces. Fluorescence lifetime
imaging microscopy (FLIM) results shtvat both complexes retained theinative
functions, and energy transfer from LH2 to RCLH1 was observed. Repeated FLIM
measurements show that the patterned complexes can last for 60 days with their

fluorescence properties anehergy transfer capability ratned

Methods were developed for nanoscale patterning of purified LH2, RCLH1 and LHCII
complexes on semiconductive silicon surfackEM imagesand FLIM results show
that these complexes had retaindtieir structural propertiesand energy transfer

functions.

LH2 andn O NRICLH1 purified frorRba.sphaeroideshave been reconstituted with

lipids to form artificial proteoliposomes. Five different LAIZD NRICLH1 ratios were
used for the reconstitution process. AFM images show the distribution of the
complexes in the proteoliposomes and FLIM results show varying energy transfer

efficiencies according to the different LH20 NRICLH1 ratios used in reconsticms.

LHCII from spinach angdcrtB RCLH1 fromRba. sphaeroideshave beencross
patterned on glass surfaces, to form a hybrid plant/bacterial photosynthetic system.
FLIM results show evidence for energy transfer from LHChcttB RCLH1 and
assembly of &iohybrid photosynthetic unit.
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Chapter 1
LYONRRdAzOUAZ2Y

1.1 Photosynthesis

Photosynthesis is the biological process by which light energy is captured and
converted into biochemical energyand it isthe primary energy source for the
majority of life on Earth Photosynthetic organisms, including plants, algae and
specialised bacterjaontain light-harvesting pigmenprotein complexeghat absorb

solar energy This energy is useid drive a series of electron trafess, which are
coupled to the translocabn of protonsand generation of proton gradient across a
membrane.The transmembrane protomotive forceis utilised for the synthesis of
ATR which is then used to drivéhe metabolism of the cell, including fixation of

carbon dioxide

Although the pgymentprotein complexes for photosynthesis vary significantly in
different types of organism, the overall process for photosynthesis is a redox reaction

and can be represented by the equation:
CQ+2H! 6 f A 3O H2ARFDO / | (van Niel 1944)

H-A represents electron and hydrogen ion donors, such #3 &hd HS, for the
reductive assimilationof CQ to form CHO (carbohydrate). Photosynthesis can be
divided into two main typesdepending on the oxidation product of this reaction:
oxygenic photosynthesis (oxygewolving) and anoxygenic photosynthesis (non
oxygenevolving). Oxygenic photosynthesis occurs in plants, algae and cyanobacteria,
using HO as the kctron donorandwith Ozas the oxidation product. Thus, oxygenic
photosynthesis is imperative for aerobic lifesit was responsible for anthaintains
atmospheric oxygen levels. Anoxygenic photosynthesis occurs in other
photosynthetic bacteria, excludin cyanobacteria, using a number of different

compounds, including inorganic acids such as succinate and acetate.



1.2 Photosynthetic organisms

1.2.1 Classification of photosynthetic organisms

Organisms can be phylogenetically classified into tlde®mains by their evolutionary
relationshipso  a SR 2y GKS aSljdzSy0S 2F GKSAN avyl
2T fATSQd ! OO2NRAYy3 G2 GKS OflFaaAiATAOl GAc:
GAUKAY (KS WSdzlINBEFQ | YR QVAIKGHSNRIYG KBF X I
have been found. The photosynthetic phyla are: cyanobacteria, purple bacteria, green
sulphur bacteria, Gram positive bacteria, acidobacteria, greensutphur bacteria

and plants (including algae). Groups containing photosyith@rganisms are shown

in Figure 1.1.

Bacteria Archaea Eukarya

Eurkarchaeota
Methanosarcina ) Animals
Methano- Halophiles Slime molds
Crenarchaeota bacterium Entarnoebae
Thermoproteus
Pyrodictium

Fungi

Methanococcus,

Ciliates
Flagellates

Thermococcus celer Trichomonads

Flavobacteria Microsporidia

Diplomonads
Thermofogales

Figure 1.1Classification of photosynthetic organisms

Phylogenetic classification is based on sleguences of themall rRNA subunit. Phyla with
photosynthetic organisms present are highlighted in green.
(Mothersole 2013)

Another method to classifghotosyntheticorganisms is by metabolic properties:

(a) Carba source: autotrophs derive their cellular carbon from >C@vhilst
heterotrophs derive cellular carbon from pfermed organic compounds. Most

photosynthetic organisms are autotrophs; some may grow by either method.

(b) Energy sourcephototrophs utilise sunlight as the source of energy, whilst
chemotrophs use various complex chemical compounds as the energy source.

Photosynthetic organisms are phototrophs.



(c) Oxygen usage: An aerobe requires oxygen to grow, whereaisagmobe grows in

without oxygen byanaerobic respiration or fermentation.

1.2.2 Distinct groups of photosynthetic organisms

Types of photosynthetic organism

Eukaryotic oxygenic photosynthesis (chloroplasts)

Plants Mosses Green algae Red algae Brown algae

Prokaryotic oxygenic photosynthesisArchaealphotosynthesis

Cyanobacterid- -) Halobacteria
Prokaryotmnoxygen|cphotosynthe5|s

Purple bacteria-§ Greensulphur Greennonsulfur Heliobacteria(+)
bacteria ) bacteria §)

Figure 1.2. Types of photosynthetic organism.

The {/+) refers to the Grammegativeclassification, which is based on the type of cell wall.

1.2.2.1 Plants and algae

hyS RAAGAY Ol LIKefdzy 2F (GKS aSdzZl I NBFE¢ R2Y
as plants, mosses, green algae, red algae, and brown algae. These photosynthetic
eukaryotes all contain chloroplasts, in which thylakoid membraresuse the
apparatus foroxygenic photosynthesifAlthough algae and plants are complex, the

same basic principles of eukaryotic photosynthesis are found in oxygenic

cyanobacteria.



1.2.2.2 Cyanobaetria

Apart fromthe eukaryotes some prokaryotes are also capable of photosynthesas,
they can be classifiethto five distinct major groups, only on& which is oxygenic,
the cyanobacteria. Thether four groups are anoxygenic, known as the purple
bacteria, the green sulphur bacteria, the green rsuiphur bacteria and the

heliobacteria.

The cyanobacteriara a large and diverse oxygenic photosynthetic groapgd they

occupy a wide range of habitats across the Earth, including some extreme
environmentssuch as hypersaline bays and hot springs. Cyanobacteria are often
NEFTSNNBR -#RBESya latoFldsSt o06SOFdzaS GKSe& KI @S
photosynthesissimilarto the eukaryotic phototrophs. Many species of cyanobacteria

can fix N and some can uskbS as an electron dongPadan 1979)According to the
endosymbiotic theory, chloroplasts found in plants and eukaryotic algae evolved from

cyanobacterial ancestofZimorski et al 2014)

1.2.2.3 Purple bacteria

Purple phototrophic bacteria, as one of the anoxygenic photosynthetikgrymtes,

can metabolise in versatile ways. They can grow photoautotrophically,
photoheterotrophically, aerobically, anaerobically and fermentatiétghoff 1995)

Purple LIK2 G2 G NRBLIKAO oF O0SNRLI I NJBA dzf Has NI A RoS
WK2R2ALANRE I OSIFS TFrYAf@0y FyR WLIHzNLIX S a
based on their sulphide tolerand@an Niel 1944)Only the purple sulphur bacteria

can use sulphur containing compounds such £38 &t an electron dongBrune 1995)

Most purple bacteria can fix molecular nitrogen and the Calvin cycle fixesnCGD

purple bacterigTabita 1995)

1.2.2.4 Green sulphur bacteria

The photosynthetic green bacteria can be divided to two types: the green sulphur
bacteria and the green nesulphur bacteria. The green phlur bacteria primarily use
H.S as an electron donor, whilst the otlseto not. The green sulphur bacteria are
obligate anoxygenic phototrophs aradle strict anaerobesThey arefound inoxygen

free environments withvery low light for example at the botim of lakesThey are



capable of nitrogen fixation and can fix &8rough a reverse tricarboxylic acid cycle

(Sirevag 1995)

1.2.2.5 Green nossulphur bacteria
Green nonsulphur bacteria are significantly more versatile than green sulphur
bacteria. They are facultative anaerob#sat grow aerobically by autotrophy or

heterotrophy with reduced carbon compounds as electron donors.

1.2.2.6 Heliobacteria

Photosyntheic heliobacteria are strictly anaerobic photoheterotrophs. They are the
only group of Granpositive or sporgorming phototrophs, often found in soils and
rice paddies. Photosynthetic heliobacteria are active nitrogen fixers but their CO
fixation is not vell understood. The primary pigment involved in the photosynthesis

of the heliobacteria is chlorophydl which is unique to this group.

1.2.2.7 Acidobacteria
The specie€andidatusChloracidobacterium thermophilumecently discovered in a
hot spring inYellowstone National PariBryant et al 2007)has been assigned to a

newly devised phylupthe physiologically diverse and ubiquitous Acidobacteria.

1.2.3Rhodobacter sphaeroides

Rhodobacter (Rba.) sphaeroidssa Grammegative, rodshaped, and metabolically
diverse purple norsulphur bacterium. It can perform anoxygenic photosynthesis
under anaerobic conditions in the light and can grow by chemoheterotrophy under
semtiaerobic or aerobic conditions in the dafMadigan & Gest 1979)t is also
capable of dizatrophic growth and fermentatiofBlankenship et al 1995Rba.
sphaeroidess typically found in anoxic zones at the bottom of deep lakes and in
sediments(Madigan 1988, Pfennid978) sewage(Siefert et al 1978)and waste
lagoons(Cooper et al 1975)

Rba. sphaeroides an excellent model organism for many reasahgan be easily
cultured in liquid medium in the laboratory under the light or in the datk smal
genome has been fully sequenced and well annotated, allowing for rapid genomic
manipulation snce it can grow by chemotrophy, the genes essential for anoxygenic

photosynthesis can be removed, allowing fordepth genetic and biochemical



studies. A weakh of structural information isavailablefor the Rba. sphaeroides
photosynthetic membrane protein complexes, including the light harvesting
complexes, LH2 and LH1, the reaction cefRE) the cytochromebc; complex and

ATP synthase.

1.2.4Synechocystis

Synechocystigs a unicellular, Gramegative cyanobacterium. It performs oxygenic
photosynthesis reducing G@ith H.O and can grow phototrophically under the light
or heterotrophically when supplied with a carbon sour@enderson & Mcintosh
1991)

Synechocystiss a useful photosynthetic model organism for several reasons.
Significantly, the photosynthetic mechanism $ynechocystiss similar tothat of
plants and algae, showing a high level of homology among many of the
photosynthetic protein complexes. Its genome is fully sequenéaheko & Tabata
1997) Synechocystis naturally competent, its genome can uptake and incorporate
foreign DNA by homologous recombinati¢@rigorieva & Shestakov 198&ince it

can grow photoheterotrophically, genetic manipulation of essential photosynthetic
protein complexesis more straightforwardthan for eukaryotic counterparts and
there are many useful mutants awWable in the genes encoding proteins for

biosynthesis, assembly and photosynthetic function

1.2.5Arabidopsisand spinach

Arabidopsisis a genus in the family Brassicacesmall flowering plants relad to
cabbage and mustardArabidopsisis the first plant whose genome has been fully
sequenced and one of the model organisms for plant biola&gydies Spinach is also a
flowering plant but in the family Amaranthaceae native to central and western Asia. It

is also wigly used as a model orgamsfor photosynthesis studsin plants.



1.3 Light harvesting and energy trapping Rhodobacter sphaeroides

1.3.1 The photosynthetic unit oRhodobacter sphaeroides

The photosynthetic unit (PSWf Rhodobacter sphaeroidesonsists of pigmermt

protein complexes that absorb solar energy as electronic excitation erergyS y S NJ S i
al 2007a) PSUs arembeddedin intracytoplasmic membranes (ICN§chachman et

al 1952, Sener et al 2016)lhe PSU contains three types of pigmprdtein
complexes: the reaction centre (R@npdthe lightharvesting (LH) complexes LH1 and

LH2. The LH complexésm an interconnectedantenna system for absorbing solar
energy and funnelling the excitation energy to the RC where excitation energy is
trapped and onverted to a charge separation (Figure 1.3). In Myjee Rba.
sphaeroidesthe LH1 complex encircles the RC at a stoichiometrically fixed ratio of 1:1
(Aagaard & Sistrom 197 YR F2N¥&a GKS wO2NB O2YL)X SE
however, varies with light intensit{Aagaard & Sistrom 1972, Adams & Hunter 2012)

Both LH complexes comprise I y R 1 LJ2f & bdSukli A RB&tD and K A OK
form a scaffold for the lightharvesting pigmentsEnergy migration is directed by the

spatial organisation and energetic order of the pigments binding within the LH
complexes which are bacteriochlorophyll8Chls) and carotenoidsCarotenoids are

found in all photosynthetic organisms and have two major functions in
photosynthesis. First, theyact as accessory antenna pigmentabsorbng light

between 450 nm and 600 niand transferring the energy to BChls, thus augmenting

BChl absorption Second, theyprotect the photosynthetic organism from photo
oxidative danage (Guiraud & Foote 1976)The Ehls will be intoduced withtheir

specific LH complexes.



Excitation transfer Electron transfer
Light

Pigment molecules

/> e acceptor

k e donor

Figure 1.3. Schematic of energy transfer from pigmented liglarvesting complexes
to reaction centres irRba. sphaeroides

Photons of light are absorbed by the peripheral lipatvesting LH2 complexes (green) and
create excited states. This electronic excitation energy is transferred vienbghesting LH1
complexes (blue) to the reaction centre (red). At the reaction eerttre excitation energy is
trapped and transduced to a photochemical charge separation, then ultimately as a quinol.
(From Mothersole, 2013)

1.3.2 The peripheral lighharvesting complex LH2

LH2 complexes are commonly found in purple bactefiemy crystal structures were
obtained for the nonameric LH2 froRhodopseudomonas (Rps.) acidophital the
octameric LH2 fromPhaeospirillum (Ph.) molischianurfKoepke et al 1996,
McDermott et al 1995)A 6 Aelectron microscopy (EM) projection maghowed that
the Rba. sphaeroidelsH2 is nonameri@/NValz etal 1998)and atomic force microscopy
(AFM) analysis of-B crystals later confirmed th{§&cheuring et al 2003)

As ofMay 2018, no higkresolution 3D crystal structure dtba. sphaeroidesH2 has
been obtained. Therefore, the LH2 structure discussed here is that of
Rhodopseudomonas acidophiées it has similar structure that of Rba.sphaeroides

(Figure 1.4fPapiz et al 2003)



Figure 1.4. The LH2 complexRhodopseudomonas acidophila

| 2YLRyYySyia KIFI@FS 0SSy -02f @ dSIBRA R & a-pbgpEtid@dB Sy I |
in cyan, B850 BChl in pink, B800 BChl in red and carotenoids in yellow.

A. Projection view from the periplasic side of the complex.
B. Side view with the periplasmic side uppermost.

(Modified from Mothersole, 2013)

The LHZomplex has two absorbance maxima at 800 nm and 850 nm, arising from
bound BChls, which areknown as B800 and B85Cogdell 1985)These Bhls are
non-covalently attached toh | y R | LJavhich la3SdglatdirReS Bl ratio
forming a heterodimeiBrunisholz & Zubet992) Each LH2 compleconsists of nine

hj KSWitht®eSa KSt A OF f ingtzée daeh ring, wifle2they KSt A OF f
subunits form the inner ring Nne B800 BChla molecules are positioned
perpendicular to the transmembrane helix axis betweem thuteri K S faddO S a
eighteen B850 BChl molecules form an overlapping ring sandwiched betweénithe
helices there are alsdl3-14 carotenoid molecule® of which are closely associated
with the phytyl tails of the BCla molecules(Freer et al 1996, McDermott et al 1995,
Papiz et al 2003)in terms ofenergy transfer, excitation energy from carotenoid
molecules and B80O is first passed to the B850 ring and then via the B875 ring in the
LH1 complex to the®

1.3.3 The lightharvestingLH1complex
The LH1 complex has a single BChl absorbance band at 875Rima.iisphaeroides
(B875).In Rba. sphaeroidean Sshaped LH1 complex @Bh i K S{ S HBIB& YS NE&



BChlsntertwines two reaction centrefQian et al 2013)in some other bacteria, such

as Thermochromatium tepidumLH1 complexes consist of 875 BChl molecules

and form a complete circular arragurrounding a single RQu et al 2018)andthe

2.9 Astructure of the R&.H1 complefrom Blastochloris viridigQian et al 2018has

a ring of 34 BChisModels of theRG[ | m WO2NB 02 YLX Sécton | NB
1.35.

1.3.4 The reaction centre

The reaction centre (RC) is theembrane proteirpigment complex that carries out
primary photochemical charge separation using excitation energy from the
surrounding LH1 compleXhe RC reduces quinone to quinehich leaves the RC and
diffuses to the cytochroméoc: complex. Here, a pton-motive force is generated
that powers ATP synthesidhe Rba. sphaeroidefRC was first purified from a
carotenoidless LHzeficient mutant called R6 (Feher 1971) Subsequent studies
show the R@&om Rba. sphaeroideis composed of three protein subunits: L (light), M
(medium) and H (heavy), according to their apparent molecular weiglitsyton &
Haselkorn 1972)The first structure of thé&kba. sphaeroideRCshows thateach L and

a adzmdzyAld O2 YLINR & S -aelices\a@dSthese itbyhis¥arg xekatbd-by S b
pseudotwofold symmetry, whilst the H subunit has a single transmembrane helix
with the bulk of its mass forming a globular domain contairing 2-sheetsat the

cytoplasmic side of the membrane (Figure 1.5).

Multiple cofactors bounding to the L and M subunits are arranged in two pseudo
symmetric branches, designated A andFg)(re 15 B). Two BCh molecules form a
AO0NRyYy3Ifte AYGSNIOUOAY3I RAXENY PAS)02fibryf theird)  KS
maximal absorbance). Other bound cofactors are two accessory 8@olecules,

two bacteriopheophytins (Kand H), two ubiquinones (Rand @), anon-haem Fé?,

and a carotenoid molecule. Only branch A, which is more closely associated-with L
subunit, is used in the ligkdriven electron transfer process and is therefore termed
0KS Wl Ol XY@es et @l ND8Y)DK carotenoid molecule is within van der
Waals contact with the accessory BChl of branch B and it has two roles: transferring
excitation to the special pair and preventiof photooxidative damage by quenching

the triplet excited state of the special p&iCogdell et al 2000)

10



A.

M-subunit

Periplasm

Membrane

Cytoplasm

Figure 1.5. Th&®hodobacter sphaeroide®action centre

A. Model of the reaction centre showing the L (orange), M (cyan) and H (red) subunits.
Pigment molecules are in the same colours as in B.

B. The reaction centre pigment cofactors including the two molecules of 8 aland
PO 1Y26y | a K Se)dwd kisadsory oleciied o BChiEEd(B)
(green), two molecules of bacteriopheophytina(&hd H) (pink), and the carotenoid
(spheroidene) (red). Also shown are two quinones &@d @) (purple), the Fe atom
(orange) and two important aromatic anuracid side chains (yellow).

(From Mothersole, 2013)

1.3.5 The core complex

The LH1 complex encircles the RC and togetihese complexes ar&nown as the
photosyntheticcore complex (or RCH1).In Rba. sphaeroidethere is anSshaped
dimeric R&.H1 complex, with the smahlansmembranepolypeptide PufXacting as a
channel to allow the mobilization of quinol and quinone between RC and cytochrome

bci complexeqFigure 1.6)Qian ¢ al 2013)

11



Figure 1.6 TheRhodobacter sphaeroidesore complex dimer

[ I m I Ay 0f dzS >Hiptyan, RC infogng® B® ih Bagenta,vand PufX in red.
A. Cytoplasmic face of the complex viewed perpendicular to the membrane.
B. Complex viewed in the plane of the membrane

(From Qiaret al., 2013)

The 3D crystal structure of theba. sphaeroidesore complex has been defined at a
resolution of 8 AQian et al 2013)Each monomer contains 14 LH1 subunits around
one RC forming a-€haped assemblyQian et al 2005, Qian et al 2013Jhetwo
halves of thedimer incline towards each other at an angle of abo68°1 forming a V
shapal structurethat imposes curvature on the membrarfelsin et al 2009, Qian et

al 2008) PufX is essential for the dimeric complex structure and mutants lacking PufX
only form monomeric RCH1 complexegFrancia et al 1999, Ratcliffe et al 2011)
Monomeric Puf¥minus RCLH1 core complexes are hexagonally packed and the
curvature of the membrane isignificantly reducedAdams € al 2011, Frese et al
2008, Siebert et al 2004)

12



Membranes ofRba. sphaeroidesontain a mixture of monomeric and dimeric core
complexes; the monomeric form predominates when grown under
chemoheterotrophic conditions and the dimeric form predominates under anaerobic
heterotophic growth(Crouch & Jones 2012, Ratcliffe et al 208bme other species

of photosynthetic bacteria, such &hodopseudomonas (Rsp.) palusiisssess only

monomeric core complexgfoszak et al 2003)

1.3.6 Excitation transfer to the reaction centre

After photon absorption by a pigment molecukeseries of ultrafast energy transfers
takes place within LH2 andetween RCLH1 complexes. There are several pathways
for excitation energy to arrive at the RC. In the cas®bé.sphaeroides excitation
energy transfer generally begins with photon absorption by B800 Bchl then follows
the following route to the RC: B800 (LH2) B850 (LH2)- B875 (LH1)-
R(Dahlberg et al 2017)UItrafast energy transfer also occurs from carotenoids to

nearby BClsl

Within the LH2 complex, B800 to B850 excitation transfer takes approximately 650
800 fs at room temperatur@€limenez et al 1996, Joo et al 1996, Ma et al 19%jhe
B850 BCHllare very well coupled, energy transfer tinieetween B850 molecules
within the LH2ring is about 110 f¢Jimenez et al 1996, Monshouwer et al 1995)
Excitation transfer from LH2 B850 to adjacent LH1 B875 takes 313 ps(Hess et al
1995a, Hess et al 1995b, Nagarajan & Parson 19%/jhe B87BChs are also very
well coupled, energy transfer within the LH1 B&Thgis on the80-100 fs timescale
(Bradforth et al 1995)Excitation transfer from B875 to RC is the #at@ting step,
requiring 3550 ps because of the approximately 4.5 nm separation between the LH1
and the RC special pair. This longer transfer time bésothebenefit of a low (10
20%) probability of back transfer from RCthe LH1(Beekman et al 1994, Otte et al
1993, Visscher et al 1989)

1.3.7 Membrane structure oRhodobacter sphaeroides

Light harvesting and energy transfer are related to the arrangement and
stoichiometry of the light harvesting and reaction centre complexes in the
photosynthetic membrane.Using atomic force nicroscopy (AFM)o image the

organisation of protein complexesn native cellular membranes provides insight

13



into how photosynthetic membranesunnel energy to reaction centres sefficient
charge separation can take plade Sy SNJ S { Aslrhany vofi ther ¢rystal
structures of pigment containing membrane proteins have beesvealed,
photosynthetic membrane topolyy can be investigated bpFM and membrane

proteins can be identified from their membrane protrusigi@turgiset al 2009)

Photosyntheticmembrane architecture ifiRba. sphaeroideseeFigure 1.7 was first
revealedusing AFM by Bahatyrova and eworkers (Bahatyrova et al 2004apnd
more recently using whole chromatophore vesic{&smar et §2016) The RE&.H1

core complexes formed rows of up to six {RLEPufX) dimers andlH2complexes
F2NY¥SR Wal yRg APKLHAKR Scked Yeiw@en h& RO rowsand
LH2only domains of variable sizelThe authors proposed that the functional
significance of core clustering may be to increase the probability of trapping energy at
an RC by allowing excitation energy transfer between adjacent dimers. When
excitation energy arrives at an occupied RC (undertaking photochemistry), HH1
transfer ketween B875 rings is most favourable. It was proposed that the energy
could migrate along a succession of dimers until an open RC was (Bahdtyrova

et al 2004a, Cartron et al 2014, Qian et al 20¥FM of membranes fromRba.
blasticusfound that the core complex dimsiare randomly distributed amongst LH2

and formed naows ofcore complex dimex(Scheuring et &005)

14



Figure 1.7. Tapping mode AFM showing the organisation dRhodobacter
sphaeroidegphotosynthetic membranes
A. Membrane patches showing two types of domain: id#® regions red circlé and
regionscontaining a mixture of core complexes and LH2géd greei.

B. Magnified, threedimensional view of a mixed region. Rows oflR{ZPufX core
complex dimers are shown, interspersed with LH2 complexes. A single core complex
dimer is delineatedréd outlind. The strongly protruding Ri&, appears as a bright
spot at the centre of the LH1 ring. LH2 is observed as the smaller hollowgiegs (
circl. Theinset shows a model of the mixed region: a row of three-lR{EPufX
dimers is separated by from anothby LH2s sandwiched twaeep between them.

(Adapted from Bahatyrova et al. 2084

1.3.8 A threedimensional model of &Rba. sphaeroideshromatophore

A model for the Rba. sphaeroidesnembrane vesicle was proposed based on
combination of AFM and linear dichroism data on the organisation of core complexes
and LH2, and atomic models of the complexBahatyrova et al 2004a, Frese et al
2004) The semtspherical shaped ICM vesiclesare densely packed with light
harvesting complexes: rows dRCLH1 dimercompexes and interspersed LH2
complexes

By combination ofmultiple AFM topographs, a computdérased 3D model of ICM
vesicle in photosynthetic membrane was reconstructed, regardless of the position of
the cytbcy and the ATPaséigure 1.86 Sy S NJ S.{Conhplex algerithmerere

15



used to map the excitation migration over the entire vesicle according to the B800,
B850, B875 and REChI energy couplings. For asiede with 18 core complex dimers
and 101 LH2 complexes, the calculated average excitation lifetime was 50 ps, which is

a 95% quantum vyield, showingh&henergy transfer efficiency.

/ SN @)

RC— -

C" synthase
- 7 — o=
) (0
0 nm R 5 & 3 { )
——— . \

Cytochrome bc; R

Figure 1.8Anin silicomodel of an atire photosynthetic membrane vesicle

A. Electronic interactions across an ICM vesicle depicting the potential routes of
excitation energy transfer. B&dre represented by their porphyrin rings, LH2 B800
(blue), B850 green), LH1 B875réd), RC accessorpurple), RC special paiorange.
Electronic couplings between BChls are shown as grey connecting lines.

B. Organisation of the photosynthetic complexesthin a vesicle, depicted as space
filling atomic structures (topight) or cartoon representations (bottodeft): LH2
(green, LH1 fed), RC Hflue). The location of cybc (yellow) and ATP synthase
(orangé is not established and they are depicted sclatically as peripheral to the
f A3KGE KIFNBSadAay3a O2YLHeSES&ax i GKS wySOq ¢

(FFom Sener et al 2007)

More recently, the model was refined using more data; mass spectrometry was used
to quantify all major components, and the location of the &t complex was
established using EM and AKMartron et al 2014(Figure 1.9)This 1.9 million atom
structural and functional model comprised 67 LH2 complexes, 22 dimer and 2
monomer RELHEPuUfX complexes, 4 cyic; complexes and 2 ATP synthases. It was
used to simulate all processes, from photon absorption to ATP production. wesho

that the whole process is limited by the numberayttbc; complexes. Alsajnder low

16



light conditions (~3% or less of bright sunlight) ATP turnover can still run at 50% of
the maximum rate. The quantitative aspects of the model were expanded more

recertly (Sener et al 2016)

Figure 19. Atomic structural model of gphotosynthetic membranevesicle

The vesicle comprises 67 LH2 complexes (gree)HERCPufX dimers & 2 RH1PufX
monomers (blue/red), 4 cytbcdimers (magenta), and 2 ATP synthases (orange)
(from Cartronet al., 2014)
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1.4 Light harvestingand energytrapping inplants

1.4.1 The photosynthetic unit in plants

Photosynthesis in plantsccurs in the leaf cells and more specifically in chloroplasts.
The chloroplast encloses an aqueous space (the stroma) wherein sits stacks of
thylakoid membranegJohnson 2016)Figure 1.10).
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Figure 110. Location of the photosynthetic machinery

A. The model planArabidopsis thaliana

B. Basic struatre of a leaf shown in crossection. Chloroplasts are shown as green dots
within the cells.

C. An electronmicrograph of an Arabidopsis chloroplast within the leaf.

D. Closeup region of the chloroplast showing the stacked structure of the thylakoid
membrane.

(From Johnson, 2016)
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the light reactions, solar energy is harvested and water is split, whilst in the dark
reaction,CQ isreduced to carbohydrateand energy is storedlhe light actions occur

in the thylakoid membrane and thaark reactions take place in the stroma. The light
reactionsbegin with thelight absorptionby pigment molecules, such as chloropsyll

and the carotenoidswhich are attachedo thylakoid membraneembedded protein
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complexes known as ligtarvesting complexes (LHCs) and photosystems (PSs). LHCII
and LHCI are antenna systems, which collect and concentrate excitation energy and
transfer it towards the PSII and the R®mplexesrespectively. PSIl and PSI are
reaction centres, where there is a charge separatielectron donors are oxidized,

and acceptosare reduced.

1.4.2 Chlorophyll

Chlorophyll pigments in the thylakoid membranes have alternating series of carbon
single and doble bonds (Figure 1.11APRlants contain two types of chlorophyll,
chlorophyll a and chlorophyllb. When a red photon (~650 nm) is absorbed, an
electron in the chlorophyll molecule is excited from the ground s{& to the first
excited state (§, corresponding to theQv peak in the absorption spectrunWhen
absorbs a blue photon (~450 nm), the ehect is excited fromS to the second
excited state(S), but quickly drops back toi1Shrough internal conversion (Figure
1.11B). The excited electron in thes$ate can either return to the®y fluorescence
emission or heat radiation, or transfer thex@tation energy to a nearby chlorophyll

under certain conditions (Figure 1.11C).
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Figurel.11.The structure and electrodynamics of chlorophyll

A. Thestructures of chlorophylla andb.
B. Jablonski diagram of the excitation of an electron by a photon
C. Excitation energy transfer between two chlorophylls

(From Johnson, 2016)

1.4.3 LHCII

The LHCII complex serves as an antenna for the PSII in light harvesting and excitation
energy transfer. The number of LHCIIs in the thylakoid varies with d@giditions,
allowing adaption to the environment. The number is increased inlight, whilst in

high-light the LHCII dissipates energy through 1ptrotochemical quenching (NPQ).

The LHCII monomer consists of 3 transmembrdnkelices which bind to 8
chlorophyll a and 6 chlorophylb molecules(Liu et al 2004, Standfuss et al 2005)
(Figure 1.12A). The chlorophylls are arranged in a circular geometry with an average
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10 A centreto-centre distancegFig. 1.12B)facilitating excitation transfer within the

same molecule and to neighbouring LHQlla et al 2004)
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Figurel.12.The structure of LHCII

A. Thecrystal structures of the LHCII trimer from pea.
B. The organisation of chlorophylis(red and pink) ant (blue).

(Novoderezhkin et al 2011)

1.4.4PSll

PSlis a uniquephotochemicalwater-plastoquinone (PQ)xidoreductaseable to split
water into protons, ¢éectrons and oxygen. It uses light energy to excite a special pair
of chlorophylls the P680 to formradical pair P68@x with quinone Q, which has a
sufficient redox potential to oxidize wateihe overall HLO-PQ procesgjenerates
proton translocation into the thylakoid lumertontributing to the proton gradient
used for ATP synthesis, and thefnpduct @ (McEvoy & Brudvig 2006)

¢Ob c¢oUL TO # 0 10 c¢L VO

PSII igound within the thylakoid membrane as a dimeric RC complex surrounded by a
six minormonomeric antenna LHCII and two to eight trimeric LHCII, forming a PSII
LHCIl supercomplex (Figure 1.13phnson 2016, Wei et al 2016Jhe PSILHII
supercomplex is mainly located in the stacked regions, known as the grana, in the

thylakoid membran€Wood et al 2018)
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PSII-LHCII supercomplex

(birds-eye membrane view)

2 x LHCII

trimers per PSII RC
monomers per PSII RC

stroma

PSII-LHCII supercomplex 4

(Parallel to membrane view)

Oxygen
Evolving Complex

Figure 1.13Basic structure of the PRLHCII supercomplex from spinach

The organization of PSII and its lifflairvesting antenna. Protein is showngrey, with
chlorophylls in green and carotenoids in orange.
(From Johnson, 2016)

1.4.5PSILHCI

PSlis a lightdriven plastocyaniAferredoxin oxidoreductaselt uses light energy to
excite a special pair of P700 chlorophylls to form the extremely strong reductant
P700* which is capable of reducing ferredoxin. The reduced ferredoxin is then utilized
for the generation of NADPH as an energy sourcestitassequentdark, carbonfixing

reactions

PSI is found within the thylakoid membraneaamonomeric R€omplex surrounded

by four antenna LHCIs on one side only, forming aLASI supercomplex (Figure
1.14) (Amunts et al 2007, BeBhem et al 2003, Johnson 201®SILHI is mainly
located in the unstacked regions, known as the stromal lamellae, in the thylakoid

membrane(Wood et al 2018)
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(birds-eye membrane view)
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monomers per PSI RC
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stroma

PSI-LHCI
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p P thylakoid

(Parallel to membrane view) lumen

Figure 1.14Basic structure of the PELHCI supercomplex from pea

The organization of PSI and its ligifarvesting antenna. Protein is shown in grey, with
chlorophylls in green and carotenoids in orange.
(From Johnson, 2016)

1.4 .6 Thylakoid membrane structure

The major components of the light reactions, LHCII, 8gksf, PSI, and ATP synthase
are all embedded in the thylakoid membrand@he two domains in thylakoid
membrane are the grana and the stromal lamelldéde granaassociate with one
another to formcylindricalstacks about 500 nm in diameter and more than 500 nm in
height; thestromal lamellaevrap helically around the grana stacks forming corgact
with grana layergAustin & Staehelin 2011}igure 1.15A). The REHCII complexes
distribute almost entirely witin the grana, whereas the PSI and the ATP synthase are
located in thestromal lamellag(Andersson & Anderson 1980 ythf, however,is
evenl found inthe thylakoid(Johnson et al 2014Jigure 1.15B).
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Figurel.15 Lateral heterogeneity in thylakoid membrane organization

A. Electron micrograph of the thylakoid membrane showingckesl grana and
unstacked stromal lamellae regions.

B. Model showingthe distribution of the major complexes of photosynthetic electron
and proton transfer between the stacked grana and unstacked strdemakllae
regions.

(From Johnson, 2016)
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Szneeet al. showed by AFM the PSII arrangement in the grana stack and the presence

of PSI in the ends of the grana st§8knee et al 2011figure 1.16).

Figurel.16. AFM topographs of grana membranes fraspinach.

A. A lower resolution AFM topograph showing PSIlI complexes forming ordered arrays
within the granal membrane.
B. A higher resolution AFM topograph in which individual PSII complexes can be
identified from their protruding subunits.
(FromSznee et al 2011)

Later on, Johnsost al. used affinitymapping AFM and showed the arrangement of
cytochromebsf and PSII complexes in spinach grana thylakoid memkkfeson et

al 2014) The constructed map revealed the-tmxalisation between the cytochrome

bef and PSII, and suggested that their close proximity optimized photosynthetic
efficiency by integrating solar energy conversion and electron transfer through
fostering shortrange difusion of PQ in the protewsrowded thylakoid membrane.
Wood et al. imaged the thylakoid stacks from spinach grown in light and dark
surroundings(Wood et al 2018) Spingh grown in light synthesised grana with
smalleraveragediameter, fewer membrane layers but more grana per chloroplast,
creating a larger contact area of contact with the stromal lamellae (Figure 1.17).
These changeis thylakoid stackingvere proposed @ regulate the balance between
linear electron transfer (LE@pd cyclic electron transfer (CEBnabling maller grana

to promote more efficient LET and larger grana enhancedtfieiency of CET
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Figurel.17. Macromolecular organization of graniylakoids.
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1.4.7 Excitation energy and electron transfer chain

The light reactions are the processes that harvest solar energy and temporarily store

(From Wood, 2018)

it in form of ATP and NADPH (Figar&8). These processestart with utilizing light

energy to excite electrons within chlorophyll molecules residing inlP&Ill or PSI

b

I_I

LHCI to a higher energy levéhe LHCII and LHCI behave like antennas, transferring

excitation energy to the reaction centres, PSII and PSI respectively. Thedexci

chlorophyll in the reaction centre is then used to reduce the subsequent acceptors,

followed by the oxidized chlorophyll being reduced by water in the case of PSIlI and

plastocyanin in the case of P¥he water oxidation at PSII results in the mignated

protons into the lumen, forming a proton gradient against the stroma. The proton

gradient is then utilized for ATP synthegtastocyaninreduced by thecytochrome

bsf complex diffuses to thé>Slcomplex, replacing electrons used by RSteduce

ferredoxin,and tocontributeto the formation of NADPH.
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Figurel.18 The photosynthetic electron and proton transfer chain

A.

The linear electron transfer pathway from water to NAB&*form NADPH resulis

the formation of a proton gradient across the thylakoid membrane that is used by the
ATP synthase enzyme to make ATP.
Redox potentials of the steps of linear electron flow in the thylakoid membrane.
(Adapted fromJohnson, 2016)
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1.5 Immobilisation of functional proteins molecule®n surfaces

1.5.1 Proteinresistant surfaces

Microscience and nanoscience are two important areas in biology as their scales
match the size of the cells or the functional components (proteins, lipid bilayers,
nucleic acids, etc). Proteins, as one of the most important cellular components, have
been widely studied in terms of microscience and nanoscience, and immobilising
proteins on surfaces has been a useful method for both fundamental studies of
proteins andfor the design of novel protetbased hybrid devices. It is important to

be able to fabricate specific mictand nanoscale arrangements of proteins on
surfaces, but there is a challenge to overcome; -specific adsorption is an
enormous problem caused tsgrong and irreversible adhesion between proteins and
most surfaces. Thus, protein resistant surfaces are required to effectively reduce the

non-specific adsorption and precisely direct the deposition of proteins.

Various surfacehemicals have been usddr generating protein resistant surfaces.
Naturally occurring compounds such as bovine serum albumin (B8Ajard et al
2000) elastinlike polypeptidegNath et al 2004)sarcosingOstuni et al 2001and
polysaccharidegLuk et al 2000have been used. Synthetic compounds such as
fluorocarbon polymergKo et al 2005)polyvinyl alcoho{Sugawara & Matsuda 1995)
and polyethylene glycol (PE@)arris 2013)pr the PEGelated oligo ethylene glycol
(OGE) have beethoroughly studiedLopez et al 1993a, Lopez et al 1993b, Ostuni et
al 2001 ,PaleGrosdemange et al 1991, Prime & Whitesides 1991)

1.5.2 Functional groups for covalent immobilisation of protain

Various interactions can be used to immobilize protein on surfaces and they differ in
binding strength, binding dynamics, packing density and arrangement, and
reversibility of the assembly process. The simplest process is physical adsorption
where protens are attached to surfaces through attractive forces such as ionic,
hydrophobic, or van der Waals forces. However, this physical adsorption is weak in
binding force, low in surface occupancy and poor in binding stability, even though the

binding shows somreversibility.
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By contrast, covalent interactions more stably link proteins to surfaces through
chemical bonds. Various surfackemicals are capable of coupling with proteins and

derivative surfaces through different functional groups (Table 1.1).

Table1.1 Commonly available functional groups in proteins and functionalities of
the required surfacegRusmini et al 2007)

Side groups Amino acids Surface group

-NH Lys, hydroxyLys carboxylic acid
active ester (NHS)
epoxy

aldehyde

-SH Cys maleimide

pyridyl disulfide

vinyl sulfone
-COOH Asp, Glu amine
-OH Ser, Thr epoxy

Amine chemistry: lysine residues are the most commonly used anchor points for
protein immobilisation, and they are typically on the exterior of the protein.
However, the abundance of lysine residues can create multipoint attachment leading
to heterogeneous immobilisation on the surface.-Hydroxysuccinimide (NHS)
activated carboxylic acid is commonly utilized for coupling with amine groups,
forming stable amide bond@atel et al 1997, Rao et al 1999he immobilisation
efficiency of NH®sters depends on parameters such as pH, concentration, ionic

strength and reaction time; the optimal parameters vary for different proteins.
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Thiol ctemistry: the unique thiol group in cysteine can create a disulphide bond
(Jongsma & Litjens 2008priented immobilisation is nme likely to occur because of

the small amount of cysteines in proteins comparing with lysines (< 1%). However,
the low frequency of cysteines can necessitate their introduction to the surface of a

target protein by protein engineering methods.

Carboxyl chmistry: mild coupling methods, such as carbodiimide activation
(Fernanded.afuente et al 1993)an be used for covalent protein immobilisation via
carboxylic goups through aspartic and glutamic acid, which are abundant on the

surface of proteins.

Epoxy chemistry: epoxy chemistry shows stability at neutral pH values, in hydrated
conditions, and is capable of forming strong bonds with minimal chemical
modification of the protein. Though the covalent reactions between epoxy groups
and proteins are known to be very slow, adsorbed proteins were shown to react at a
high rate (Mateo et al 2002) Multifunctional groups with twomoieties, one with
groups for physical adsorption and the other with sufficient epoxy groups for covalent
immobilisation, have been designed to improve the immobilization efficiency and

protein stability(Graz( et al 2003, Wacker et al 2004)

Photoactive chemistry: photoactive chemistry requires heterobifunctional photo
linkers with one photereactive group and one chemical reactive group. Photoactive
immobilisation starts from activation of photosensitive reagents by light of an
appropriate wavelength, followed by chemical processes leading to the formation of
covalent bondsbetween the photoactivated reagents and the biomolecules. The
photoreaction is an efficient and fast reaction which can be performed at mild
conditions, independent of pH and temperature. The commonly used ptesgents,

such as arylazides, diazirines,nkephenones, and nitrobenziles, are activated by
light with < 30 nm, where most biomolecules are transparent. Photoactive
chemistry also does not require functional groups from biomolecules, thus it shows a

nice biological compatibility.
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1.6 Techniquesfor fabricating patternsof proteins on surfaces

The increasing interest in the properties of microstructured or even nanostructured
bio-materials forced improvements in fabrication techniques for immobilising
biomolecules on surfaces with miecn@tre or nanometre scale precision. The
FILONAOFGAZ2Y LINRPOS&da Ol R2a§ Q3§ yENINWG &8 LR §a
R 2 ¢ pfd@esgelies on lithographic techniques to pattern into a resistant medium on

a surface. For examplehe application of photolithography inthe semiconductor

industry which modifies a photoresist pattern with focused beams of light and
develops it for the following crodsk. Similarly, electrotveam lithography also
LISNF 2N A-RR2FY ® SI@ LI dzii 6 A (oK it uses Fnig BlekirohN B 4 2
0SFY G2 SELRAS (i KEBLINBASBKAR 3¢ ikaSoh sydpiinii Nl Ya
chemistry involving the breaking and reforming of covalent bonds to modify the

functional groups on target molecules.

To fabricate biological mated on surfaces with the size and shape in a controlled
way, different external forces can be involved such as light, fields and gradients
(Brusatori et al 2003, Caelen et al 2002, Ekblad et al 200@) fabrication techgque
usually requires a direct deposition of target molecules or a surface modified by self
assembled monolayers (SAM9)fonctional chemicals. The SAMMemicals generally
have one head group with specific affinity for specific substrate (e.g. oxides)snet
metaloxides, polymers, and semiconductors), an intermediate alkyl chain and a
spacer, and a terminal functional group (e.gcids, alcohols, amines, esters,
fluorocarbons, nitriles) that can be stimulated by external force and be transformed

for protein immobilisation.

In the following sections, the commonly used biomolecular fabrication techniques will
be introduced including the original methods, the development of the processes, and

someapplications.

1.6.1 Softlithography

Soft lithography is a nephotolithographictechniquebased on SAMs on surfaces and
replicas from masters to create micror even nanofabricatior{Xia & Whitesides
1998) Soft lithographic techniques are straightforward to apply, low in cost and

effective in fabrication. Unlike photolithography whichn berestricted by diffraction
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limitation, soft lithography is capable of generaj structures or patterns with
feature sizes varying from 30 nm to 500 pfKia et al 1997, Zhao et al 1997)
Moreover, soft lithography can generate structures in more than two dimensions
with a wide variety of surface chemistries and materials. Soft lithography also shows
disadvantages, such as inaccurate patterns generatethé stamp deformation, the
defects in formed patterns caused by insufficient contact between the stamp and the
substrate during printing, the difficulty of creating higdsolution structures because

of the physical limitation of the stamps.

A large nurber of soft lithographic techniques have been established and they are all
based on using an elastomeric stamp with relief structures to generate patterns.
Several polymers can be used for stamp replication and the most widely used one is
poly(dimethylsilxkane) (PDMS). PDMS has a good chemical stability and is unreactive
towards most patterned molecules. PDMS is optically transparent to wavelengths
down to 300 nm, so it allows the UV crdsking to cure prepolymers even in mould
form (Wilbur et al 1996)It is also stable to humidity and high temperature (up to 180
°C), and it is durable so it can be uded over 50 times. The stamp is generally
prepared by casting a liquid polymer precursor on a silanized master having relief
structures on its surface, then it is cured and peeled off (Figure 12890 et al
1997) The master can be silanized by exposure t@Hs(CH)2SiG vapaur forD30
YAY YR GKS O2YY2yté dzaSR O2YYSNOAIFf t
obtained from DowCorning. The technical problems of PDMS stamps are from the
collapse caused by gravity (when the height of the relief features h<<d, the distance
between them) or he deformation caused by the capillary force (wherrd) (Roca
Cusachs et al 2005, Sharp et al 2004 proper ratio for a defedtee relief feature
should be between 0.2 and @elamarche et al 19970ther methods have been
developed to overcome the deformation problem, such as backing the stamp with a
rigid support, introducing a support for the namtact regions, or using other stamp
material like thermoplastics and fluorocarbomodified siloxanegFichet et al 2002,
Tsibouklis & Nevell 2003)
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Fabrication and silanization of master
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Figure 1.19. Schematic illustration of the procedure for casting PDMS replicas from
a master having relief structures on its surfa¢¥ia & Whitesides 1998)

Among all stamp based soft lithographic techniques, microcontact printing (UCP) is
the best known and most popular methg&Kumar & Whitesides 1993Dther soft
lithographic techniques include replica moulding (REMwis et al 2010, Xia et al
1996) micwotransfer moulding (UTMjLee et al 2005)micromoulding in capillaries
(MIMIC) (Lee et al 2008Shim et al 2007)solventassisted micromoulding (SAMIM)
(King et al 1997)and nanotransfer printingJeon et al 2004 gtc.

When performing uCP, the PDMS stamp is coated with ink (e.g. protein) and used to
generate patterns on surfaces (Figure 1.20). This method can either generate SAMs as
templates onto specific substratesuch as alkanethiols onto golDelamarche et al

1996) or it can directly print proteins onto target surfaces, such as chicken

immunoglobulins (IgGs) onto glass and polystyrene surf@@asard et al 1998)The
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hydrophobic property of PDMS regtt$ its usage for water soluble inks, such as
inorganic complexes or biomolecul@Sates et al 2005However, this can be fixed by
oxidising the PDMS surface using oxygen plasma or UV light, which then allows the
printing of polar inks because of the formation of a thin silika surface layer during

the oxidation(Ferguson et al 1993)
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Figure 1.20. Schematic illustration of uCP pratgiatterns using PDMS replicas.

The pCP technique can be developed for rrudtiterning to generate several
different molecules on one surface. One way of doing this is performing the uCP
sequentidly, e.g. sequential inking and printing. Stamps with different relief features
can be printed many times onto the same surface, thus creating multiplexed patterns.
One other way is parallel inking of a stamp followed by a single printing. This
technique equires a flat stamp with no relief features so it is free from buckling or
collapse problemgPerl et al 2009) The flat stamp is inked locally with different
molecules in a pattered shape and it works as a molecule carrier, transferring the
pre-patterned molecules to the target surfacedRozkiewicz et al 2007)Any
patterningby-adsorption method can be used for parallel pCP. The resolution of
parallel uCP is limited by the inking system and microfluidic networks can offer
physical limitation on exposed area during inkifipley et al 2005, Juncker et al

2001)

>/t KFra RS@OSt2LISR N}YLARfe&s olFaSR 2y G4KS
to a surface by getting contact witthe inked stamp. Various improvements to the
process and the materials used overcame limitations of the original technique. Many

molecules, polar or nonpolar, are currently compatible with the stamp and features

below 100 nm can be reliably generated.eTfabrication of multiple biomolecules
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with high surface occupancy is still an open challenge, for both mzate and nano

scale patterns.

1.6.2 Nanoimprinting lithography

Nanoimprint lithography (NIL) isparallel nanofabrication technique first introduced
by Chou and cavorkers in 1995Chou et al 1995, Chou et al 1998)is a lowcost
high-throughput method with a repeatable imprint process and durable imprint
mould. The adwatage of nanoimprint lithography is that it can easily pattern
nanostructures at great precision on the nanometre scale over a large area. Unlike
conventional photolithography, nanoimprint lithography does not rely on light
beams, thus its resolution is héimited by diffraction limitation and its features are
not affected by light scattering or interference. Chou first fabricated-2bbnm
patterns using nanoimprint lithographiZhou et al 1995)followed by the fabrication

of sub10 nm patterndGuo 2007)and Austin even pushed the NIL feature resolution
down to 5 nm(Austin et al 2004)

Nanoimprint lithagraphy has two basic steps: imprint and pattern transfer (Figure
1.21). In the first imprint step, a mould with nanostructures on its surface is pressed
into the resist coated substrate, followed by removal of the mould. This allows
duplication of the featires on the mould surface into the resist layer, creating a
thickness contrast. The second step is pattern transfer where etching is used to
remove the residual resist in the compressed area, thus transferring the thickness
contrast pattern into the entireesist.

A

—>| <10 nm

1. Imprint BT o

*Press Mold

*RIE

Figure 1.21. Schematic the NIL process and SEM imagesNIL fabrications

A. Schematic of the originally proposed NIL process.
B. Scanning electron microscopy (SEM) image of a fabricated mould with a 10 nm
diameter.
C. SEM image of hole arrays imprinted in poly(methyl methacrylate) by using such a
mould.
(From Gao 2007)
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The resist layer can either lzethermoplastic with a low glass transition temperature
above which the resist becomes a viscous lig(@hou et al 199%)or be a
photopolymer that can be cured using UV exposufalkaisi & Mohamed 2010)
(Figure 1.22). Unlike photopolymers, the thermoplastic resist has to be cooled down

before the mould removal.

THERMAL NIL UV NIL

(1) Resist coating ' (1) Resist coating
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: UV light
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Figure 1.22. Schematic of thermal NIL and UV Nlilcps®s(Kooy et al 2014)

The advantages of NIL have promoted this technology from laboratory to industry.
NIL has been included in the International Technology Roadmap for Semiconductors
as a candidate technology for 3@nd 22nm nodes. Moreover, NIL has been applied
for fabricaion of organic electronic€Cedeno et al 2002prganic lasergPisignano et

al 2005) nanoscale control of polymer crystallizatiHu et al 2005)organic solar

cells(Aryd et al 2008) and templates for tissue engineeri(igruskett & Watts 2006)

Apart from thoseapplications NIL can create chemical patterns onto which proteins

can seHassemble by iochemical interactions. NIL also allows the protein -self

assembly process to be performed under liquid. These advantages help to protect the

biomaterial from external pressure and maintain their structural integrity and
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functionality. Hoff and cevorkers extended the application for protein patterning
and achieved a 75 nm pattern spatial dimens{btoff et al 2004) Later, membrane
protein complexeswere selfassembled on chemically patterned glass using NIL
(Escalante et al 2008b, Maury et al 200Apwever, multbiomolecule patterning
using NIL remas a challenge and an alternative method combines NIL with other
techniques such as micrand nanomoulding in capillarigg€umar et al 2009, Lee et

al 2008, Shim et al 200fMIMIC), whichhasbeen used to inject different inks that
bind specifically to the prpatterned chemicals. Vasileat al also fabricated a sub
100 nm LHCIll/enhanced green fluorescent protein (EGFP)-patiérn using a
combination of NL and replica transfer for sedfissembly of functional groug¥asilev

et al 2014b)Figure 1.23).
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Figure 1.23. Schematic representation of the lithographic process.

The master template (A) is spiwated (B) with a thin layer of polystyrene (PS), resulting in a
sandwich structure where the PS layer replicates the topography of the master (C). The PS
layer is then lifted from the master template in a water bath (D) and can be inverted for
inspection (E). Then the PS film can be deposited on a clean flat sulustoadess or silicon
(F, G), onto which an SAM of APTES is deposited invapase (H). Subsequently, the
masking PS layer is lifted off the substrate (I) and (J), followed by deposition of an SAM of
MPTMS (K). The resulting chemically nanopatterned serfl) is used for selective
immobilization of LHCII and functionalized EGFP (M).

(From Vasilev, 2014)
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1.6.3Photdithography

Photolithography utilises light to introduce patterns into a ligeactive surface layer
(del Campo et al 2005)This method has been usezbmmercially to produce
microelectronic devices with ~10 nm or siB0 nm features, and to create features
of functional chemical groups with micror nanometre dimensions, which is then

used for fabrication of biological arragShrisey et al 1996)

Photolithography is based on the interaction of light with a kganbsitive clemical

resist (photoresist), often made using SAMs, because groups of individual molecules
can be used to make layers thinner than 3 nm and smaller in area than 0.25 nm
Under irradiation inthe UV range and in the presence of oxygen, the photoresist
SAMsdegrade and can be removed to form chemical patterns, such as feraamyl
alkylsilanes at 193 nr{Dulcey et al 1991)Similarly, patterns can be transferred to
photosensitive and reactive SAMs which can be combined with many functional
groups(Blawas & Reichert 1998he procedure involves deposition of unrcted

SAM groups and introducing photosensitive groups.

Patterns can be introduced onto surfaces by exposing the photosensitive SAMs to
light in several ways, such as through a mask, using two interference light beams, or
through a probe aperture ona scaning nearfield optical microscope(SNOM).
Whitesides and caevorkers performed the first experiments using a mask to
introduce micrometre patters onto SAfbated gold surfacegRyan et al 2004)
(Figure 1.24). They deposited SAMs of polyfunctional alkanethiols on gold, presenting
two photocleavable groups: theo-nitrobenzyl amineprotecting group and the
thiolate bond (Au-S). The 365 nm light cleaves tamineprotecting groupand the

220 nm light cleaves the entire SAM. The region exposed to 365 nm light can then
crosslink to any group tht contains a carboxylic acid, aldehyde, etc.; the region
exposed to 220 nm light then allows a new SAM to form on it. Thus, a pattern of
three SAMs having different properties can be produced on one gold substrate.
Leggett and cevorkers also reported usg masks to fabricate micropatterns of
different functional chemicals on either gla@shmad et al 2011, EI Zubir et al 2017,
Reynolds et al 2009, Xia et al 20b6)yold(Reynolds et al 200@nd micropatterns of
polymer brushes on silicon surfagdohnson et al 2017)Those micropatterns can

then be used for site specific protein immobilisation.
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A. A SAM terminates in amines after exposure to 365 nm Bgidt 220 nm light

B. A SAM terminates in primary amides after exposure to 365 nmdigtit220 nm light
(From Ryan et al 2004)

However, photolithography through maskscks flexibility, in terms of changing the
size and period of patternsnterferometric lithography, in contrast, can fabricate
patterns over very large areas (@nfAdams et al 201Q)Figure 1.25).nterferometric
lithography relies on the Fresnel mirror (Brueck 2005)to generate two
interferometric beams. One beam projects directly onto the sample and the other
beam is reflected by mirrors before reaching the sample, formingpiical path
difference which leads to peod variation in light intensity. When exposed to a
specific wavelength, the photosensitive SAM forms sinusoidal patterns, with a period

that depends on the wavelength of the laser beam used, the refractive index of the

medium (the air), and the angl&)at which the two beam interfer¢Brueck 2005)
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(Figure 1.25). Interferometric patterned SAMs of different functional groups can then
be used as templates to form patterns of biomoleculBgd et al 2016, Moxey et al
2015, Patole et al 2015)

Au-SR + 3,0, + e — Au + RSO;"

Expanded, collimated *
laser beam

Sample

Figurel.25. Interferometric lithography.

(Left)Schematic diagram of apparatus used in interferometric lithography(agit) the
bovine serum albumin (BSA) pattern generated from interferometric exposures of OEG
terminated SAMs, followed by BSA incubation. (From Adams et al 2010)

Onechallenge of photolithography is the restiimh on thespatial resolutionof the
fabricated pattern, which isdetermined by the diffraction limit patterns with
features below 200 nm aregenerally hard to achieve through photolithographic
techniques. Howeer, the invention of the SNOMvercomesthis problem scanning
nearfield photolithography (SNP) irradiates the surface by passing light through a
narrow, subdiffraction aperture at the tip of a prob€El Zubir et al 2017)Figure
1.26). Thespatial resolution achieved is determined by the size of the aperture rather
than the wavelength of light, so SNPan fabricate 30 nm wide lines of
octadecanethiolin a SAM of mercaptopropanoic acibun & Leggett2004)
Moreover, lines of 9 nm in width has been fabricated into SAM of
mercaptoundecanoic acidn gold(Matthew Montague et al 2007)After patterning

by SNP, the modified regions can be functionalised for-sptzific protein
attachment(Leggett 2012, Matthew Montague et al 2007, ul Haq et al 2010, Xia et al
2016) By appling SNP patterning steps sequentially, multiple proteins can be site
specifically immobilizedt a single locatiofEl Zubir et al 2017, Xia et al 2016)
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Figurel.26. Scanning neaifield photolithography

(Left) Schematic diagram of fabricating protein patterns by 8lB«kfield lithography with a
fibre or cantilever probe leads to selective photoremoval of OEEOC protecting groups,
exposing a protekadhesive aminate surface onto which protein is adsorbed.

A. Friction force microscopy image of a pattern fabricated by iedd exposure of an

OEGNPEOEPTES film.

B. Fluorescence microscopy image showing bright contrast from geometric shapes
formed by neaifield lithography followed by adsorption of FFiabeled 1gG.

C. Tappingmode phase image of YFP adsorbed to nanolines fabricated using an optical
fibre probe in sheafforce mode to modify OEGPEO@GPTES.

D. Tapping mode height image of the lines shown in p&hel
(From El Zubir et al 2017)
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1.6.4 AFMscanning probdithography

A number of molecular patterning lithographic methods have been developed based
on AFM scanning probe techniques. These lithographic methods either rely on
physical processes to deposit or remove surface material; or rely on chemical
reactions to modify surface moleculeSEM scannig probe lithography includeslip-

pen nanolithographynanoshaving techniques, constructive nanolithography, and
scanning neafield photolithographywhich can also be classified as photolithography
(Figure 1.27]Leggett 2012)

e
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Figurel.Z. Shematic diagram otlifferent AFM scanning probe lithography
approaches.

Nearfield lithography with a fike or cantilever probe leads to selective photoremoval of
OEGNPEOC protecting groups, exposing a preselhesive aminated surface onto which
protein is adsorbed.

Dip-pen nanolithography

Nanoshaving

Constructive nanolithography

Scanningearfield photolithography

oow>

(FromLeggett 201

Dip-pen nanolithography, first reported bPiner et al 1999)usesthe AFM probe as a
pen to directly write molecular solvent ink on surfagBemers et al 2002, Hong et al
1999, Hyun et al 2002, Bum Lee 2003, ee et al 2002, Lee et al 2006a, Lee et al
2006b, Salaita et al 20Q6)he ink was initially a thiol but subsequently developed to

includea number of biomoleculednk moleculesare delivered from the AFM tip to
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the surface via a meniscus between thehhe s&zeand shapef the nanofeatures can
be controlled ly adjusting the tip velocity for writing, the ambient humidigurface
chemistry and other parameterfecently,Heath et al reported the fabrication of
lipid lines with widths as low as 6 nm usidigp-pen nanolithography(Heath et al

2014)

Nanoshaving techniques, in contrastork by scaning an AFM tip across a sample
surface thus removing surfacbound moleculesThe tipscanned area igeft blank
for secondarychemical decoration (Amro et al 2000, Liu & Amro 2002, Wadu
Mesthrige et al 2001, Zhou et al 2003)

Both dippen nanolithography and nanoshaving are physical process, and neither of
them performs surface chemical modification. Constructive nanolithography (also
known as locabxidation lithography), however, selectively modifies surface
chemicals by apping a bias voltage between the AFM tip and the conductive
substrate.Sagiv and ceworkers first reported fabricating oxidation patterns on silane
films (Maoz 2000a, Maoz 200Qbjsing constructive nanolithography. Subsequently,
a number of specific bortreaking operations have beemported using electron
beams via constructive nanolithographyrfexample, selective reductiasf the nitro
group to amine on the nitrophenyl SA{@Golzhauser et al 20013electve removal of

the oligo(ethylene glycol) terminal group from the functionalised alkanethidls
SAM for protein bindingKrakert et al 2010Q)selective oxidation of methylerminal
groups ona hexadecyl SAM to carbonrgbntaining groups, for crosiinking with
protein via NH&®ster (Menglong Yang 20093elective desorption of nearosslinked

material following by crosbnking with protein(Turchanin et al 2007)

As a directwrite, maskless method, scanning probe lithography can bypass the
diffraction limitation and fabricate patterns down to a few nanomet(dfartinez et

al 2007)(Figure 1.28). Such a small size just matches the size of most proteins and
small biomolecules, which makes scanning probe lithograwhwttractive approach

for nanoscale patterning of biomolecules.
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Figurel.28. Schematicof constructive nanolithography and the generated

patterns.

A. Schematics of the constructive nanolithography by scanning probe AFM

B. AFM height image of a set of 16 interdigitated lines of 275 nm in length with a
separation between nearesteighbour lines of 10 nm.

C. High resolution AFM image of the replica from the godéited DVD stamp
with billions of reliefs. The replica shows a ggi 2 F H A PythaP H A P
contains 29 stripes with a periodicity of 740 nm.

D. Schematics of the setup for performing the lithography in parallel using the
gold-coated DVD stamp.

(From Martinez et al 2007)

1.6.50utlook for surface patterning oproteins

Native potein nanostructurs such as complexes, supercomplexes, megacomplexes
are important for both fundamental cellular studies and for novel profeased
biosensor designMany patterning techniques have proved useful for the fabrication
of functional protein assemblies on surfaces with controlled size and shape. However,
such studies tend to focus on the methodology involved in surface chemistry and
patterning a single typef usually a small, soluble protein, whilst patterning large
membrane protein complexes, the retention of protein function,-gatterning
different types of proteins, and proteiprotein interactions are less explored
following adsorption. The nospecifc adsorption of proteins presents a major
problem; protein consists adnionic, catimic, nonionic, hydrophilic andhydrophobic
structural units and are strongly adhesive to most surfaces. Therefore, protein

patterning techniques need to be improved tackle the following challenges:

1. Nonspecific and controlled attachment: protein deposition must be controlled in
defined areas with nanometre precision.
2. Specific binding: proteins should be selectively introduced by specific interactions

through differentbinding functional groups.
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3. Retention of properties: proteins should remain functional after immobilisation.

4. Substrates: aariety d substrates must be explored, in order to study different
properties and interaction®f immobilisedproteins. For exampletransparent
glass is idddor studying optical properties of the protein butappropriatefor
investigatingits electrical propertiesthe opaque but conductive gold is just the
opposite.

5. Multiple protein patterning: biochemical mechanisms rely uponteioprotein
interactions; unlessnultiple protein types can be immobilised with controlled
deposition it will not be possible to make significant advances in

nanobiotechnology, and in addressing biological problems.

The first two ballenges listed abovehave beentackled through different methods,
and the third challenge has received increasing attention, whilst the last two are still

developing.
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1.7 Forsterresonance energy transfer

Forsterresonanceenergy transfer (FRET) is an distadependent energy transfer
mechanism first proposed by Thom&$rsterin the 1940s(Forster 1946, Forster
1965) It describes the energy interaction between two liglgnsitive molecules,
known asa donor/acceptor pair. When FRESCcurs the excitation in the donor
molecule is transferred tthe adjacent acceptor molecule in a nonradiative manner.
Thus, the excitation of the donor molecule results in the fluorescence emission of the

acceptormolecule (Figurd.29).

\ Relaxation (ps)

-

. v
. . ‘| Sl
~ = Y
gl =| i T
5| & P8
B 2, : FRET (ns) : &
- a . . o)
2 5 : -
£ = . : E
= — -
™ = [}
. ; “ SO
=F‘ - X
So —
B
Donor Acceptor

Figurel.29.Jablonski diagranof FRET (Alex M Mooney Own work, CC BSA 3.0,
https://commons.wikimedia.orfy/index.php?curid=23197114

In this diagram electrons in the donor molecule absorb energy fraxcitation
photons and transfer from the ground stateof$o the excited state ¢p (blue arrow).
Under typical fluorescence conditionshe excited electros would release their
energy by fluorescence emission and drop back to the ground state (green arrow).
However, if a suitable acceptor molecule is close enough to the donor molecule

(between 1 nm and 10 nm), the donor excitation energy can transfer diréactthe
46


https://en.wikipedia.org/wiki/Jablonski_diagram
https://commons.wikimedia.org/w/index.php?curid=23197114

acceptor (blank arrowsgnd resultingn the nonradiative relaxation dhe S excited
stateto S in the donor and theereation of an Sexcited statan the acceptor. Thus, a
decrease of donor fluorescence intensity can be obseraedompanied by the
increase of the acceptor fluorescence intensity (red arrow). The orange arrows

represent vibrational relaxations.

Severaprimary conditions must be satisfied in order for resonance energy transfer to
occur.First, the donor and the acceptor molecules must be withtertain distance
(typically 1 nm to 10 nm); second, tladsorption spectrum of the acceptor must
overlap the fluorescence emission spectrum of thenor (Figurel.30); third, the
transition dipde orientation of the acceptor must be roughly parallel to that of the

donor (Igbal et al 2008, VanBeek et al 2007)

8

3 A

5] &0 || \ CFP Absorption

I'.% 70 |I | YFP Absorption

§ |

2 80 |

g A Spectral
o 40 | pe(l: ra
& overla
2 30 J/ P
=]

=2 2

[

2 10

= —

400 425 450 475 500 525 550 575 600
Wavelength (nm)

Figure 1.30Spectral overlap olbsorption and emission of CFP/YERken from

https://www.semrock.com/fret.aspk

The FRET efficiench) (refers to the quantum yield of the energy transfer and it is

particularlysensitive to donofacceptor distanceR) as represented by the equation:

S (A
where Ry is known ag=0rster radiusand it stands for the critical distance at which
energy transfer is 50% efficienThe value oR depends on the spectral overlap of

the donor and acceptor and the molecular orientation factof)( The value of?can

range between 0 and 4. For a random orientation of the transition dipoles, the
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average value of 2is 2/3. Table 1.2 listed typical luas of Rybetween chlorophylls

and bacteriochlorophylls (assuming=1)(van Grondelle 1985)

Table 12. Forster radius ) values for photosynthetic pigmentgvan Grondelle

1985)

Energy donor Energy acceptor R (nm)
Chib Chla 10
Chla Chla 8-9

I -carotene Chla ~5
Bchl 875 in LH1 BChl 875 in LH1 9

BChl 800 in LH2 BChl 850 in LH2 6.6
BChl 800 in LH2 BChI 800 in LH2 10
Allophycocyanin Chla 7
Phycoerythrin Phycocyanin 6

Due to the sensitivity to distance, FRET can used in molecular biology to

investigate proteirprotein distance and interactionsn a FREpPair protein system,

the FRET mechanism results in changes in fluorescence emission intensity (an

intensity drop from the donor and increase from the acceptorf dtuorescence

lifetime (a shortened lifetime from the donor). The decrease in fluorescent lifetime

from the donor, known as photobleaching, can be a convenient tool to measure the

FRET efficiencyOn the basis ofthe fluorescence lifetime, the FRET effiwy E is

represented by the equatian

, T

where _pa and _p are the donor lifetimewith and without the presence of the

acceptor, respectivelythe donoracceptor distancelR can be calculated by:
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1.8 Sample imaging bgtomic force microscopy

Conventional optical microscopy relies on illumination and lensesolitain a
magnified image of the sample. Due to the diffraction limit, thatsd resolution of
optical microscopy is generally above 200 nm. In contrasimic force microscopy
(AFM) is based on an entirely different premise. AFM, as a scaprobg
microscopymethod, is based on sensing the force between the AFM tip and the
target sample to obtain the 3D topological images and the mechanical properties of
the sample.Using a suitable tipAFM can achieve a spatial resolution of a few
nanometres, leading to the wide use of AFM in areas including material science,

surface chemistrymolecular biology, cell biology and medicine.

1.81. Instrumentation

A scanningprobe AFM consists of a probe, a piezo scanner, laser feedback system
(laser and detector), a controller and a computer (Figure 1.31). During AFM imaging,
the sample is mount& onto the piezo scanner which moves the sample under the
AFM probe on a scale from tens to hundreds of micrometres with a positional
accuracy on the nanometre scale. The AFM probe consists of a flexible cantilever with
a sharp probe at the end. The shaged spring constant of the cantilever and the tip
radius of the probe are important factors for a higésolution image. Generally, a
sharp probe has a tip radius between 1 and 10 nm. During imaging, the probe is
raster-scanned across the sample, tracirige tsample surface. The uneven topology
from the sample surface leads to deflection (bend) of the cantilever in varying
different degrees and directions. A laser spot is directed onto the cantilever, and is
reflected onto a positiorsensitive photedetector, thus monitoring cantilever
deflection. The control system receives feedback from the detector and manipulates
the piezoelectric scanner to adjust the sample position to maintain a constant
interaction with the AFM probe and the sample. Based on the feelllvequired, the
computer reconstructs a topography image of the sample surface from thebijine

line sampleprobe interaction.
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Figure 1.31Schematic for AFM(From MacGrege€Chatwin, 2014)

AFM samples are absorbed onto a flat substrate before imaging and freshlyed

mica is a good option because it is atomically flat and therefore shows no significant
topography when imaged by AFM. Thusl the topological features of biological
material on mica arise from the sample. The sarmlbstrate is mounted on the
piezo scanner which controls the precise movement of the sample in the x, y and z
directions on the nanometre scale. The sampleased using the x and y piezo, and

a computercontrolled feedback system adjusts the sample height via the z piezo, to

maintain the close tracking of the probe.

LYF3AyYy3 OlFly 0SS LISNF2NX¥SR SAGKSNI Ay AN
imaging in liquid, where the sample and probe are immersed in imaging buffer; this
allows biological samples to be imaged under conditiemsilar to the native
environmen, and it also protects the sample from the capillary forces experienced

during probesample interaction in air.
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1.8.2 Imaging modes

The AFM can be run in two modes: contact mode and tapping mode. In contact
mode, the probe is in constant contact with tleample during scanning and the
cantilever deflection is measured. When the probe scans over a highly protruding
structure, the cantilever deflection increases; the feedback system then adjusts the
height of the sample and restores the cantilever deflectionits original position.
From the height adjustment, the software can build a protrusion profile for each
scanline over the sample. During scanning, the force between tip and sample is kept
constant. Abrasive forces can cause damage to the protrudigtstes or remove

some weakly immobilised sample piece from the mica surfabeng et al 1993)

Alternatively, in tapping mode the probe is not in constant contact with the sample
but it oscillates vertically over the sample during the scan, interacting igatig with

the sample. This minimises the forces applied to the sample, which is important when
imaging biological samples (e.g. cells membrar{&)ller et al 1999) Cantilevers
with different resonant frequencies can be chosen and the AFM can be tuned to

oscillate the cantilever at the appropriate frequency.

In tapping modethe system monitors the amplitude of the tip resonance, which is
lowered when the tip comes in contact with the sample. The AFM feedback system
then lowers the sample position to restore the amplitude. The software then
reconstructs a height profile of theample surface according to the sample position

adjustment.

b2G f2y3 323 | yS¢ OGFLIWAYy3 Y2RS OFffSR
Bruker Nano Surfaces Business) was invented. In PFT mode, multiple force curves are
generated at every pixel whetthe probe approaches towards and moves away from

the sample. The force varies during the whole process due to the change of distance
between the tip and the sample surface. In order to measure the force curve, the
probe is oscillated at a fixed frequendypically at 2kHz. By analysing the force

curve, extrgpropertiesof the sample can beneasured such as sample adhesion and
deformation. Therefore, PFT offers more information about the sample compared to

standard tapping mode.
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Although tapping mode AFMrotects the sample from damage by the scan force, it
generally shows lower lateral resolution than contact mode AFM. However, some
high-resolution tapping mode AFM has also performed on biological membranes and
individual protein complexesand even subunits, can be distinguished in the
membrane(Adams & Hunter 2012, Bahatyrova et al 2004a, Olsen et al 2014, Olsen et
al 2008) PFTalso enable control over the scan force with high precision, thus PTF

mode is also a preferred technique when imaging biological samples.

1.8.3 Advantages and limitations

AFM has several advantages in imaging, compared to conventional optical microscopy
and transmission electron microscopy. First, AFM has achieved a very high resolution
of 0.01 nm vertically and 0.1 nm laterally, enabling visualisation of protein subunits.
Second, AFM has a high sigt@hoise ratio, allowing direct imaging of single
molecules, with no averaging as required byaX crystallography or cryelectron
microscopy; thus native membrane proteins can be visualised without any
computational processing. Third, AFM can image sasn@leatmospheric pressure

and under liquid in neanative buffer condition, thusninimisingthe effect on the

sample.

However, AFM also shows a few disadvantages. The image quality is highly
dependent on variable factors: sample adsorption on the substrate, tip sharpness,
vibrational interference and eledtal interference. The tip manufacturing does not
routinely produce perfect tip and some tips can be blunt or have defects such as a
aS02yR | LISE 6 OyAZ2LIO0 O & KURZdzaiftKS A YEF IS Ol y
WR2dz0f S AYI 3SQd ¢ K okl byRhbsingtip Catetully, @lecfficab S A

and physical isolating the microscope, and choosing the appropriate buffers.
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1.9 Aims of this work

The 3D structurg of bacterial and plant photosystem complexes reveal the internal
arrangements of cofactors that enable efficient solar energy harvesting and charge
separation in photosynthesig-erreira et al 2004, Jones et al 2002, Jordan et al 2001,
McDermott et al 1995, Roszak et al 2008)omic force microscopy (AFM) allows us
to obtain the structural information for the membrane ace, showing the 2D
organisation of these complexdSturgis et al 2009 However, the energy transfer
and trapping behaviour othe natural photosyntheticmembranes is still not fully
explained It is now feasible to use nanotechnologgproaches to construct artificial
photosynthetic systems that can simplify native arrangements and allow the study of

photosystem architecture in a less complex way.

The distance scales for native energy transfer and trapping networks such as the
chromatophore vesicles of purple bacteria, chlorosomes, or the thylakoids of
cyanobacteria, algae and plants, are in nm scale, f&imnnm to 500 nm. Thus,
nanotechnology can fabricate dots and lines on such sdélssalante et al 2008a,
Escalante et al 2008b, Reynolds et al 208@J can address important issues
regarding LHantenna: RC trap ratios, and thewllective propertiesprganisation and
distribution. Protecliposome reconstitution can assemble LH antenna and RC
complexesinto a lipid bilayer tens to hundredsof nanometes in scale. The
reconstitution system can mmic the natural surroundings of the proteins and can
control the types of proteins studied, and their rati®umino et al 2011a, Sumino et

al 2011b) Also, it ispossible to study mixtures of complexes, such as hybrid
bacterial/plant photosystems, or de novo designed maquettes and natural
complexes, that would be impossible to assemble in a living organism through genetic

means.

Although nanopatterning technology arpioteo-liposome reconstitution techniques
allow light harvesting complexes tbe assembled on surfaces or in a lipid system,
challenges still remairassembly ofarrays oflight-harvesting complexesufficiently
closely packed folongrangeenergy migrationassembly omultiple types of protein
complexes on the same surface to form an artificial Hgétvesting and energy
transfer systemretained functionality ofthe light harvesting complexes within the

assembld artificial system Could such assembliésirvest light and perform energy
53



migration, and eventually a charge separation, iasthe natural photosynthetic

membrane?

The work in this thesis explored a variety of techniques to tacklectialenges

mentioned above. These include the following approaches.

1. The use ofoft lithographyto fabricate micrometre patterns of both LH2 and
RCLH1 complexes, with intersecting regions on glass surfaces. Protein arrangements
were studied by AFM andnergy migration in the patterned system was verified

usinga combination ofluorescence lifetime and spectral imaging microscopy

2. Thedevelopmentof conductivenanolithography and its useo pattern LH2, RCLH1
and LHCIlI complexes on semiconductiiie®si substrates, including quatterning
multiple complexes on one surface at the same locatiime a&hievement of a high
density of protein packing in the nanopatterns antservation ofenergy transfer

from LH2 to RCLH1.

3. Reconstitution of LH2 and R€L complexes in a mixed liposome system, with a
series of LH2: RCLH1 ratios. Protein arrangemeste investigated by AFM, and
light harvesting and energy migration were studied under different conditions using

fluorescence lifetime imaging microscopy.

4. The use of soft lithography to fabricate micrometre patterns of both LHCII and
RCLH1 complexes, with intersecting regions on glass surfaces. Energy migration in the
patterned system was verified using a combination of fluorescence lifetime and

spectral maging microscopy.
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Chapter 2

N
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2.1 Standard buffers, reagents and media

All buffers and culture media were prepared as described, unless otherwise stated
(Maniatis et al 1982)All media and solutions were prepared using distilled water
purified using the MillQ system (Millipore). Growth media were made following the

YI ydzZFl OG dzZNENR& Ay & Gandaddistesliged by adzilaviigfor BtA & G A
least 20 minutes at 15 psi above atmospheric pressure. All other solutions were
sterilised by filtration through 0.45 uM filters before using. Heat labile solutions, such

as vitamins and antibiotics, were added tollture medium only when they had

cooled to below 45 °C.

2. 2Rhodobacter sphaeroidestrains and growth

2.2.1Rhodobacter sphaeroidestrains

AllRhodobacter sphaeroidéRba. sphaeroidéstrains used for this work are listed in
Table 2.1Rhodobacter sphaeroides Rba. sphaeroideefers to the wild type (WT)
Rba. sphaeroidestrain 2.4.1, unless otherwise stated. Strains were growW22+
medium (See Appendix: Growth medium fRhodolacter sphaeroidds(Hunter &
Turner 1988and supplemented with 10,@X vitamins (0.08 M nicotinic acid, 0.01 M
thiamine, 7.3 mM 4aminobenzoic acid, 0.4 mMtaiotin), to a final concentration of 1

X, at34°C.

2.2.2 Growth on agar plates
Cells were streaked out from glycerol stocks onto platels|22+agar (see Appendix:
Growth medium forRhodobacter sphaeroidesPlates were incubated at 34 °C for

approximately three days until single colony could be observed.
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Table 2.1Rhodobacter sphaeroidestrains

Strain Properties Source/reference
2.4.1 Wild type S. Kaplan, University o
Texas
nlidzt. ! [ a- In frame genomic deletior E. Martin, University o
of pufBALMX. Sheffield
n LidzOm. ! n LJdz Indframe genomic deletior E. Martin, University o

of puclBAandpuc2BA Sheffield

RCHHis Genomic modification tc (Vasilev et al 2014a)
give aGterminally tagged

reaction centreH subunit

ncrtB In frame genomic deletior (Grayson et al 2017)

of crtB.

2.2.3 Semigerobic growth

Rba.sphaeroidesultures were routinely grown seraierobically in the dark at 34C

in an orbital shaker set at 160 rpm. These conditions induced the maximal
biosynthesis of pigmentdNiederman et al 19765ingle colonies were inoculated into

10 ml of M22+ medium and grown at 34 C with 160 rpm shaking for 48 hours.
Subsequently, the 10 ml culture was added to a 125 ml conical flask containing 80 ml
of M22+ medium and grown under the same conditions overnight. These cultures
were then grown further by transfer to @ L conical flask containing 1.5 LM22+
medium or transfer to an appropriate vessel for photosynthetic growth (Section

2.2.4).

2.2.4 Photosynthetic growth

For growth under photosynthetic conditions, anaerobic cultures were exposed to
either 20 W MEGAMAN® CBullbs, or 116 W Osram Halogen Eco Pro bulbs to
achieve the desired light intensity. Light intensity was measurgghiol photons s

m2 using a |-R50A Light Meter equipped witha L+190 Quantum Sensor (CIOR
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Biosciences)l ml semiaerobic culture was added into a 30 ml universal tube, then
filled with M22+medium and incubated in the light for 48 hours with a magnetic stir
bar for gentle agitation Ths culture was used to inoculate a 500ml medical flat bottle
filled to the top with M22+ medium, grown with a magnetic stir bar for gentle

agitation, to the desired cell density.

2. 3 Purification of proteircomplexesfrom Rba. sphaeroides

2.3.1Cell harvesting and breakage

Cells were pelleted at 4,000gdor 30 minutes at 4 °C, then resuspended in standard
WaSYONIYyS . dzFFSND 6uHn Ya 19t9{Z p Ya 95¢
per 10 ml buffer. A small spatula of lysozyme and deoxytbltwase | from bovine
pancreas (Sigma) were added to the cells, then incubated at 25 °C for 30 min in the
dark. The cells were disrupted twice in a French pressure cell at 18,000 psi. Unbroken
cells were removed by centrifugation at 33, 00@»at 4 °C for20 minutes. The
supernatant was transferred to a clean tube ready for loading onto a sucrose

gradient.

2.3.2Preparation of intracytoplasmic membranes (ICM)

High concentrations of intracytoplasmic membranes (ICM) were prepared using a
15/40 % (w/w) discotinuous sucrose gradient. 5 ml of broken cells (Section 2.3.1)
were layered onto the 15 % sucrose band and centrifuged at 27, 000 rpm (65¢900 X

in a Beckman Type 45 Ti rotor at 4 °C fek28hours. A pigmented band of ICM
formed at the 15/40 % interfagewhich was collected. The ICM sample was diluted
three-fold in working buffer (20 mM HEPES, pH 7.5) and spun at 40,000 rpm (125,171
X g) in a Beckman Type 45 Ti rotor for 2 hours at 4 °C to pellet the membrane. The

pellets were homogenised in approximated ml of the working buffer.

2.3.3 Solubilisation of ICNy detergent

Membranes harvested from discontinuous sucrose gradients (Section 2.3.2) were
solubilised in 3 % (v/V}DDMby stirring in the dark at 4 °C for 45 min. The solubilized
membrane solution was diluted at least thréald in working buffer and centrifuged

for 1 hour in a Beckman Ti 70.1 rotor at 48,000 rpm (160,080at 4 °C to remove

insolubilized material. Theupernatant was collected.

57



2.3.4 Purification of Hidagged proteins

Histagged RCLH1 (HisRCLH1) complexewere purified on a 5 ml Chelating
Sepharose fasiow Ni-NTA column(GE Healthcare). The column was first washed
with 20 ml QHO to wash away th ethanol used for storing the columBolubilsed
membranes(Section 2.3.3) were applied to the column, equilibrated with mM
HEPES pH 7.4, 500 mM NacCl, 10 mM imidazole, 0.03% DM buffer. A gradient

of 10 mM to 400 mM imidazole was applied and thies>-RCLH1 eluted at an
imidazole concentration of ~300 mM. Eluted protein was then applied to a DEAE
Sepharose column equilibrated wifltd mM HEPES pH 7.4, 50 mM NacCl, 0.03% w/v
DDMbuffer. A gradient of 50 mM to 300 mM NaCl was applied with the mpaak of

pure protein eluting at a NaCl concentration of ~280 mM. Fractions with an A880:
A280 absorbance ratio greater than 1.9 were pooled and applied to a HPLC column
(Phenomenex BioSep) eluting at a flow rate of 0.3 mtmirhe second elution peak
(caresponding to the monomeric fraction of RUs,-LHXPufX) was collected and
concentrated using Amicon 100,000 MWCO spin filters (Millipord0immM HEPES
pH 7.4, 50 mM NacCl, 0.03% wADDMbuffer.

2.3.5 Purification of proteins using iecexchange chroratography

Proteins lacking a Hiag, for instance W-LH2, Wiw/ [ | ortB RGLH1, were
purified on a 5ml DEAESepharose (Sigma) i@xchange columnThe column was

first washed with 20 ml Q#D in order to remove the ethanol used for storing the
column. Solubilized membrane&Section 2.3.3) werapplied to the column, which

gl a SldAt AN GSR 6AGK wmnn Y {-DDMFpH G.8FAF S NJ !
gradient with an increasing NaCl concetitva at 1 mM mi'mint was applied to the
column using high salt buffer B (20 mM HEPES, 0W8/9%-DDM, pH 7.8, 1 M NaCl).

The bound LH2 and RCLH1 eluted at a NaCl concentrations of ~150 mM and ~280
mM, respectively. After the first DEAEepharose column fractions with an
absorbance ratio greater than level 1 (Table 2.2) were collected, diluted twice in
Buffer A and applied again to a DE3&pharose column. The same washing and
elution protocol was applied. After elution, fractions having a ratio gretitan level

2 (Table 2.2) were pooled and concentrated using Amicon 100,000 MWCO spin filters
(Millipore) in20 mM HEPES pH 7.8, 50 mM NacCl, 0.03% s@®Mbuffer.
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Table 2.2 Absorbance ratios for collection of purified complexes

Protein Reference Ratio level 1 Ratio level 2

absorkance bands

WT-LH2 A850:A280 2.2 3.3
WT- RCLH1 A870:A280 1.7 1.9
n ONRCLH1 A870:A280 1.7 2.0

2.4 Purification of LHCII from spinach

2.4.1 Spinach sources

Briefly, mature spinach leaves were purchased from a Ega¢market.

2.4.2 Thylakoid preparation

Spinach leaves were placed in a+omoled kitchen blender. leeold buffer (50 mM
NaPQ, pH 7.4, 5 mM Mgg&l300 mM sucrose) was added to leaf materiahattio

of 1:1 (v/iw). The material was homogenised for approximately 30 seconds and
filtered twice: firstly, through two layers of muslin cloth and, secontiyough a
layer of cotton wool sandwiched between two sheets of muslin cloth. The filtered
material was centrifuged aB, 000 xg for 15 min at 4°C. The pellet was resuspended
in 50 ml osmotic break buffer (10 mM Tricine, pH 7.4, 5 mM bjd&fore mixing

with 50 ml of osmotic halting buffer (10 mM Tricine, pH 7.4, 5 mM Mg®i0 mM
sucrose) and cdrnfuged again at3, 000 xg for 10 min. The resulting pellet yielded

thylakoids.

2.4.3 Thylakoid digestion
Thylakoids extracted from spinach leaves (see above) were digested uBiodeay!
hoy' | £ (0 2 aDDMK)SUnlirdken thylakoids were removed by centyidtion at 1 000

x gfor 5 min.

2.4.4Purification of LHCII trimers

Trimeric LHCII from spinackas prepared following webstablished protocolsas

previously described bfRuban et al 1994)with somemaodifications to gie a high

level of purity. Briefly, LHCII trimers were isolated from digested thylakoids by
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sucrose gradient sedimentation-(81% sucrose, centrifugation at 100,00@ for 36
hours at 4 °C) and the trimeric form was purified by subsequent-tagblution sze-
exclusion FPLC (AKTA).

2. 5 Room temperature absption spectra

Roomtemperature absorbance spectra were recorded on a Cary 606VigV
spectrophotometer (Agilentat wavelengths 950 nm260 nm in an ultra violet (UV)
cuvette with a 1 cm path lengthBaselines were corrected in the same range.

Dilutions were made using the appropriate buffer or growth medium.

2. 6 Room temperature fluorescence emission spectra in solution

All emission and excitation fluorescence spectra were recorded in either buffer A
(20va 19t 9{3Z HnYa b-DDM) ar buifeb B ¢Z0'M BIEPES, 20mM
NaCl). Measurements were recorded at room temperature in a 1 cm-lgatith
quartz cuvette on aeHORIBAFluoroLog spectrofluorometeHORIBANC.). Excitation

was provided from a tungen light source in the visibllR region of the spectrum.
Fluorescence emission spectra were recorded using an excitation wavelength of 470
nm with 14 nmexcitationslit widthsand scanning emission fro800 nm- 950 nm,

with 4 nm emission slit widthgAll fluorescence spectra were acquired as averages of

10 scans.

2.7 Fluorescence lifdime imaging microscopy (FLIM)

2.7.1 Homebuilt fluorescence microscope

The fluorescence emission properties of samples were measured on a-aih
time-resolved fluorescence microscope. The microscope is equipped with 2 sets of
light sources: a 420 nm LED (Thorlabs, M420L2) and a 470 nm LED (Thorlabs, M470L2)
for wide field fluorescence images; and a 420/485 nm picosecond diode laser
(PicoQuat, PDL 828) for spectral and lifetime measurements. The excitation light is
focused by a 100 x objective (PlaneFluorite, NA = 1.4, oil immersion, Olympus) and
the fluorescence emission is collected from the same focal spot on the sample. The
collected lignt is then filtered by dichroic beasplitters to remove the background

excitation light using the 458 nm dichroic beaplitter (Semrock) when exciting with
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the 420 nm LED or the 425 nm laser using the 495 nm dichroic beasplitter
(Semrock) when exang with the 470 nm LED or the 485 nm lagefilter wheel was
equipped with 6 filters to allow filter seleon as each measurement requires. A
spectrometer (Acton SP2558, Princeton Instruments) wsasd for measurements
requiring wavelength selectin, an electronmultiplying chargecoupled device
(EMCCD) detector (ProEM 512, Princeton Instrumentsusedfor photon collecting

and a hybrid detector (HPMOO-50, Becker & Hickl) wassedfor photon counting.

The modulation of the laser was synchronizeithva time correlated singkphoton
counting (TCSPC) module (950, Becker & Hickl) for lifetime decay measurensent
The objective is equipped with a piezo scanner (nPoint) to allow laser scanning of the

sample for acquiring fluorescence spectral imaged fluorescence lifetime images.

2.7.2 Fluorescence images

Samples were ex@t by the 420 nm LED or the 470 nm LED ligbtirce and
fluorescence emission was filtered by individual bandpass (BP) filters: a 900/32 nm BP
for RCLH1 complexes, an 857/30 nm BP for LH2, and a 679/41 nm BP for LHCII
complexes. The entrance slit of the spectrometer was fully opened to collect all
emission fran the objective fieldFluorescence images were recettby the EMCCD

camera.

2.7.3 Measurement ofltiorescenceemissionspectra

Samples were excited by the 420/485 nm laser and the fluorescence emission
selected by longpass filters before being diffraetl by the spectrometer and
recorded by the EMCCD. To work in a confocal mode, the entrance slit of the
spectrometer was closed to 100 um and only 15 pixel arrays of the EMCCD were
involved in spectral recording. A grating with 150 lines/mm (15089usedto select

the wavelength for spectrum recording. Fluorescence spectral images were recorded

by scanning the excitation laser on the sample using the piezo scanner (nPoint).

2.7.4Measurement of fuorescencdifetimes

Samples were excited by the 420/485 rpulsed laser at 1 MHz. Tintorrelated
SinglePhoton Counting (TCPSC) was applied for triggering the laser and counting the
photon arrival time. TCPSC iswall-established and a common technique for

fluorescence lifetime measurementfi. detects single plotons and measures their
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arrival times in respect to the light sourceorthe measuremerd in this work, the
entrance slit of the spectrometer was closed to 100 um. A grating with 150 lines/mm
was used to select the wavelength. A specific bandpass {fBection 2.7.2) and a
secondary exit slit on the spectrometer were used to narrow the recording
wavelength range to 3 nm. Fluorescence lifetime images were recorded by scanning

the excitation laser over the sample using the piezo scanner (nPoint).

2.7.5 Aralysis of fuorescence data
Wide field fluorescence images were analysed by Image J, Spectral data were
analysed by OriginPro, and the fluorescence decay curves were analysed by OriginPro

and TRI2 (open source), wititting using the multiexponential deay function:
L o o
060 A@ %— 0 Ao E}r— o)

Where _ is the fluorescence lifetime, A is the fractional amplitude contribution of the

decay component, and is the background. The quality of the fit was judged on the
basis of the reducec? statistic:
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wheretk is the time pant k, I(tk) is the data at the time poink, k(tx) is the fit at the

time pointk, nis the number of the data points amglis the number of the variable fit

parameters(n - p =degrees of freedom

Using a mirror to replace the sample, the time delay of the laser from the pulse

starting point to the instrument responding point was measured. Such time delay was
defined as the instrument response (IRF), which was approximately 130 ps on the
home-built fluorescence microscope. The IRF was taken into account when the fitting

was performed for the decay curves.

2. 8 Atomic force microscope (AFM) imaging

2.8.1 Instrumentation
All images were acquired on the Multimode VIII instrument controlled by the

Nano$ope 5.0 controller (Brukelano Surfaces Busingsand NanoScope software

62



(Bruker, v8.15). Data analysis and image processing was done by NanoScope Analysis

1.5, Gwyddion (open source), OriginPro 2015 kinageJ (open source).

2.8.2 Buffer and sample abrption

Buffer conditions varied depending on the nature of the sample. For lipogmotein
samples, the adsorption buffer contained 20 mM MOPST@) 20 mM NaCl and 5
mM MgCI2, and the imaging buffer contained 20 mM MOPS7(BHand 20 mM
NaCl. Thdiposomeprotein samples were pipetted onto freshly cleaved mica discs
(9mm mica discs, from Agar Scientific) and incubated for 1 hour at 4°C in the
absorption buffer. Prior to imaging, the absorption buffer wamoved by pipetting

and the mica was wasldl three times by imaging buffer.

For the rest of the samples (protein patterns on silicon surfaces), AFM images were
recordedeither in air or in imaging buffer containing 20 mM HEPES (@Hand 20

mM NaCl. The samples were imaged on their silicontsatiesrather than on mica.

2.8.3 Imaging patterned samples created by PDMS gu@tterning lithography
Topography details @re recorded by the AFM for protein patterns created by PDMS
soft-patterning lithography (Section 2.9). AFM images were recordedapyirng
mode in air using silicon probes witn aluminium reflective coating (OTESRA,
Bruker, nominal spring constant ~ 26N/m, nominal resonance frequency ~300 kHz).

Images were taken with 512 x 5pixel arrays.

2.8.4 Imaging nanopatterned samples @ted by local oxidation lithography

Topography and friction images of the oxidised molecules from the local oxidation
nanopatterning (Section 2.10) were recorded immediately following local oxidation
lithography. AFM imaging was performed in contact madair by a conductive AFM

probe (Bruker, CONTRT) coated by a Rt layer. When protein immobilisation was
complete, protein patterns were imaged in pefikce tapping mode in imaging

0dzZF FSNJ 6{ SOG A 2auh OH RYNRHUS adzaoApIS MBruk{Nax{o).1Teen ®H n t
peakforce amplitude was 10 nm and images were taken using 256 x 256 or 512 x
512-pixel arrays. The pedirce set point varied between 50000 pN and the scan

rate was between 0-4.0 Hz.
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2.8.5 Imaging liposomgrotein samples

Liposomeprotein samples (Section 2.11) were diluted to a usable concentration in
adsorption buffer (Section 2.8.2) and incubated on mica for imaging. AFM images
were recorded in peakorce tapping mode in imaging buffer (Section 2.8.2) at a peak
force frequency of 2 kHz unless otherwise stat&NLE10 probes(56 kHz, k~0.24Nm

1) (Bruker Nanoyvere usedfor peakforce tapping. When imaging under liquid the
standard fluid cell was used to house the AFM probe @mdontrol it. Once the
probe hal been inserte into the fluid cell, the reservoirs were filled with imaging
buffer (Section 2.8.2) and mounted on top of the sample where the laser was aligned
with the probe. The peaforce amplitude was 10 nm and images were takesing
either 256 x 256 or 512 x 5#xel arrays. The pedkrce set point varied between
50-1000 pN and the scan rate was between-0.6 Hz.

2. 9 PDMS sofpatterning

2.9.1 Stamp preparation

The Si master template (Mikromasch, TGZMth rectangular arrays of 5 pm width,

10 pm pitch and1.35 um step heightwas used as master to replicate a
polydimethylsiloxane (PDMS) stan@phao et al 1997)Prior to casting of the PDMS
mixture, the Si master template was treated in trichlorosilane (Sigdaaich) vapour

under vacuum (20 mbar) for 16 hours. The PDMS mixtaeprepared by mixing
Sylgard184 silicon elastomer base (Dow Corning)aa8glgard184 silicon elastomer
curing agnt (Dow Corning) at a ratio of 10:1. The PDMS mixture was stirred for five
minutes to reach uniformity and centrifuged &t 000 xg for 15 min to remove air
bubbles. Then the PDMS mixture was cast onto the Si master and cured at 74°C for 8

hr, before being carefully detached as a PDMS replica stamp.

2.9.2 Active crossinking of substrates

The PDMS softatterning was performed on agty-L-lysine coated substrate, either a
glass coverslip (Fisher scientific, Corning BioCoat, REF 354f18%jlicon. The
substrate was treated wit20 mM dimethyl suberimidate.2HCI (DMS) (Thermo Fisher
Scientific, Prod #20700pr 40 min at pH 8.5 to actate lysine as the crodsker for

amine attachment.

64



2.9.3 Immobilising lightharvesting complexes by scftatterning

The PDMS stamp was immersed into a solution of LH2 complexes (15 pM protein in
0dzFFSNJ O2yaAraidAy3d DPM,ph7.8Yfab nlindthed Hidvn dryd n o
with Argon to form a surface layer of LHEhe LH2 inked stamp was gently placed
onto the substrate to print LH2 arrays and left for 5 minutes before being gently lifted
away. Samples with crospatterned LH2 and RCLH1 arrays weredenasing the
same printing steps performed for the RCLH1 complexes (gith@MRCLH1 or WT
RCLH1) with the second printing orientation at roughly 90 degrees to the previous
LH2 arrays. AFM was used to image samples prepared on silicon substraies
Samples prepared on glass coverslips were sealed eitlzedip N2 atmosphere an

a 20mM HEPES buffer, pH 7.8 wijlotocatechuatedioxygenase (50 nM)/ 3;4
Dihydroxybenzoic acid (2.5 mM) enzymatic oxygen scavenging s{Steoboda et al
2012)before being imaged bffuorescence lifdime microscopy for energy transfer

studies.

2.10 Local oxidation nanopatterning

2.10.1Preparation ofmPEGterminated silane monolayes on silicon substrate

Uncoated, ptype (Boron) doped silicon (1 0 0) wafers (Siegert wafer) withckness

of 0.5 mm were used as the substrate. Silicon substrates and glass vials were cleaned
by immersion for 40 min in a piranha solution consisting of 30% hydrogen peroxide
(Fisher Scientific) and 95% sulphuric acid (Fisher Scientific) at a rati@.of e
cleaned silicon substrates were immersed in a solution of 15 mjvhe?hoxy
(polyethyleneoxy) @propy] trichlorosilane (mMPEO chlorosilane) (Gelest) in 99.8%
anhydrous toluene (Sigmaldrich) for 2 hours to form a sedfssembled monolayer of
mPEQerminated silane (MPESAM). After the SAM formation, the substrates were

rinsed thoroughly with toluene and acetone and dried under a stream of argon.

2.10.2 Creation of nanopatterns on mPE®AM silicon by local oxidation

lithography

The mPEESAM coated 8con substrates then went through the local oxidation
process to create protein attachable regions on the protein resistant mPEO surface.
The oxidation process was performed by the AFM (Multimode 8, Bruker) in contact

mode in air at a relative humidity @jpproximately 40%. Silicon substrates were stuck
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onto SPM specimen discs (Agar Scientific) by silver conductive adhesive (RS
Components) and solidly mounted on the AFM sample holder. A conductive AFM
probe (Bruker, CONTRT) coated by a Rir layer, scaned the silicon surface with a
voltagebias, locally oxidising theCH groups ornthe mPEO t@COOH group&Choi et

al 2006, Maoz 2000a, Maoz 2000&p um lines of (COOH groups were made by
scanning the AFM tip at pixel resolution of 25.6 pixels/pum; 5x5 um squamdsg

COOH groups were made by scanning the AFM tip pixel resolution of 51.2
pixels/um. The oxidation was performed with varying bias eslfV) and bias

durations (ms/pixel{Avouris et al 1997, Fontaine et1£98)

2.10.3 Activatian of the cCOOH group to an NHS ester

Silicon substrates witltCOOH patternsvere rinsed 3 times using ultrapure water
andimmersed for 1 hour in a solution consisting of 20 mM HEPES (Biginizh), 20
mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Thermo
Scientific) ad 20 mM Nhydroxysuccinimide (NHS) (Thermo Scientific). The
incubation was at room temperate at pH 5.8, which alloweel reaction between the

¢COOH anthe NHS to form an NHS ester for protein immobilisation.

2.10.4 Protein immobilisation

Following the formation of the aminereactive NHS ester, the substrate was
immersed in a solution of 2 uM photosynthetic complexes, 20 mM HEPEG Q3%
w/v i -DDMat pH 7.4. The incubation time varied from 40 min to 20 hours. Then, the
sample was rinsed 3 times by éegent buffer (20 mM HEPHEE03% w/\i -DDM) to
remove weakly binding complexes. Samphesre imaged by the AFNh buffer (20

mM HEPES, 20 mM NacCl, 5 mM Mpfor the topography and by FLIM in buffer (20
Ya | 9t 9{ 3 sDDM)dropticat @opertiesral for energy transfer studies.

2. 11 Proteoliposome reconstitution

2.11.1 Liposome preparation

Liposomes, also known as lipid vesicles, was prepared by the extrusion technique
using a 0.2 um pore filter. Working buffer consisted of 20 mM MOPS (pHnd&0a

mM NaCl, and liposome preparation used the liplgP-dioleoytsnglycere3-

phosphocholingdDOPC) (Avanti Polar Lipids, Inc.). 20 mg/ml DOPC in chloroform was
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evaporated in a dry argon stream and formed a lipid cake which then was mixed with

1 ml ofworking buffer for adequate agitation by vortex to form large midtnellar
vesicles (LMV). The LMV suspension was downsized by extruding 40 times through a
0.2 um pore polycarbonate membrane (Whatman Nucleopore) to form small uni
lamellar vesicles. ThuBposomes were prepared with an average diameter of ~260

nm. All processes were performed at room temperature.

2.11.2 Reconstitution ofight-harvesting complexes into the liposome
cC2tt26Ay3 (KS ¥F2 NDDMiwasagdeddrtheflijodadeishoyf 8ta > |
a final concentration of 0.03% w/v and the mixture was incubated for 30 min. Then,
light-harvesting complexes purified fronRba. sphaeroideqSection 2.3) were
incubated in liposome solution for 1 hour in the dark at 4°C to form a proteoliposome

sdution. The lipid/protein ratio for incubation was fixed at 500:1 (mol/mol).

2.11.3 Purification of proteoliposome suspensions

w S R dzy’ RDDY¥(in the proteoliposome solution was gradually removed by adding
nonpolar polystyrene biobeads (BRAD, BidBeads SM2 Adsorbents) into the
solution and rolling on a roller mixer (Stuart, SRT6) overnight at 4°C in the dark.
Aggregated complexes were removed by sucrose density gradient centrifugation.
Sucrose solutions were prepared in buffer (20 mM MOPS, 20 mM pld(1,8) and

the gradient formed with steps at 10%, 20%, 30%, 40% and 50% (w/w).
Proteoliposomes were loaded onto the 10% sucrose layer and the gradients were
centrifuged at 154,00« g for 15 hours at 4°C in the SWA41Ti rotor (Beckman).
Pigmented bands werearefully collected from the 25%0% interface using a
peristaltic pump. Absorbance spectra of theoteoliposome samplewere recorded

to identify the protein components and the ratios between thefopographic
images were recorded for using AFM. Flugsree measurements were performed

for the optical properties and energy transfer studies.

2. 12 Calculation of protein concentration in proteoliposomes

Roomtemperature absorbance spectad proteoliposome samples werecorded on
a Cary 60 UWVis spectrphotometer (Agilentat wavelengthdetween1000 nm- 450

nm in an ultra violet (UV) cuvette with a 1 cm path lendghseline were corrected in
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the same rangeDilutions were made using the appropriate buffer or growth

medium.

Spectra were processed by scatter correcting and deconvoluting the contributions of
RCGLHIPufX and LH2 using a modified version of an Excel spreadsheet by Prof
hQl I @SNJ | Dhttast/ferpcbr®ect.umd.edu/~toh/spectrum/CurveFittingB

html. The spreadsheet adds spectra of the two complexes and a scatter curve to
achieve a best fito the data and returns sprra for the three components according

to their fitted contributions (Swainsbury et al 2018)The scatter curve used was
calculated using?®, and the R&HXPufX and H2 reference spectra were produced
from proteins purified as described in Section Z8ncentrations of RCHXPufX and

LH2 were determined from their calculated components using extinction coefficients
of 4410000 M/cmt and 3745500 M/cm at 875 nm and B0 nm, respectivelyDr Pu
VAFYQa LISNE2YLEE O02YYdzyAOF A2y 0
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Chapter 3

OEOAGIGA2Y SySNHé& GNIFyafSN
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3.1 Summary

LH2and RCLHTomplexes wergurified from Rba. sphaeroideand crosspatterned
on glass surfaceshen sealed under physiological conditionfor energy transfer
studies FLIM results show that both complexes retained their Hggntvesting and
energy transfer functionWhen the complex pattermvas excitedvith 470 nm or 485
nm light, fluorescence emission intensity and fluorescence lifetime decay from the

LH2 complexes show evidence of energy transfer to RChidflexes

Sinceabsorption of carotenoidaround 485 nntomplicates the assignment of energy
transfer,carotenoidlessRCLHEtomplexes wergurified fromthe p O NRCLH1 strain.
n O NHCLH1 and LH®mplexeswere crosspatterned ona glass surface and sealed
under physiological conditionsEnergy transfer from LH2 tp O NECLH1was
observed shown bythe lifetime of fluorescence emission froilrtH2 complexeswhich

wasshortened fom 653 ps to 395 ps.

To explore the possibility of the artificial Higharvesting system workingshen not
under liquid, p O NRCLH1 and LH2 weceosspatterned on glass surface and sealed
under a protectiveArgon atmosphere Results show that both complexes retained
their functions and are capable of energy transfBepeated FLIM measurements
conducted over an extended time periahow that the LH2h O NHCLH1 patterns
can last for 60 days with their fluorescence propestiand with energy transfer

capability retained.

AFM imagng of the n O NBCLH1 and LH2 patterns on silicon show that both
complexes retained their structure after being printed on silicon surface. In the
intersecting regionswhere energy transfer were obsred, the AFM results show a

mixed arrangement ofn O NBICLH1 sitting either beside LH2 or on top of LH2

complexes
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3.2 Introduction

The first stages of photosynthesis involve harvesting solar energy byhhghesting

(LH) antenna complexes, then traesfto a specialized, membradmund complex

called the reaction centre (RC) where this energy is trapped as a charge separation.
The LH function can be performed either by large pigm@otein complexes such as
chlorosomes or phycobilisomes that sit onettmembrane and deliver harvested
energy to an underlying RC, or by a series of repeating LH units that sit alongside the
RC in the membranédSaer & Blankenship 2017This latter case includes the
photosynthetic apparatus of plants and, at a simpler level, the photosynthetic
membranes found in purple phototrophic bacteria. The level of structural and
functional characterisation for the phototrophic bacteriulRhodobactr (Rba.)
sphaeroideshas reached a level where all of the steps of photosynthesis, from
absorption of solar energy, through to trapping at the RC, generation of a
protonmotive force and the production of ATP, have been combined into an in silico
model ofthe photosynthetic membran® / I NI N2y SG € wnmnz {S
et al 2010) The power of this membrane model is such that i eecount for the
doubling time of the bacteriunf{Hitchcock et al 2017)and it also encourages the
RSaA3Idy YR Wo20G2Y dzLJQ FI 6 NR OF G Acapfure2 ¥ 0 A

convert and store solar energy.

New biohybrid energy transfer and trapping assemblies take many forms, and range
from incorporating new chromophores into nati®utta et al 2014a, Dutta et al
2014b, Gundlach et &009, Harris et al 2014a, Harris et al 2013, Harris et al 2014b,
Meadows et al 1995, Springer et al 2012, Yoneda et al 281d)de novo designed
(Kodali et al 2017, Mancini et al 2017, Meadows et al 1986)eins, to using a
variety of lithographic patterning methods to precisgpsition a single type of
photosynthetic compleXEscalante et al 2010, Escalante et al 2008a, Escalante et al
2008b, Patole et al 2015, Reynolds et al 2007, Vasilev et al 20b4ihjs case, the
assembly of extensived@mensional architectures for energy harvesting, transfer and
trapping requires the ability to direct the relative positions of two or more types of
photosynthetic complex on the same surface. The two complexes chosen for this two
protein patterning work are the LH2 antenna Bba. sphaeroides and its native

energy accepir, the RCLH1 compléartron et al 2014, Qian et al 201B8oth are
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membraneintrinsic, multisubunit proteins in which transmembrane polypeptides

bind lightabsorbing bacteriochlorophyll and carotenoid pigme(fseer et al 1996)

The short distances between pigments ensure the rapid delocalization of excited
states and their transfer within and between complexes in the native membrane
GCNBSNI S |f wmddcI b2ea Heselwe bise a simprecrabust Sy S
lithographic procedure to construct intersecting lines of LH antenna and RC
complexes, effectively creating a new micrdrO £ S WLIK2 12 degtapK SG A O
micro-contact printing method was used to fabricate eD2grid of crospatterned

LH2 and RCUHproteins, which was interrogated by fluorescence microscopy.
Spectral and lifetime imaging shows that light absorbed by the LH2 antenna is
transferred to RCLH1 complexes; thus, these arrays contain functionally coupled
components for absorbing and tramsfing excitation energy, thereby performing the

first two steps of photosynthesis.
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3.3 Results

3.3.1 Directed formatiorof crossedpatterned LH2 and RCLH1 complexes on glass

and silicon

We created artificial lighharvesting networks using a very simple and low cost soft
lithographic technique, based on the mietontact printing approact{Alom Ruiz &

Chen 2007, Bernard et al 2000, Xia & Whitesides 1%@Bematically represented in
Figure 3.1. Optically transparent glass functionalized with -pdygine (PLL)was
chosen as a substrate, tacilitate characterisation of immobilized protein complexes

by fluorescence microscopy. As a first step, the LH2 complexes (in green, Figure 3.1G
and H) were printed onto the substrate using a soft PDMS stamp (Figure 3.1B and C)
then inked with the proten solution (Figure 3.1D), followed by the printingyairtB
RCLH1 complexes (in rédgure 3.1, performed in a similar way but at a 90° angle to

the LH2 lines.

A B C D E
Protein
:s%a\:m_"_ PDMS i == == =
:‘—:1—‘:*—:1 - PDMS PDMS PDMS
Si Si
1.35m
F G

G sy =

G — Giass Gass Giass

Figure 3.1. Schematic diagram of the miecontact printing method used to
fabricate the crosgatterned LH2 and RCLH1 protein arrays.

A. Simaster with rectangular arrays of 5 um width, 10 um pitch and 1.35 um step
height

Casting a PDMS replica of the master

PDMS replica

Inking the stamp with LH2 (green)

PDMS stamped covered with LH2.ink

PLLcoated glassictivated byDMS (yellow)

Printing LH2 on glass

LH2 arrays on glass

Printing RCLH1 complexes (red) on glass orthogonally to LH2 arrays.

SIOTMOUOW
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3.3.2Excitation energy transfer between LH2 and RCluddler physiological

conditions

In bacterial photosynthetic systems the LH2 antenna complexes harvest light energy
and transfer it to the RCLH1 core complex, where the excitation energy is stabilized as
a photochemical charge separatioMNative biological lightarvesting networksare
stabilized in membrane bilayers amgperate under tightly controlled physiological
conditions so thecrossprinted energy transfer assemblies wesealed in imaging

buffer (20 mM HEPE®$H 7.8 to promote retention of their optical and structural
properties The artificial microarrays of crogminted LH2 and RCLH1 complexes were
characterized by florescence lifetime and spectral imaging in a Huiie FLIM set

up. This microscope is equipped with 485 nm pdltaser and 470 nm LED excitation
light sources; an EMCCD camera is coupled to a monochromator for-fiedd and
spectral imaging, and a single photon detector for tinmerelated single photon
counting (TCSPC) is used to acquire lifetime decay imagesamples were excited
either at 485 nm or at 470 nm in the absorption band of the carotenoids present in
both the LH2 and RCLH1 complexes (Figure 3.2). The excitation energy is absorbed by
carotenoids and transferred to B800 and B850 bacteriochloropfihls) within the

LH2 complexes, where energy is partly emitted as fluorescence and partly transferred
to the B875 pigments in the RCLH1 complexes. In turn, LH1 B875 BChls can either
emit some of the excitation energy as fluorescence, or transfer ih®oRC, where it

is trapped as a charge separation.

1 470nm
.8 E E 485nm
.6 '

1
4 o
.2 T
0 —

850 95

450 550 650 750
Wavelengthinm]

Absorbance
O O O O

0

—WT LH2 —ncrtB RCLH1 —WT RCLH1
Figure 3.2. Absorption spearof purified complexes.

LH complexes were excited either at 470 nm or 485 nm for fluoreseEmission. At 485m,
the absobancesof RCLH1, LH2 apdrtBRCLH1 are 0.57, 0.26 and 0.02, respectively. At
470nm, the absorption of RCLH1, LH2 padBRCLH1 are 0.50, 0.22 and 0.02 OD units,
respectively.
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Figure 3.3 shows fluorescence data acquired from a sample-proged with LH2

and RCLH1 complexes on glaasd sealed in imaging buffer (20 mM HEPES). The
falsecolor fluorescence image (Figure 3.3A) of the sample, acquired in epi
fluorescence mode illuminated by the 470 nm LED source, showssih@ace
distribution of the LH complexe the green regions correspond to LH2 complexes
(857/30 nm bandpass filter), and those in red are from RCLH1 complexes (900/32 nm
bandpass filter). When switching to scanning confocal mode, and using 485 nm
pulsed laser excitation, we were able to recdite spectral map of fluorescence
emission of the sample. The photon fluence of aboutx2®* photons pulsé cnr?

was sufficiently low to minimise excitonic annihilation in the LH compleXbs.
fluorescence intensity maps acquired at 860 nm and 890 nm (Figure 3.3 B and C,
respectively), confirm the immobilisation of the LH2 complexes along the- near
horizontal lines ad immobilisation of the RCLH1 complexes along the -uetical

lines. A striking observation in the cresger area (marked with number 2 in Figure

3.3 B and C), where LH2 and RCLH1 complexes are in close proximity, is the decrease
in the LH2 emission tensity, accompanied by a comparable increase in RCLH1
emission. This observation is confirmed by the deconvolution of the spectra extracted
from the pixel marked with the number 2 (cresser area), orange curve in Figure
3.3D, and its comparison with thiadividual spectra, green and red in Figure 3.3D,
extracted from the pixels marked with the numbers 1 and 3 in panel B-ghly2and
RCLHDnly areas, respectively)We interpret these changes in the emission
intensities as an indication for excitation engy transfer (EET) between théi2 and
RCLH1 complexes. In order to study the EET in more detail we recorded a
fluorescence lifetime map of thenmobilisedLH2 complexes. An amplitugseraged
lifetime image of the crospatterned sample, recorded at 860m (he LH2 peak
emission wavelength)s shown in Figure 3.3E with two individual fluorescence decay
curves shown in Figure 3.3F. From Figure 3.3E, the LH2 only areas (green) generally
show longer lifetime of about between 750~900 ps, comparing with th2 RCLH1
crossover area (pink) of about between 400~550 ps. In Figure 3.3F, the green decay
curve was extracted from the pixelarked 5 (Figure 3.3Eprresponding to thd.H2

only area, and the bexponential decay function fitting result shows amplitude-
averagedifetime _ay= 904 ps, witttcomponents A= 0.39 ,1= 1119 ps and* 0.61,

_2 = 678 psthe orange curve represents the fluorescence decay in the @ess
74



area (marked 4, Figure 3.3E), and theexijponential decay function fitting result

shows anamplitude-averagedlifetime _ay = 541 ps, withcomponents A= 0.09,_1 =

1138 ps and A= 0.91, > = 348 psThis reduction of the LH2 fluorescence lifetime

indicateseET from the LH2 complex to RCLH1 complex in the-avesareas where

the two protein molecules are in very close proximity.
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Figure 3.3. Fluorescence spectrum and lifetime data from a ciuetterned WTLH2
and RCLH1 complexes under physiological conditions (in imaging buffer) on a
functionalised glass substrate.

A.

False colour fluorescence image (wide field excitation atrdii}) showing the LH2
(green) and RCLH1 (red) lines in a-tikiel pattern with a period of 10 um and line
width of 5 um

Spectral map excited by laser, showing the emission intensity at 860 nm (LH2
emission peak), the excitation is by 48% laser pulsed (1 Mz repetition rate,

2x10“ photons pulsé cm), scan size 26 um

Simultaneously acquired spectral map showing the emission intensity at 890 nm
(RCLH1 emission peak), scan size 26 um

Individual emission spectra recorded in the pixels of the imagesralp® and C
marked with 1 (LH2 only), 2 and 3 (RCLHL1 only), respectively. The spectral
deconvolution in D shows a clear drop in the LH2 emission (olive peak fit) compared
to the LH2 emission outside the cresger area, accompanied with a corresponding
increase in the (pink peak fit), again, compared to the RCLH1 emission outside the
crossover area

Amplitude weighted average lifetime image obtained at 485 nm excitation (1 MHz
repetition rate, 2x1€* photons pulseé cn?), and 860 nm emission (LH2 comgple
emission peak), clearly showing a decrease in the lifetime in the-oxessareas,

where the two complexes are in close proximity, scan size 26 um

Individual decay curves recorded in the pixels of the lifetime image in panel E marked
with 4 (orange, gerage lifetime of 541 ps) and 5 (green, average lifetime of 904 ps),
respectively.

(Data obtained byr Cvetelin Vasilev.)
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3.3.3Energy transfer from LH2 tp O NRCLH1 under physiological conditions

RCLH1 contains carotenopigments therefore the LH2 and RCLH1 complexes
studied in Figure 3.3 were both excited by the 485 nm light source, which complicates
the assignment of energy transfer between them. In order to overcomepttoklem,

we purified p O NBICLH1 complexes from ttye O NBICLH1 strain, which has no
carotenoids and therefore has negligible absorption at the excitation wavelength of
485 nm (Figure 3.2Accordingly, when LH2 and O NRCLH%&re immobilisedon a
glass surface, only LH®mplexesare efficientat capturing485 nm light. Using the
same printing process and the same fluorescence measurement settifigr Figure

3.3, LH2 anch O NRCLH1 were crogmtterned on glass and sealed in 20 mM HEPES

buffer for fluorescence measuremesnt

As expected, crogsatterned LH2andp O NRICLH1 retain their optical prop&sand
energy transfer capability (Figure 3.4). Figure 3.4#hés merged wide field false
colour fluorescence image of complexes illuminated by 470 nm LED and recorded by
EMCCDThe green lines are fluorescentikered bythe 857/30 nm bandpass filter,
which indicates the distribution of LH2 complexes. The red squares are fluorescence
filtered by 900/32 nm bandpass filter, whishows thelocation of fluorescenin O NIi .
RCLH1 complexes. Clearly,rthare some florescentn O NRCLH1 complexes tine
crossover area because nearby LH2 complexase acting as an antenna and
delivering excitation energy n O NRCLH1 complexes withoutonnected LH2
complexes cannot harvest energstay unexcited and give the black gaps in the
fluorescent image. Same resultse observed in fluorescence spectral intensity
imageswhenthe sampleis excited with the 485 nm laser. The fluorescence intensity
images at 857 nm and 890n are shown in Figa 3.4B and 3.4C separately. Typical

emissionspectra from marked pixelre plotted in Figure 3.4D.

FLIMprovidedfurther evidence for energy transfer between LH2 an® NRCLH1. An
amplitude-averaged lifetime image of the cropatterned sample, recored at 857

nm (LH2 peak emission wavelength) is shown in Figure 3.4E with two individual
fluorescence decay curves shown in Figure 3.4F. From Figure 3.4E, the LH2 only areas
(green) generally show longer lifetime of about between 550~700 psompased

with the LH2 p O NBICLH1 crossver area (pink) of about between 350~500 ps. In

Figure 3.3F, the green decay curve was extracted from the mixeded 5 (Figure 3.4E)
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corres

ponding to theLH2only area, and the kexponential decay function fitting

result shows ammplitude-averagedifetime _ay= 653 ps, witttcomponents A= 0.64 ,

_.1=711 ps and = 0.36,_> = 146 psthe orange curve represents the fluorescence

decay

in the crosever area (marked 4, Figure 3.4E), and theekponential decay

function fitting result shows aramplitude-averaged lifetime _av = 395 ps, with

components A= 0.32, 1 =529 ps and2= 0.68, 2= 275psAgain,the reduction of

the LH2 fluorescence lifetimeonfirms theEET from the LH2 complexjioO NRCLH1

complex in the crossver areas where the two protein molecules are in close

proximity.
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Figure 3.4. Fluorescence spectrum and lifetime from cepasterned LH2 angh O NJi .

RCLH
A.

1 complexes imaged under physiological conditions

False colour fluorescence image (470 nm wide field excitation), showing the LH2
(green) andhcrtBRCLH1 (red) linesltéred by 857/30nm and 900/32hm bandpass
filters, respectively

Spectral map showing the emission intensity at 860 nm (LH2 emission), excitation
source is 48%5m laser pulsed (1 MHz repetition rate, 2X1Bhotons pulsé cm?),

scan size 32 um;

Simulaneously recorde spectral map showing the emission intensity at 890 nm
(ncrtBRCLH1 emission), scan size 32 pm;

Individual emission spectra recorded in the pixels of the images in pBaeid C
marked with 1 (LH2 only, green line), 2 (crossr area, orange line) and BctB
RCLH1 only, red line), respectively

Intensity-averaged lifetime image obtainesith 485nm excitation and 85%m
emission (LH2 emission), clearly showing a decrease in the lifetime in theowrrss
areas, where the two complexes are in close proximity, scan size 32 pm
Individual decay curves recorded in the pixels of the lifetime imagamel Emarked
with 4 (orange, average lifetime of 395 ps) and 5 (green, average lifetime of 653 ps),
respectively.
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3.3.4Energy transfer from LH2 tp O NRICLH1 in an argon protective environment
Due to the lack of carotenoids O NRCLH1 is expected to be less phstable
compared toWTRCLH.1soa protective Ar atmosphere was used to minimise photo
oxidative damage to this complefor this workn O NRCLH1 and LH2 complexes
were patterned on a glass substratbut not kept underiquid; instead they were
partially driedin a partially dehydrated manner and then sealed under a protective

Argon (Ar) atmosphere.

Figure 3.5A shows a false colour epifluorescence image of-padtesned LH2 (green)
and n O NBCLH1 (red) complexes, with wide field excitation at 470 nm and the
emission signals filtered by 857/3tn and 900/32nm bandpass filters, respectively.
Figure 3.5A shows the precision of patterning of the two types of complex,
delineating their positionsand the differing emission bands provide evidence that
the immobilised complexes have retained their properties and structural integrity
under the protective conditions of our experimen§pectral imaging of the €o
patterned complexes (Figure 3.5B) shdmgs arising from LH2 emission at 860 nm.
Orthogonalp O NRCLH1 lines are absent because absorption of the 485 nm excitation
light is very weak, so fluorescence emission was barely detectable over the
background in the areas where tineO NRCLH1 comples were immobilised on their
own. As expected, the spectral intensity map shows that the lines of LH2 emission
were not uniform; individual emission spectra, corresponding to the pixels in Figure
3.5B,C and marked with the numbers 1(kdtiy area, green)? (LH2/n O NRCLH1
crossover area, orange), and 31 (O NBICLHbnly area, red), are shown in Figure
3.5D. Spectral deconvolution shows a clear drop in the LH2 emission (olive peak fit) at
the LH2/p O NRICLH1 intersection and an increase injtheBRCH1 emission (pink
peak fit), compared to th@crtB RCLH1 emission outside the cros®r area (pixel 3,
red). A simultaneously acquired spectral map of emission intensity at 890 nm from
necrtB RCLH1 complexes (Figure G.5hows major signals at the LiH2AB RCLH1
intersections; given that excitation is specific for LH2, pieisB RCLH1 emission must
have arisen from excitation energy transfer from neighbouring LH2 complexes. Closer
inspection of Figure 3Gshows that a low level dfuorescence emissioim thep O NJi .

RCLH1 channé& found in the vertical lines outside tHeH2/RCLH1 intersections, a
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possible indication of migration of EET to neighbourjrggtB RCLH1 complexes

arrayed in the vertical lines.

Figure 3.5E shows an amplitudeighted fluorescace lifetime map of surface
attached LH2 anghcrtB RCLH1 complexes, with excitation at 485 nm and emission
monitored at 857 nm, the peak emission wavelength of LH2. Individual decay curves
corresponding to pixels 4 and 5 of the lifetime image are showFigare 3.5FFrom
Figure 3.5E, the LH2 only areas (green) generally show longer lifetime of about
between 700~900 ps, comparing with the LIH20 NRCLH1 crossver area (pink) of
about between 400~500 ps. In Figure 3.5F, the green decay curve was extracted from
the pixel marked 5 (Figure 3.5Kprresponding to theLH2only area, and the bi
exponential decay function fitting result shows amplitude-averagedlifetime _ay =

794 ps, withcomponents A= 0.45 ,1 =974 ps andA= 0.55, » =512 psthe orange
curve represents the fluorescence decay in the cimex area (marked 4, Figure
3.5E), and the kéxponential decay function fitting result siws an amplitude
averagedifetime _av = 438 ps, wittcomponents A= 0.25, 1 = 645 ps and = 0.75,

_2 = 284 psAgain,the reduction of the LH2 fluorescence lifetime confirms thET

from the LH2 complex tp O NRCLHTomplex in the crosever areas where the two

protein molecules are in close proximity.
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Figure 3.5. Fluorescence spectrum and lifetime from crpssterned LH2 angh O NJi .
RCLH1 complexes on a functionalised glass substrate imagagbiatective
atmosphere ofargon

A. False colour fluorescence image (wide field excitation at 470 nm), showingHthe
(green) andhcrtBRCLH1 (red) lines, filtered by 857/30nm and 900/32nm bandpass
filters, respectively

B. Spectral map showing the emission intensity at 860 nm (LH2 emission), excitation is
by a485nmpulsedlaser (1 MHz repetition rate, 2x¥Jphotons pulsé cnm?), scan
size 32 um

C. Simultaneously acquired spectral map showing the emission intensity atr890 n
(ncrtBRCLH1 emission), scan size 32 um

D. Individual emission spectra recorded in the pixels of the images in pBiagid C
marked with 1 (LH2 only, green line), 2 (crossr area, orange line) and B3otB
RCLH1 only, red line), respectively. The spedeconvolutuon shows a clear drop in
the LH2 emission (olive peak fit) and an increase imtmB RCLH1 emission (pink
peak fit), compared to the LH2 emission and jleetBRCLH1 emission outside the
crossover area

E. Amplitude weighted average lifetie image obtained at 485nm excitation (1 MHz
repetition rate, 2x1&* photons pulsé cnm?) and 857nm emission (LH2 emission),
clearly showing a decrease in the lifetime in the crogsr areas, where the two
complexes are in close proximity, scan size 132

F. Individual decay curves recorded in the pixels of the lifetime image in panatked
with 4 (orange, average lifetime of 438 ps) and 5 (green, average lifetime of 794 ps),
respectively.

3.3.5 Longerm stability of crosspatterened LH2 angh O NRCLH1 complexes on
glass surface
Ly 2NRSNJ G2 G4Sad GKS adl oA f-haivésting gystems; & K S f
the crosspatterned complexes samples were sealed in Argon atmosphere and stored
at 4°C in the dark. Regular FLIM measuremetdken over approximately two
months, showed that both LH2 angh O NBCLH1 are quite stable under these
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conditions From days 1 to 60, there is a small variation in the fluorescence lifetime of
LH2 complex in both LH2 only area (typical amplitaderagedifetime of 740 + 90ps)

and LH24 O NRCLH1 crossver area (typical amplitudaveraged lifetime of 400 +

50 ps) (Tabled.1). Lifetimedata were fitted bya biexponential decay function.
Parameter_; refers to the longer lifetime component; refers to the shorter lifetime

one and_a refers to amplitudeweighted average lifetimes W[ | H Q NB TS N&
O2BSNBR 2yfl aictpw/ [[Il T NB FofeNdieasic@vered KR bith

LH2 anch O NR@.H1.

Table3.1. Fluorescence lifetimgeof LH2 at 860 nm.

alps] | 1[ps] _2[ps] _2[ps] | _av[ps] _av[ps]

[ | Hci | LH2 [ | HCHB | LH2 [ | HCHB | LH2

BRCLH1 RCLH1 RCLH1
Day1 |640 1040 280 520 430 770
Day5 | 480 1040 290 500 380 740
Day 10 | 510 950 280 430 380 680
Day 15 | 600 1100 360 600 450 840
Day 20 | 490 1010 280 500 370 770
Day 30 | 450 950 290 470 350 710
Day 60 | 540 840 320 430 410 650

Furthermore, the fluorescence lifetime images clearly show excitation energy transfer
between LH2 angh O NRCLH1 60 days after sample preparation (Figure 3.6), on the
basisof quenching of the LH2 fluorescence observed in the intensity and lifetime
channds (Figure 3.6B and Bndividual decay curves corresponding to pixels 4 and 5
of the lifetime image are shown in Figure 3.6Fom Figure 3.6E, the LH2 only areas
(green) generally show longer lifetime of about between 0.6~0.75 ns, comparing with
the LH2 p O NRICLH1 crossver area (pink) of about between 0.35~0.5 ns. In Figure
3.6F, the green decay curve was extracted from the pwatked 5 (Figure 3.6E)
corresponding to theLH2only area, and the béxponential decay function fitting
result shows ammplitude-averagedifetime _av= 683 ps, witttcomponents A= 0.26,
_.1=964 ps and A= 0.74,_»> = 488 psthe orange curve represents the fluorescence
decay in the crossver area (marked 4, Figure 3.6E), and the=kponential decay
function fitting result shows aramplitude-averaged lifetime _av = 382 ps, with
components A = 0.30,_1 = 507 ps and A= 0.70,_> = 285 ps.The fluorescence

intensity images at 857 nm (Figure B)gand 890 nm (Figure 3.6C), respectively, show
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that the pattern is well preserved on the functionalised glass substrate with no

diffusion of protein complexes, while the emission spectra (Figure 3.6D) indicate that

both LH2 angh O NRCLH complexes remain undamaged.
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Figure 3.6. Fluorescence spectrum andifime data obtained 60 days aftethe
sample preparation showindpng-term stability of the crosspatterned LH2 and
n O NRCLH1 complexes.

A.

False colar fluorescence image (470 nm wide field excitation) showing the LH2
(green) andhertBRCLHL1 (red) lines, filtered by 85743 and 900/32nm bandpass
filters, respectively

Spectral map showing the emission intensity at 857 nm (LH2 emistiem®xcitation
source isa485nmpulsedlaser (1 MHz repetition rate, 2x¥photons pulsé cnm?),
scan size 32 ym

Simultaneously acquired spectral map showing the emission intensity at 890 nm
(ncrtBRCLH1 emission), scan size 32 um

Individual emission sxtra recorded in the pixels of the images in paretsd B
marked with 1 (LH2 only, green line), 2 (crossr area, orange line) and BcftB
RCLH1 only, red line), respectively. The spectral deconvolutuon shows a clear drop in
the LH2 emission (oliveepk fit) and an increase in tipertBRCLH1 emission (pink
peak fit), compared to the LH2 emission and ftleetBRCLH1 emission outside the
crossover area

Intensity-averaged lifetime image obtained at 485 excitation and 85%m

emission (LH2 emissignclearly showing a decrease in the lifetime in the coss
areas, where the two complexes are in close proximity, scan size 32 pm
Individual decay curves recorded in the pixels of the lifetime image in panalied
with 4 (orange, average lifetimaf 382 ps) and 5 (green, average lifetime of 683 ps),
respectively.
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3.3.6 Visualisg the arrangement of patterned protein complexes amglass

substrate

Initial characterisatiorhad investigated the surface density, orientation and surface
coverage of the immobilized protein complexes on the substrate. Atomic force
microscopy (AFM) of micropatterns showed that the surface roughness of the PLL
functionalized glass substrates was togthifor accurate measurement of the height

of the protein complexes (data not showrgubstrates such as silicon wafers, on the
other hand,are opaque but arenuch better substrates for AFM measurement of the
micropatterned LH complexes. Consequently, @itaf LH networks were fabricated

on two different types of substrates¢ micropatterned LH complexes on
functionalized glass for fluorescence lifetime imaging microscopy (FLIM), and on

silicon for examining the topography of immobilized complexes by AFM.

Figure 3.7 shows AFM topographs of LH2 pn@ NRCLHTomplexes crosprinted

on a Si wafer in air. The LH2 complexes were printed in the horizontal direction and,
subsequently, thencrtB RCLH1 complexes were printed in the vertical direction,
forming a pne of intersection shown iRigure 3.A. The crossection across the LH2

line (green line, Figure 3.7A) reveals heights in the range 5 ~ 6 nm (Figure 3.7B), while
the crosssection across th@crtB RCLH1 line (red line, Figure 3.7A) reveals heights
around 9 nm (Figure 3.7C). Both values conform with the known sizes of the two
complexes and with a previous AFM measureme(Bshatyrova et al 2004a)
Interestingly, three distinct height values are found for the topographic esestion

of the intersecting area: 5 ~ 6 nm (as found for the LH2 only)asgaund 9 nm (as

for the ncrtBRCLH1 only area), and heights of around 14 nm. The results indicate that,
during the second printing stepcrtBRCLH1 complexes in the crassr area can be
immobilised not only next to the existing LH2 molecules on thiesgate (similar to

their relative disposition in the majority of the biological LH networks), but also on
top of them, thus forming a vertical stacks of LH complexes (an arrangement which

does not exist in the nature for that particular pair of LH comes).

83



B e
o N
PN

Height [nm]

@

L=
N A O
h L )

12+

104 104

Height [nm]

Height [nm]
onN St ?

o N A O
: L L ! |

3 4 5

2 1 2
Distance [um] Distance [um]

3 4 5

1

o
o

Figure 3.7. Topography of the crogatterned LH2 /n O NRCLH1 complexes on a Si
substrate.

A.

B.
C.

AFM topography image acquired under ambient conditions (air), with three sections
indicated: greerg LH2; Red n O NRCLH1; blue intersection

Crosssection across the LH2 lines (green line), with a typical height around 5 nm
Crosssection across tha O NRICLH1 lines (red line), with a typical height around 9
nm.

Crosssection across the LH2wO NRICLH1 intersecting area (blue cursor), with
typical heights of Bim, 9 nm and 14m.
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3.4 Discussion

Previous work using reconstituted membranes hasvaihthat energy transfer can be
observed in mixed assemblies of LH2 and RCLH1 complexeser et al 1979,
Sumino et al 2011a, Uragami et al 2Q1But controling the nanoscale location,
relative stoichiometries and-P organization of a series of photosynthetic complexes
presents new challengeBor some time it has been possible to construct nanoarrays
of single types of photosynthetic complex, starting withe tlightharvesting LH2
complex ofRba. sphaeroideEscalante et al 2008a, Escalante et al 2008b, Reynolds
et al 2007) and later the RCLH1 compl@atole et al 2015and the LHCII complex of
plants (Vasilev & al 2014b) In each case the function of the complex, in terms of
fluorescence emission, was retained; for LHCII it was possible to directly image the
ability of immobilised molecules of LHCII to switch between fluorescent and
guenched states. For LH#here were indications of lonrgange excitation energy
transfer; 80 nmwide nanolines of LH2 complexes exhibit energy propagation on
micron length scales, which greatly exceed the natural energy propagation lengths
found in in native photosynthetic membmas (Escalante et al 2010Excitation
energy is generally trapped before it migrates for more tharlB0 nm within
natural energy transfer and trapping networks such as the chromatophore vesicles of

purple bacteria, or the thylakoids of cyanobacteria, algae and plants.

Nanoarrays of two or more types of photosynthetic complex would be valuable tools
to investigate LH antea networks, in terms oRC trap ratiosand exploring length
scales and geometries of energy migration and trapping that lie beyond those found
in biology. However, progress with these aims relies on the ability foattiern two

or more types of complegn the same surface and on the application of spectral and
time-resolved microscopies to assess the functional state of immobilised assemblies.
Recent developments in surface chemistries do allow multiprotein patteriigig
Zubir et al 2017)and an alternating linear LHCII/EGFP pattern has been reported
(Vasilev et al 2014bHere, we have used a simple lithographic method to cposd

LH and energy trapping complexes, and at the points of intersection we demonstrate
collecton of light by one complex, LH2, and its subsequent transfer to the RCLH1
O2YLX SE® ¢Kdza>x GKAa laaSvyofeée OFly o6S NB3AI
where the complexes adopt a predetermined, geometric configuration.
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Although the stability of sdaceimmobilised proteins is a potential problem, many
studies have shown that photosystem complexes are stable on a variety of substrates.
Purified bacterial RCstabilised using peptide surfactantgtain their function when
deposited onindiunmttin oxide (ITOXxoated glasg¢Das et al 20049r gold electrodes
(Ham et al 2010, Trammell et al 2007, Zhao et al 200%allium ArsenidéFrolov et

al 2008) Stable coatings of RCLH1, PhotosystefBdtiura et al 2006, Terasaki et al
2008)and Photosystemdomplexes on electrodes have been repor{€aulkner et al
2008, Krassen et al 2009, Yehezkeli et al 200®pur knowledge, there has been no
systematic study of the longerm stability of surfaceattached complexes on a
functionalised glass substrateso we undertook a 6@ay test with the cross
patterned arrays of photosynthetic complexssaled inargon andstored at 4°C in
the dark. These artificial lightarvesting systems proved to be extremely stable under
these conditions, and further work will examine the stability of other natural and de

novo designed maquette complexes.

The means to control the relae positions of two or more types of molecule on the
alYS adaNFI OS tt2a O2yaiNHzOGA2Y 2F WYAE
could not be created through genetic means, such as arrays comprising mixed
bacterial/plant, or plant/artificial maqueé complexes. Further functional tests will

include measuring the nanoelectrical properties of RC traps within native, biohybrid

and bioinspired photosynthetic arrays, deposited on conducting substrates. This
development would add a third function of chageparation to the absorption and

transfer of energy demonstrated in the present work.
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4.1 Summary

Patterns of photosynthetic complexes were created on nHSEAM coated silicon
surfaces by local oxidation lithograptycanning an AFM tip with a voltage bias over
an mMPEESAM coated silicon surface locally oxidised tk#4 groups to-COOH,
preparing the arface for protein immobilisation. Following a systematic survey of
experimental conditionsa bias potential ofl2 V anda dwell time of100 ms/pixel
were chosen for the local oxidation, and 4 hours was found to be optimal for protein
incubation, with regrd to the fluorescence emission intensity from the immobilised
proteins. Three photosynthetic complexes, bacterial RCahtll LH2, and the plant
LHCIlI complex, were immobilised on oxidised nBB®I coated silicon surfaces.
AFM images and fluorescence enuss spectra show that these complexes had

retained their native functional and therefore structural properties.

In order to create an artificial photosynthetic system for light harvesting and energy
transfer, dual intersecting patterns of LH2 and RCLHptexes were formed on a

silicon surface using local oxidation lithography. The RCLH1 nanolines were created

by the first local oxidation, followed by orthogonal LH2 nanolines created by a second
local oxidation. AFM topographies of the intersecting regishow that the RCLH1
complexes were removed by the second local oxidation and replaced by the LH2
O2YLX SESad 1 26SOSNE GKSNB 461 a8 y2 SOARS)

transfer, presumably due to the limited contact area between two complexes.

A 5x5um squareareaof LH2 complexes was fabricated with four intersecting RCLH1
nanolines in order to increase the contact area for energy transfer. The fluorescence
lifetime of the LH2 complexes decreased fré60-1300 ps in the LH&nly regions to
300500 p at the intersection points, indicating that, following light harvesting by

LH2 complexes, excitation energy is been delivered to the RCLH1 acceptor complexes
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4.2 Introduction

Light is harvested bljght-harvesting antenna pigments within (bacteyichlorophylk-
protein complexes and solar energy is transformed to excitation energy, which
migrates among other lightarvesting complexes, until it arrives at the specialised
complexesreaction centres, whereharge separation takes place atieé excitation
energy is converted into biochemical energin photosynthetic bacteria light
harvesting and energy transfer occur in a system of intracytoplasmic membranes. In
the case ofRba. sphaeroidethese membranes take the form eksicles, which are
generally 5860 nm in diametefTucker et al 2010)'he processes of energy transfer
and trapping take approximately 65 ps, and theantum efficiency is approximately
95%06 SYSNJ SG |t wnnodp Sy SNJ S Expleiting thisn n 1 | =
characteristic of lighharvesting and reaction centre complexes, in terms of the very
high energy transfer and charge separation efficiency, is a major goal dugng
bio-inspired solar cells. Developing procedures for controlling the nanoscale
distribution of lightharvesting antennas and reaction centteat remain functionally

activeon conductive substrates is an important step towards this goal.

Substratessuch as gold and glass are widely used for the immobilisation of proteins.
The surface properties of these substrates are generally modified by physical or
chemical means to control the attachment of the target molecule.-&=embled
monolayers (SAMsgs the most extensively studied method, are generally used in
modifying gold, silicon and glass substra(Belamarche et al 1996, Nuzzo & Allara
1983, Ulman 1996, Wen et al 2008)hese SAMs have dre applied to study the
attachment of a variety of biological materials. Photosynthetic complexes have
previously been attached onto insulating substrates such as ¢Essalante et al
2008a, Escahte et al 2008b, Vasilev et al 2014bhd conductive substrate such as
gold (Konab et al 2007, Patole et al 2015, Reynolds et al 288d)ITOQSuemori et al
2006) These studies reported that immobilised photosynibetomplexes retained
their functional propertiesOther studies, ofmmobilised charge separating reaction
centres on conductive surfaces, measured a photocurren{kiamran et al 2014,
Kamran et al 2015, Kondo et al®0) Tan et al 2012However, such studies gendyal

do not control the distribution of the reaction centres on conductive surfaces, either

laterally or in terms of the numbers of layers depositBdvelopments in fabrication
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techniques make it possible to create nanometre scale molecular assemblies and
direct the distribution of monolayers of protein complexélseggett 2012) These
techniques include photolithographfNicholas P. Reynolds et 2009, Patole et al
2015, Reynolds et al 2007, Sorribas et al 2002, Xia et al ,2@ligpen
nanolithography (DPNKiBum Lee 2003, Lee et al 2002, Lee et al 2006a, Lee et al
2006b) nanoimprint lithography (NIL)Escalante et al 2010, Escalante et al 2008a,
Escalante et al 2008p¥canning neafield photolithography (SNREhtsham UHaq
2013, Sun & Leggett 2004, Sun et al 2G06) local oxidation lithographfChoiet al
2006, Choi et al 2008, Maoz 2000a, Maoz 200Blowever most of the efforts in
nanopatterning of photosynthetic complexes have focused on attarh single type

of complex such as LH2, RCLH1 or Lib@lIsurface, and no comparative study has
been reported on attachment of two types of photosynthetic complex on one
conductive surface with their relative distributions controlled on the nanometre

scale.

In this work, we created nanometre scale of photosynthetic complexes patterns such
as LHCII, LH2 and RCLH1 on &A@ modified silicon surfaces by local oxidation
lithography. This approach provides greater flexibility in designing protein nansarray
with specific geometries and composition compared to other recently developed
nanopatterning methods. Experimental conditionsveébeen varied, in order to find

the most efficient protocol for surface molecule oxidation and protein
immobilisation. AFM images and fluorescence emission results showed that
photosynthetic complexes retained their structural and optical properties after being
immobilised on silicon surfaces. Performing two succedsival oxidations creates
dual patterns of complexes of LH2 and RCLH1 on the silicon substrate. Energy transfer
from the LH2 to the RCLH1 complexes is observed by monitoring fluorescence
lifetimes. This work establishes a method for patterning multipleeypf complexes

on a conductive surface with their distribution controlled on a nanometre scale. This
approach paves the way to fabricate conductive-tips for light harvesting and
charge separation purposes, and it represeataseful step forwardfor producing

bio-inspirednanoscale architectures for biosensors anddolar cells.
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4.3 Results

4.3.1 Nanopatterning photosynthetic complexes on silicon using local oxidation
lithography

Nanopatterns of photosynthetic complexes were created by local oxidati
lithography on mPEQAM coated silicon surfaces. The processes of surface molecule
oxidation and spatially controlled protein attachment are schematically represented
in Figure 4.1. Specifically, edPEO monolayer was first sabsembled onto a piranha
cleaned silicon surface (panel A). Then, the-as$iembled monolayer was locally
oxidised by the current from a scanniognductive AFM probevith an appliedbias
between 6 V to 12 \(panel B).Such a bias contributes to the formation of water
meniscus between the tip and the silicon surfaadich induces a current sufficient

to cause the oxidation of terminaCH groups on the mPESAM to-COOH groups
(Daan Wouters et al 2005, Hoeppener 2002, Krakert et al 2010, Maoz 2000b,
Menglong Yang 2009)he silicon surface isxidised to silicon oxid¢Avouris et al
1997, Fontaine et al 1998Following the local oxidation reaction, a mixed NHS and
EDC solution was applied to transfor@OOH groupsio NHS ester groups, which
are active in amine crosslinking and capable of attachment to photosynthetic
complexes(panel C) Since the rest of the mPE®RAM remained protein resistant,
photosynthetic complexes were specifically immobilised on the siliodiases(panel

D). The distribution and occupancy of the protein patterns were then imaged by AFM,
following the method in Section 2.8. The hoieilt FLIM system was used to check
for the retained function and the potential for light harvesting and energysfer,

following the method in Section 2.7.
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Figure 4.1. Schematic for protein immobilisation by local oxidation lithography.

A. mMPEGSAM coated silicon.

B. Locally oxidise mREto yieldCOOH by applying bias between gubstrate and the
AFM tip in contact mode.

C. Activation reaction between NH&d-COOH groups at pH 5.8 to form NHS ester
groups.

D. Immobilise photosynthetic complexes by crdis&king amine to NHS ester at pH 7.4.

4.3.2 AFM imaging of surfagexidation and protein immobilisation

Following the oxidation reaction and protein immobilisation, AFM images were
recorded to check the formation COOH groups (Figure 4.2) and the distribution of
immobilised photosynthetic complexes (Figure 4.3). Dprime local oxidation
process, the AFM tip scanned at a fixed rate holding the bias duration at 100 ms/pixel,
whilst the bias applied between the silicon surface and the AFM tip varied from 6 V to
12V to find out how bias would affect the oxidatiorigure4.2A shows the height
details of oxidised mMPEO/COOH and silicon oxide nanolines on-8A&M@oated
silicon. The four nanolines from left to right were created by bias from 6 V to 12V as
marked underneath each line, with their average height plotted imur€igt.2B. The
increasing heights of the nanolines mainly arise from the oxidation of silicon substrate

to silicon oxide, whilst the oxidised mMPEO molecules make a very limited contribution.

91



As can been seen in Figure 4.2B, the nanoline created by thei&@s\isk0.37 nm in
height; with the bias increased to 8 V, 10 V and 12 V, the nanolines grew to 0.43 nm,
0.65 nm and 0.76 nm, respectively. Therefore, higher bias value results in more silicon
oxidation, forming a thicker layer of silicon oxide. Multiplespas of the conductive
AFM probe were required to efficiently oxidise the mPEO, resulting in broadening of
the lines created; the full width half maximum (FWHM) of each oxidised nanoline
varied between 339 nm and 414 nm and generally showed an increaseng t
according to the rising bias. Figure 4.2C is the friction image of the mPEO/COOH
pattern; Moleculesterminated with a-COOH groughowbrighter contrast thanChH
terminated mPEO. The average friction of each nanoline is plotted in Figure-4.2D.
COOH group terminated nanolines generally show an increasing trend in terms of
friction amplitude and FWHM. Specifically, the nanoline oxidised at 12 V of bias
shows the hightest relative friction contrast value of 1.1 V and the largest FWHM of
258 nm, whilst the other three nanolines show a relative friction contrast from 0.8 V
to 0.9 V and FWHM values from 185 nm to 221 nm.

Following local oxidation and friction imageasaing, the oxidised mPEO sample
went through the RCLH1 incubation process, as described in Section 2.10. AFM height
images were recorded to check the RCLH1 distribution (Figure 4.3). Figure 4.3A shows
the topology of the RCLH1 nanolines. The average heigeach RCLH1 nanoline is
plotted in Figure 4.3B, which takes into account the height of immobilised complexes
and any vacant positions. As a result, low occupancies yield a lower average height, as
seen in Figure 4.3B. Nanolines created at higher leissltrin more efficient oxidation

and better RCLH1 attachment and therefore a larger average height; RCLH1 nanolines
made by biases at 6 V, 8 V, 10 V and 12 V show average heights of 5.5 nm, 7.2 nm, 8.7
nm and 11.5 nm respectively; and average FWHM of 221266 nm, 320 nm and

348 nmrespectively.
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Figure 4.2. AFM imagesf the mPEQ@COOH lines formed by local probe oxidation
on a silicon surface

Local oxidation was performed at a bias from 6 V to 12 V and a bias duratiof ofsIpixel.
Height and friction image of the mBECOOH pattern were recorded in contact mode in air
using the same tip for the local oxidation.

Height image of the mRECOOH pattern on the silicon surface.

Average height of each mMPEO/COOH line and their FWHM according to topography.
Friction image of the mRECOOH pattern on the silicon surface.

Average relative friction of each mPEO/COOH line and their FWHM according to
relative friction.

Cow>»

To study RCLHdttachment at a specific location on a given nanoline, sections were
plotted across the four lines in kige 43A (white dashed line), and the profiles are
displayed in Figure 4.3C. Again, nanolines oxidised at higher bias show better RCLH1
attachment, whech does affect the average height but to a lesser degree than in
Figire 4.38. RCLH1 nanolines made by biases above 8 V are approximately 9.8nm in

height, whilst the line oxidised at 6 V of bias is only 6.3 nm.
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Figure 4.3. AM images of RCLH1 complexes immobkilisn NHS ester activated

COOH pattern.

The incubation time for RCLH1 complexes was 6 hours. Height images of the immobilised
RCLH1 complexes on the oxidised pattern were obtained in-foged tapping mode itiquid
using an SNL probe, cantilever C.
A. Height image of RCLH1 complexes immobilisedrddHS ester activatedCOOH
pattern.
B. Average height and average FWHM recorded along each RCLH1 nanoline.
C. Height details for the line section marked in panel Ah®ywhite dashed line.
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4.3.3 Improvements in local oxidation scanning for high quality protein nanolines

To obtain high quality nanopatterns ophotosynthetic complexes, effective
experimental conditions are required to efficiently oxidegosed-Ch groups to -
COOH. By varying AFM scanning bias and bias duration, a series of patterns of
immobilised RCLH1 nanolines was created on m®&&Kacoated silicon surfaces and

their fluorescence emission properties were recorded (Figure 4.4). Figleshows

false colour fluorescence images of RCLH1 nanolines created by different scanning
settings. Each group of nanolines shown in each image was created at the same bias
duration, with bias voltages between 6 V and 12 V, as marked on the images. The
total fluorescence intensity from each RCLH1 nanoline was quantified by ImageJ and
plotted in Figure 4.4B. As can be seen, for a fixed bias duration, the fluorescence
intensity of RCLH1 nanolines rises when scanning bias increases. Similarly, at a fixed

scaming bias, the fluorescence intensity rises when the bias duration is prolonged.

The highest fluorescence intensity is observed from the RCLH1 nanoline created at a
bias of 12 V and a bias duration of 100 ms/pixel, as marked by a white rectangle in
Figure 4.4A. The fluorescence emission spectrum from this RCLH1 nanoline (Figure
4.4C) shows that the immobilised RCLH1 complexes were still functional. The 890 nm
emission maximum from immobilised RCLH1, and the shape of the spectrum, largely
match the fuorescence emission spectrum from RCLH1 complexes in solution (20
Ya |19t 9{ 2 LJ -DbM)yirdicatinghatotfte complexes retained their

structural and optical property after immobilisation on the silicon surface.
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Figure 4.4. Fluorescence emission from the immobilised RCLH1 complexes on local
probe oxidised nanolines.

During the oxidation process, the relative ambient humidity was around 40%. Whenever
necessary the AFM tip was replaced before it lost sharpnesshandriting pixel resolution
was at 256 pixels over 10 um length (25.6 pixel/um). For protein immobilisation, RCLH1
az2ftdzianzy gta G I O2yOSyuN} GA2Y 2F w >a | yR
A. False colour fluorescence image of RCLH1 nanolines. Sampéeexgited at 470 nm
by an LED light and fluorescence emission was recorded through a 900/32 nm
bandpass filter. The four lines from left to right in each image were produced at
biases from 6 V to 12 V, as marked under each line. The five images froorigiftt
were produced at bias durations between 20 ms/pixel and 100 ms/pixel, as marked.
B. Quantified fluorescence intensity of each RCLH1 nanoline in paeekch line was
cropped in ImageJ and its intensity counted
C. Normalised emission spectra of RClddiplexes immobilised on silicon and in
solution, both excited by a 470 nm LED.
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4.3.4 Bias duration over 100 ms/pixel shows no further improvement on the local
oxidation

The results from Section 4.3.2 and 4.3.3 show that a highervail® and a longer

bias duration contribute to a more efficient mMPEO oxidation and improved
immobilisation of complexes. Since 12 V is the maximum bias output from the AFM,
the bias duration was deliberately prolonged from 80 ms/pixel to 240 ms/pixehtb fi

out if values over 100 ms/pixel would contribute to further oxidation of mPEO
molecules. Nanolines of RCLH1 complexes were created and their fluorescence
emission intensity was quantified by ImageJ. The normalised fluorescence intensity is
plotted in Fgure 4.5. The results show that for values of bias duration over 80 ms/
pixel there is no consistent improvement in fluorescence intensity. For subsequent
experiments bias of 12 V and duration of 100 ms/ pixel was chosen as the standard

experimental condibn.

Normalised fluorescence intensity from RCLH1
nanolines
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Figure 4.5. Normalised fluorescence intensity from RCLH1 nanolines created by local
oxidation for bias duration from 80 ms/pixel to 240 ms/pixel.

Local oxidation was performed at a bias of 12 V. The incubation time for RCLH1 complexes
was 6hours.
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4.3.5 Determination of the most efficient incubation time for photosynthetic

complexes on oxidised mPEO

Following efficient mPEO oxidation, the protein incubation condition became another
factor that affects the immobilisation of photosynthetic cplexes. To find out the

best incubation time, the RCLH1 photosynthetic complex was incubated at 4 °C from
40 min to 20 hours on the mPEO/COOH patterns oxidised optimally as in Section 4.3.4.
For each incubation time, the fluorescence intensity from theHRChanoline was
quantified by ImageJ (Figure 4.6). As seen, the emission intensity increased slightly
when the incubation time was prolonged from 40 min to 2 hours; followed by a sharp
rise for the incubation of 4 hours and a drop when the incubation watopged to

20 hours. Therefore, 4 hour®f incubation, yielding the maximum RCLH1

fluorescence intensity, was chosen as the most efficiené.
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Figure 4.6. Fluorescence intensity from RCLH1 nanolines created by-lon&ssy
incubation time from 40 mimtesto 20 hours.
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4.3.6 Immobilisation of LH2 complexes on mRBA&M coated silicon surface by local
oxidation

Previous experimentsfrom Section 4.3.2 to Section 4.3.5, show that the most
efficient mMPEO oxidation occurs at 12 V of bias and 100 ms/pixel of bias duration; and
the most efficient protein attachment requires 4 hours of incubation. With such
experimental conditions, RCLHa&naplexes have been efficiently attached on silicon
surface to form nanoscale patterns, while retaining their structural properties and
optical functions. Using the same experimental conditions, nanolines of LH2

complexes were created on the mPESAM coatedsilicon surfaces.
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Figure 4.7. AFM images aiPEQCOOH lines formed by local probe oxidation on a
silicon surface

Local oxidation was performed at a bias of 12 V and a bias duration of 100 ms/pixetise
ambient humidity around 40%mages were recorded in contact mode inwiith the same

tip usedfor the local oxidation.

Height image of thenPE@QCOOH pattern on the silicon surface.

Average height of each mPEO/COOH line and the corresponding FWHM.

Friction image of thenPEQ@COOH pattern on the silicon surface.

Average relative friction of each mPEO/COOH line and the corresponding FWHM.

o0 >
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Figure 4.7 shows the AFM images of locally isgdi mMPEO/COOH nanolines on an
MPEGSAM coated silicon surface. The lines are about 1 nm above the silicon surface
with approximate FWHMSs around 560 nm (Figure 4.7A and 4.7B). The relative friction
contrasts of each line, shown in panel C and D, are ardund/ in amplitude and 440

nm in FWHM. The height (Figure 4.7B) and friction amplitude (Figure 4D) were

obtained by averaging all signals along ekué.

The oxidised mMPESAM coated silicon then went through the incubation process for
LH2 immobilisatio as described in Section 2.10. AFM topography was recorded to
check the LH2 occupancy of the oxidised mPEO/COOH lines (Figure 4.8). Figure 4.8A
shows the topology of the LH2 nanolines with a zoorreninage of a segment from a
specific line (marked by a&d rectangle). Considering the unexpectedly high topology

of some lines, possibly arising from some protein aggregates, the agg#egate
regions were chosen for plotting the average height along each line (Figure 4.8B), as
marked by the green dashed rexctgle in Figure 4.8A. Taking into account the height

of the immobilised LH2 and any vacant positions, the lines siroaverage heighof
around 6 nm and the average FWHM from 436 nm to 523 nm. The LH2 attachment at
a specific location on a given nanolimas studied by plotted the average height for
sections across the four lines in Figure 4.8A (white dashed line). The profiles displayed
in Figure 4.3C show the LH2 nanolines are around 7.0 nm in height, with the FWHM

varying from 304 nm to 546 nm.
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Figure 4.8. AFM images of LH2 complexes immobilise@mNHS ester activated
COOH pattern.

The incubation time for LH2 complexes was 4 hours. Height images of the immobilised LH2
complexes on the oxidised pattern wesbtained in pealforce tapping mode in liquid using
an SNL probe, cantilever C.

A. Height image of LH2 complexes immobilised on the NHS ester actizDsdH
pattern. Zoomeein details of LH2 occupancy are showthared rectangle.

B. Average height and averag~-WHM recorded along each LH2 nanoline in the green
dashed rectangle marked in panel A.

C. Height details for the line section marked in panel A by the white dashed line.

Huorescence imageof the lines were recordedo check the functionality of LH2
compkxes after immobilisation on the silicon surface. Figure 4.9A shows false colour
fluorescence images of the LH2 nanolines and Figure 4.9B shows the fluorescence
emission spectrum fronthe LH2 linesn the areamarked bythe white box. The 854

nm emission naximum from immobilised LH2, and the shape of the spectrum, match

the fluorescence emission spectrum from LH2 complexes in solution (20 mM HEPES,
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LJ 1 &y >-DDM¥ imdigating the complexes retained their structural and optical

property after immobilistion on the silicon surface.
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Figure 4.9. Fluorescence emission from nanolines of LH2 complexes

Local oxidation was performed at a bias of 12 V and a bias duration of 100 ms/padatiae
ambient humidity around 40%Vhenever necessary the AFM tip was replaced before it lost
sharpness and the writing pixel resolution was at 256 pixels over lienpgth (25.6

LAESt kkYO® C2NJ LINPGSAY AYY20AfAalGA2YE [ I H
incubation time was 4 hours.

A. False colour fluorescence image of LH2 nanolines. The sample was excited at 470 nm
by an LED light and the fluorescenceigsion was recorded through an 857/30 nm
bandpass filter.

B. Normalised emission spectra of LH2 complexes immobilised on silicon and in solution,
excited at 470 nm by an LED.

4.3.7 Immobilisation of LHCIlI complexes on mRP&&M coated silicon surface by

local oxidation

Following the nanopatterning of photosynthetic complexes fr&ba. sphaeroides
LHCIl complexes from spinach were also attached onto silicon surfaces with

controlled distribution.

Figure 4.10 shows the AFM results of locally oxidised mPEO/@a@@hs on the
MPEGSAM coated silicon surface. Using the local oxidation method described in
Section 2.10, two nanolines e€EOOH groups were created at 12 V of bias and 100
ms/pixel of bias duration. Th®pographsin panet A and B show that both natines

are about 0.4 nm in height and 400 nm in FWHM. For both nanolines, the relative
friction images in panel C and D shows that their relative friction contrasts are around
0.4 V in terms of amplitude and 254 nm in terms of FWHM. The height (Figure 4.10B
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and friction amplitude (Figure 4.10D) were obtained by averaging all signals along

each line.
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Figure 4.10. AFNmages ofmPE@COOH lines formed by local probe oxidation on a
silicon surface

Local oxidation was performed at a bias of 12 V and a bias duration of 100 ms/pixel. Height
image and friction imageof the mPEQ@COOH pattern were recorded in contact mode in air
with the same tipusedfor local oxidation.

A. Height image of thenPE@COOH pattern on the silicon surface.

B. Average height of each mPEO/COOH line and their FWHM.

C. Friction image of thenPE@QCOOH pattern on the silicon surface.
D. Average relative friction of each mPEQYCH line and their FWHM.

Following surface oxidation, the substrate was incubated WHTII complexes, using
conditions described in Section 2.10. AFM images were recorded to study the
topology of immobilised LHCIlI on the oxidised silicon surface, and therefore the
quality of packing (Figure 4.11). Figure 4.11A shows the topology image aHCII
nanolines and the zoomeih image showing the LHCII occupancy is outlined by the
red rectangle. The zoomead image shows that the LHCII nanoline varies in height,
which possibly is caused by the LHCII stacking to form layer8 cbthplexes dung

immobilisation. The average heights along the LHCII nanolines are 7.6 nm and 5.3 nm
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and their FWHMs are 196 nm and 186 nm, as plotted in Figure 4.11B. Three cross
sections were chosen from both lines to check the LHCII stacking (Figure 4.11C); the
blue dashed line show heights of 6.3 nm, indicating single layers of LHCII complexes,
whereas the section marked in red shows a maximum height of 16.1 nm, indicating a
possibility of a triple layer of complexes; the section marked by the green dashed line
shows heights of 13.2 nm and 20.8 nm, indicating a possibilitydbfa¥ers of stacked

LHCII complexes.
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Figure 4.11. AFM images of the LHCII complex immobilisation on the NHS ester
activated COOH pattern.

Theincubation time for LHCII complexes was 4 hours. Height images of the immobilised LHCII
complexes on the oxidised pattern were obtained in péake tapping mode in liquid with
SNL probe, cantilever C.

A. Height image of LHCII complexes immobilised on th§ Bdier activatedCOOH
pattern. Zoomeein details of LHCII occupancy are shown in the red rectangle.
B. Average height and average FWHM recorded along each LHCII nanoline.
C. Height details of line sections marked in panel A by green, red and blue dashed lines.

Fluorescence emission of immobilised LHCIl complexes was recorded to check the
retention of their optical properties. Figure 4.12A is the false colour fluorescence
image of the LHCII nanolines recorded througbh78/41 nm bandpass filterFigure

4.12B sbws the fluorescence emission spectrum from the LHCII nanoline marked in
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the white box in figure 4.12A. The 680 nm maximum emission and the shape of the
spectrum matches the fluorescence emission in solution (20mM HEPES, pH 7.8, 0.03%
i -DDM). Therefore, th LHCII complexes are still optically functional after

immobilisation on the silicon surface.

1.0 —— LHCii on silicon
— LHCii in solution

0.8

0.6

0.4

0.2

Normalized Intensity

0.0+

640 660 680 700 720 740 760
Wavelength [nm]

Figure 4.12. Fluorescence emission from nanolines of LHCII complexes.

During local oxidation proceshie AFM tip was replaced before it lost sharpness and the

writing pixel resolution was at 256 pixels owet0 um length (25.6 pixel/um). For the protein
AYY20AE A&l GA2Y T [ 1/ LL &z2ft dzi A 2inCubdtibndtimewias 4 02 y (
hours.

A. False colour fluorescence image of LHCII nanolines. The sample was excited at 470
nm by an LED light and fluorescence emission was recorded through a 679/41 nm
bandpass filter.

B. Normalised the fluorescence emission of LHGHmexes immobilised on silicon and
in solution, excited at 470 nm tan LEDIight source.

4.3.8 Cepatterning two types of photosynthetic complex on mPE®AM coated

silicon surface by local oxidation

In photosynthetic cells dRba.sphaeroidesnergy trapping starts with absorption of

light by LH2 complexes, followed by energy transfer via LH1 complexes to the
reaction centre where excitation energy is trapped and transformed into chemical
energy. To mimic this process on a eiticsurface, two photosynthetic complexes

must be patterned on one silicon surface so that their distributioniersect. Based

on the immobilisation of single types of complex, i.e. RCLH1, LH2 and LHCII complexes,
(see Sections from 4.3.2 to 4.3.7), susies local oxidation reactions and protein
incubations were performed to pattern both RCLH1 complexes and LH2 complexes on

the same silicon surface (Figure 4.13). Specifically, RCLH1 complexes were

105



immobilised on the fourCOOH nanolines oxidised by thestfiAFM scanning; the
second AFM scanning was performed locally but at 90 ° to the RCLHL1 lines, creating
three -COOH lines for the attachment of LH2 compleX@#d-type complexes, with

normal carotenoid content, were used for this work.

Conductive AFM
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Figure 4.13. Schematic for multiple protein immobilisation by local oxidation
lithography.

A. First local oxidation of four lines for RCLH1 immobilisation.
B. Second local oxidation of three lines for LH2 immobilisation. Loaddtiom was
performed at the same locatioorthogonalto the RCLHL1 lines.

Figure 4.14 shows the AFM images of mMPEO/COOH patterns from the first local
oxidation. Panel A and B show that the average heights along the oxidised nanolines
(mMPEO/COOH and Si/giQary from 1.0 nm to 1.5 nm and the relative average

FWHM are between 471 nm and 687 nm. Panel C and D show that the average
friction contrastvalues along the mPEO/COOH nanolines are uniformly around 0.23 V

in relative friction value anwith FWHMof 500 nm.
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Figure 4.14AFM images omPE@COOH lines made by the first local oxidation on a
silicon surface

Local oxidation was performed at a bias of 12 V and a bias duration of 100 ms/pidetiat
ambient humidity around 40%AFM images were recorded in contact mode in air using the
same tip for the local oxidation.

C. Height image of thenPE@QCOOH pattern o the silicon surface.

D. Average height of each mPEO/COOH line and their FWHM.

E. Friction image of thenPEQ@COOH pattern on the silicon surface.

F. Average relative friction of each mPEO/COOH line and their FWHM.

Figure 4.15 shows the AFM results of tR€LH1 complexes immobilised on the
nanolines from the first local oxidation. Figure 4.15A is the topology ofRG6&H1
nanolines with a zoomedh detail showing the protein occupancy. The average
heights of each RCLH1 nanoline in Figure 4.15B show thel R@hélines are around

9 nm in height and 350 nm in FWHM. To study the RCLH1 occupancy at a specific
location on a given nanoline, sections were plotted across the four lines in Figure
4.15A (white dashed line), and the profiles are displayed in Figus4Results show

that the RCLH1 nanolines are around 10.5 nm in height and 353 nm in FWHM.
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Figure 4.15. AFM images BCLH1 complexes immobilised on ERIS ester
activated COOH pattern following the first local oxidation.

The incubation time for RCLH1 complexes was 4 hours. Height images of the immobilised
RCLH1 complexes on the oxidised pattern were obtained infoee& tapping mode in liquid
using an SNL probe, cantilever C.
A. Height image of the RCLH1 complexes immobil@ethe NHS ester activateGOOH
pattern. Zoomeein details on RCLH1 occupancy are shown in the red rectangle.
B. Average height and average FWHM recorded along each RCLH1 nanoline.
C. Height detalils for the line section marked in panel A by the white dashed |

Figure 4.16 shows the AFM images from the second local oxidation performed at 90 °
to the RCLH1 nanolines. The images were recorded in contact modewiithaihe

same conductive AFM tipsedin the second local oxidation process. The height
measurementsn panel A and B show that RCLH1 patterns are about 5 nm and the
oxidised mPEO/COOH (Si/gilines are about 1 nm. The drop in the height of RCLH1

is possibly caused by the high scanning speed of 1.5 Hz, the low scanning resolution of

128x 128 pixel andhe high contact pressure setting for the AFM imaging. Ra@el
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and D show that RCLH1 patterns are roughly ten times larger in friction contrast than
the mPEO/COOH patterns.
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Figure4.16. AFM images of the RCLH1 pattern from the first local oxidation and the
MPEQCOOH pattern from the second local oxidation.

The second local oxidation was performed at a bias of 12 V and a bias duration of 100
ms/pixel in a perpendicular direction the RCLH1 lines. Images were recorded in contact
mode in air using the same tgsfor the second local oxidation.

A. Height image of the RCLH1 pattern and thRE@QCOOH pattern.

B. Average height of each RCLH1 line marked in the pink rectangle and that of each
mPEO/COOH line marked in the black rectangle in panel A.

C. Friction image of the RCLH1 pattern and theE@COOH pattern.

D. Average relative friction of each RCLH1 lines marked in pink rectangle and that of
each mPEO/COOH line marked in bi@dkangle in panel C.

Figure 4.17 shows the AFM images of the RCLH1 complexes and the LH2 complexes
immobilised ona silicon surface. Both RCLH1 and LH2 nanolines are 10 um in length
and the overview of protein distribution is shown in Figure 4.17A. Tdwnedin

image marked with the red rectangle reveals the detailed topology of the ovess

region (Figure 4.17B). As can be seen, the RCLH1 lines are interrupted where the LH2
lines intersect, indicating that the original RCLH1 complexes were repladhd hii2
complexes in the second stage of protein deposition. Topologies of lines at specific

locations, marked with the white dashed line in Figure 4.17B, are plotted in Figure
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4.17C. The RCLH1 lines are about 10 nm in height and the LH2 lines are maivout 7
height. To study the protein occupancy, average heights in randomly chosen regions
along each LH2 (marked by the green dashed rectangle) and RCLH1 (marked by the
pink dashed rectangle) nanoline were plotted in Figure 4.17D and 4.16E, respectively.
The average heights along the three LH2 nanolines are around 4.5 nm and those
along the four RCLHL1 lines are about 10 nm. The FWHM of the LH2 and RCLHL1 lines
are approximately 170 nm and 320 nm respectively. Therefore, the first local
oxidation seems more &€ient than the second one with a higher protein occupancy

and a larger FWHM on each line.
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Figure 4.17. AFM images of the intersecting RCLH1 and LH2 nanolines created by
successive local oxidations on a silicon surface.

Theincubation time for the photosynthetic complexes was 4 hours. Height isaigthe
immobilised LH2/RCLH1 complexes on the oxidised pattern were obtained iigreak
tapping mode in liquid using an SNL probe, cantilever C.
A. Height image of the LH2/RCLHimplexes immobilised otihe NHS ester activated
COOH pattern.
B. Zoomedin details of the LH2/RCLH1 lines correspogtb the red rectangle in panel
A.
C. Heightprofile for the line section marked in panel B by the white dashed line.
D. Average height and avega FWHM details recorded along each LH2 line marked in
green rectangle in panel B.
E. Average height and average FWHM details recorded along each RCLH1 line marked in
pink rectangle in panel B.
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4.3.9 Energy transfer between LH2 and RCLH1 complexes immobilisagitoon

surface

Nanolines of LH2 and RCLH1 created in Section 4.3.8 failed to show evidence of
energy transfer due to the limited contact area at the intersections. Therefore, a
larger area of LH2 in the form of a 5x5 pum square, with four intersecting RCLH1
nanolines, was fabricated in order to increase the contact area for this energy
transfer study. A 5 pum square of mPEO/COOH was created followed by incubation
with LH2 complexesThen, four 10 um long mPEO/COOH nanolines were oxidised
across the LH2 square (Figure 4.18C), followed by the incubation with RCLH1
complexes. Local oxidation was performed at 12 V of bias and 4 ms/pixel of bias
duration for the 5 um square5@.2 pixelsfim for scanning); and2 V and 100
ms/pixel for the 10 um long line%.6 pixels/um for scanning). Referring to the
roughly 400 nm FWHM of nanolines oxidised by previous line scanning (Section 4.3.2
to 4.3.8), the mPEO/COOH lines swell during the sexidabon to form the square
pattern, the effect is to oxidise mMEPO molecules several times over, roughly an extra
10 times. Moreover, the pixel density on the square is twice of that on the line; thus,
the 4 ms/pixel bias duration for formation of the sgeais equivalent to 80 ms/pixel

when performing line oxidation.

Figure 4.18 shows the AFM images of the two local oxidations. The LH2 complexes
were immobilised following the first oxidation, but before the second oxidation.
Panel A is the friction imagef the square created by the first local oxidation. Then

the sample was incubated with the LH2 complexes followed by the second local
oxidation creating four mPEO/COOH nanolines. Panel C and E show the friction and
topology images of the LH2 square and @@OH lines. The relative friction value and
heights of the line sections are plotted in Panel B, D and E corresponding to the
dashed lines in Panel A, C and E respectively. The height of LH2 square in panel F is
about 1.3 nm. Such drop is possibly caugeby the high scanning speed of 1.5 Hz,

the low scanning resolution of 128x 128 pixel and the high contact pressure setting

for the AFM imaging.
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Figure 4.18. AFM images of two local oxidations.

The incubation time for LH2 complexes was 4 hours. The LH2 complexes were immobilised
following the first oxidation, and then was the second oxidation. The RCLH1 complexes were
not immobilised yet.

All theimages were recorded in contact mode in air by the same conductive AFM tip used in
the local oxidation.

A. Friction image of thenPEQ@COOH pattern square from the first local oxidation.

B. Relative friction value of the line section marked by the black dahedn panel A.

C. Friction image of the immobilised LH2 square and the foBE@COOH lines from
the second local oxidation.

D. Relative friction values of the line sections marked by the white and green dashed
lines in panel C.

E. Topology of the immobilisedH2 square and the foumPE®@COOH lines from the
second local oxidation.

F. Heights of the line sectiomaarked by the black and green dashed lines in panel E.

Following the second local oxidatiothe sample was incubated with the RCLH1
complexes for 4 hoursThesurfacedistribution of the immobilised LH2 and RCLH1
complexes is shown in Figure 4A19vhilst panel B shows thieeight profile of the

line section marked by the il dashed line in panel A. As seen in Panel B, the RCLH1
lines are about 8 nm in hght and the LH2 square are about 6 nm in height, marked
by the pink and green dashed line respectively. Referring to the topology in Figure
4.18E, after the immobilisation of the RCLH1, some unexpectedly high topologies
were noticed in Panel A (pink ovglgossibly arising from the aggregates of the

RCLH1 complexes. Heights of the RCLH1 aggregates are shown in panel C and D
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corresponding to the line sections marked in blue and red dashed lines in panel A,

respectively. Axan beseen, those aggregates abetween 30 nm and 80 nm in
height.
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Figure 4.19. AFM images ob-patterned LH2 square and RCLHL1 lines.

A. Peakforce tapping AFM image recorded in liquid with SNL probe (cantilever C)
Topology of the immobilised LH2uare and the four RCLH1 lines.

B. Heights of the line section marked by the black dashed line in panel A.

C. Heights of the line section marked by the blue dashed line in panel A.

D. Heights of the line section marked by the red dashed line in panel A.

Zoomedin AFM images were recorded to see the detail®@@fupancyof complexes
on the cepattern (Figure 4.20). Each imageisoom from the region marked by the
red dashed square in the previous image, corresponding in order from A to E. As seen

in panel E, tB complexes are about 10 nm to 20 nm in diameter, and they are fully

packed on the silicon surface.

113



Figure 4.20. Zoometh AFM images of cpatterned LH2 square and RCLH1 lines.

Whole topology view of the epatterned LH2 guare and the RCLHL1 lines.
Zoomedin image of the red dashed square marked in panel A.
Zoomedin image of the red dashed square marked in panel B.
Zoomedin image of the red dashed square marked in panel C.
Zoomedin image of the red dashed square markaegbanel D.

moowp

Fluorescence emission from the -patterned LH2 and RCLH1 complexes was
recorded to check if the immobilised complexes retained function and to see if any
energy transfer occurred from LH2 to RCldainplexes(Figure 4.21). Figure 4.21A
and Bshowsthe fluorescence widdield images excited by the 470 nm LED; the
fluorescence emission was recorded either through an 857/30 nm bandpass filter for
the LH2 distribution or a 900/32 nm bandpass filter for the RCLH1 distribution.
Despite the apparent selectivity dhe 857/30 nm bandpass filter, which should
favour LH2 complexes, the 30 nm bandwidth does allow some signal from RCLH1
complexes to reach the detector. The saampliesto the 900/32 nm bandpass filter

for the LH2 complexes.

Figure 4.21 D is the fluoresnce lifetime image from the epatterned complexes.

The complexes were excited at 485 nm by a pulse laser and fluorescence emission
photons were collected at 857 nmzin to study the lifetime of the LH2 complexes.

In the fluorescence lifetime image, ftescence from RCLH1 complexes is unlikely to
reach the detector because of the 3 nm bandwidth narrowed by the grating and the

atAld Ay FTNRBYyG 2F (GKS RSGSOG2NX®» ¢Kdza>x GKS

LH2 signal. As seen, regions markedhi@a green dashed ovals are where the four
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RCLH1 nanolines exist, whereas the red ovals delineate three areas where large
numbers of aggregated RCLH1 complexes lie on the LH2 surface. These aggregates
are clearly seen in topographic profiles in Figure 4.21€; are also seen in the wide

field fluorescence image in Figure 4.21A and B. The lifetimes of LH2 in the regions
with RCLH1 aggregates (red dashed ovals) are between 300 and 600 ps (Figure 4.21D),
likely because the overlying RCLH1 complexes act aptacsdor energy absorbed

by LH2. In the regions where the LH2 square intersects with the RCLHL1 lines (green
dashed ovals), the LH2 lifetimes are shortened from ~B8W0 ps to~300-500 ps,

indicatingthe likelihood ofenergy transfer between the two typed complexes.
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Figure 4.21. Fluorescence images ofpaiterned LH2 square and RCLHL1 lines.

The 470 nm LED was used for recording the ¥ield fluorescence images in paeandB.
Fluoresence lifetime imaging in panel D used the 485 nm pllsser
A. Wide-field fluorescence image recorded through 857/30 nm bandpass filter.
B. Wide-field fluorescence image recorded through 900/32 nm bandpass filter.
C. Topology of the immobilised LH2 square, the four RCLH1 lines and the RCLH1
aggregates
D. Fluorescence lifetime image recorded at 857+ 3 nm by scanning the 485 nm laser
over the sample.
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4.4 Discgsion

Exploiting the characteristic high energy transfer and charge separation efficiency of
photosynthetic complexes is an important step in producingibgpired solar cells.
Research on surface immobilisation and patterning has been performed mos#y on
single type of photosynthetic complex such as LH2, RCLH1 or LHCIt@yndantive
surfaces like glagEscalante et al 2008a, Escalante et al 2008b, Vasilev et al 2014b)
or conductive surfaces such as gold or (Kondo et al 2007, Patole et al 2015,
Reynolds et al 2007, Suemori a@t2006) Althoughenergy transfer in nature always
involves more than one complex, nocompardle study has been reported on
attaching dual photosynthetic complexes on enconductive surface with their

distribution controlled on the nanometre scale.

In this work, patterns of photosynthetic complexes, such as LHCII, LH2 and RCLH1,
have been created on sermonductive silicon surfaces on a nanometer scale. The
most efficient experimental conditions Iva been found for mMPEO molecule oxidation

and protein immobilisation. Two types of complexes have been immobilised on one
silicon surface with controlled placement and retained functional properties. The
complexes studié in the present work are still capable of light harvesting and energy

transfer, and so constitute an ditiial lightharvesting system.

4.4.1 Over long bias duration will not contribute to further oxidation of mMPEO
molecules on the silicon surface

Expenmental conditions such as tip bias voltage and bias duration were studied for
the most efficient mPEO oxidation. Results show that larger bias value and longer bias
duration generally contribute to more efficient mPEO oxidation (Figure 4.4)
(Menglong Yang 2009However, this does not mean thanreasonably increasing

the tip bias and prolonging the bias duration will result in the optimal mMPEO oxidation.
Results from Section 4.3.4 show that at 12 V of bias, a bias duration over 100 ms/pixel
(at 25.6 pixelPm of scanning resolution) barely coittute to further oxidation of the
mEPO; accordingly, no increase in fluorescence intensity was observed for
subsequently immobilised RCLH1 complexes (Figure 4.5). At this point, it is possible
that no further oxidation of mEPO is possible, considering \tegy high protein
occupancy on the oxidised patterns; another factor could be the oxidation of the

underlying silicon on the substrate surface, producing a swollen layer of non
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conductive Sig) which reduces the electric field strength as the oxide théden
increases(Avouris et al 1997)At 12 V of bias voltage and 100 ms/pixel of bias
duration, the oxide thickness was around 1 nso taking into consideration the
original 2.5 nm Si©coating, the total thickness of the Si@as about 3.5 nm.
Previous research reported the thickness of.Si@nerally reaches less than 5 nm,
whilst in some extreme condition there is swelling to 8 (frang 2004, Fontaine et al
1998, Yang et al 2005, Yang et al 200®jerefore, the experimental conditisrior
MEPO oxidation in this workere set as 12 V of bias voltage and 100 ms/pixel of bias

duration (at 25.6 pixet¥m of sanning resolution).

4.4.2 Photosynthetic complexes retained their structural and fluorescence
propertiesafter immobilisation on the silicon surface

The AFM linesections show that the heights of immobilised RCLH1 complexes are
about 10.5 nm above the silicon surface (Figure 4.15C) and the LH2 complexes are
about 7 nm (Figure 4.8C). Considering the underlying swolleroS&pproximatdy 1

nm in height (Figure 48 and 4.13 B), the net heigiior the immobilised RCLH1 and
LH2 are about 9.5 nm and 6 nm respectively. Both values conform with the known
sizes of the two complexes from previous AFM measureméBthatyrova et al
2004a) Likewise, those locations where the upper surface of the LHCIlI complexes is
approximately 6.3 nm above the silicon surface (Figuré@)indicates deposition of

a single layer of LHCII. The swollerp BiGhis experiment was slightly lgwt 0.4 nm

in height (Figure 4.10B), thus the net height of the immobilised LH2 is about 5.9 nm,
which is in good agreement with the 6 nm height oé thHCII trimeréLiu et al 2004,
Standfuss et al 2005Yhe varyig heights of the LHCII lines (Figure 4.11C), show that
in places 24 layers of stacked LHCIlI complexes were formed during immobilisation
(Johnson 2016, Wood et al 2018)

The fluorescence emission spectra of all the three immobilised complexes showed a
consistent spectral shapes and emissioraxima, comparable with fluorescence

spectra of purified complexes solubilised in deterg@figure 4.4C, 4.9B and 4.12B).

4.4.3 Fluorescence quenching caused by the silicon substrate
Patterning photosynthetic complexes on cheap, plentiful conductive sesfaan be a

useful and scalable way to couple ligidrvesting and energy transfer to charge
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separation in the RC and produce a photocurrent. Photosynthetic complexes have
been immobilised on conductive surfaces such as gold andKdé@do et al 2007,
Patole et al 2015, Reynolds et al 2007, Suemori et al 20086)se substrates are
either too expensive to be scalable or the surface is too rough for the AFM. Silicon is a
OKSI LI LWz2NB FyR adlroftS YFGSNAIFIES Al Aa
in modern technology. Thus silicon was chosen tfog nanopatterning of the
complexes using local oxidation lithography. However, despite the advantages of
silicon, the fluorescence of immobilised complexes, particularly LH2, was
unexpectedly quenched to a high degree. Similarly, LH2 fluorescence has bee
reported to be quenched when this complex is immobilized on a gold surface.
Escalante et al reported a drop in emission intensity when LH2 complexes were
adsorbed ora gold surface compared with gla@isscalante Marun 2009Magis et al
reported the fluorescence emission of isolated LH2 adsorbed on gold decreased
within seconds to zerdMagis et al 2010)Fluorescence quenching of the LHCII
complexes was also observed when they watichedto semiconductor quantum

dots (QDsjWerwie et al 2018)

4.4.4 Energy transfer between immobilised LH2 and RCLH1 on the sgiadace

This chapter reports the first immobilisation of photosynthetic complexes, and also
transfer of excitation energy between complexes. By performing two successive local
oxidations, lines of LH2 and RCLH1 have been patterneal singlesilicon surfae
(Section 4.3.8). AFM images show that this procedure preserved the structure of both
complexes, although at the crossover area the RCLH1 complexes credtes fbgt

local oxidation were remogd during the second localxidation and replaced by the
second complex (Figure 4.17). Due to the limited contact area at the intersections,
the crossed nanolines failed to show evidence of energy transfer between two types
of complexesAn attempt was made to increaske intersedion area by patterning a

5x5 um square of LH2 with do intersecting RCLH1 nanolines;drop in the LH2
fluorescence lifetime was observed at tipgojected locations of the RCLH1 lines
(Section 4.3.9). Figure 4.21 C and D show that the fluorescencenéfefi LH2 was
shortened from~9001300 pg(Chen et al 2005, Pflock et al 2011b, Sumino et al 2013)
to 300500 ps atsome points within the intersecting regions, indicating thabme

harvested excitation energy has been delivered from the LH2 to the RCLH1. The AFM
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images show that intersections between the RCLH1 lines and the LH2 square (Figure
4.19A) are not as obvious asose for the LH2 lines and RCLH1 lines (Figure 4.17B),
possiblybecause relatively few RCLH1 complexes had replaced the initially patterned
LH2 complexes following the second oxidation. This would account for the limited

evidence for energy transfer from RHo RCLH1.

4.4.5 Additional work

This work demonstrates that photosynthetic complexes can be patterned on- semi
conductive silicon surface on the nanometre scale with high protein occupancy. Due
to the high refractive indexf the silicon substratélikely 3fold higher than for glass),

a high proportion of the emitted light from the protein complexes lies within the
evanescent field and is refracted into the substrate, so less emission is available for
detection A possible solution could be performing the patterning on the conductive

but transparent ITO surface, which would make the fluorescence study much easier.

In this work, we deliberately chose the silicon over the widely used glass because of
its semiconductivity. Such conductivity allowed the exploration of conductive
patterning ar could alsoenable the use of the Pedkrce TUNA AFM to study
photocurrent from the RC. With both LH2 and RCLH1 grasrned on one
conductive surface, one can specifically excite the LH2 complexes, monitor energy
transfer by fluorescence emission aritlen observe localised gendran of a
photocurrent by RCThe use of a carotenoildss RCLH1 acceptor compiright help

to provide clearer evidence for excitation energy transfer.

4.4.6 Conclusion

Efficient experimental conditions have been found fobrfeating nanopatterns of
photosynthetic complexes, such as LHCII, LH2 and RCLH1, erosdattive silicon
surfaces. These complexes retained their capacity for light harvesting and energy
transfer, and so constitute an artificial ligharvesting systemThis approach opens

up new possibilities for the creation of artificial photosynthetic systems on

conductive surfaces.
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Chapter 5
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5.1 Summary
LH2 andn O NRCLH1 complexes were purified froRba. sphaeroidesand

reconstituted with lipids to form artificial proteoliposomes for energy transfer studies.
Five different LH21 O NBICLH1 ratios were used for the reconstitution process;
sucrose density gradient carfugation was used to purify the proteoliposomes,
which migrated to the 20980% sucrose gradient interface. Dynamic Light Scattering
was employed to measure the average size of the proteoliposomes, which was 197

nm before the sucrose gradient and 262 nftea

The absorption spectrum of each proteoliposome sample was fitted using the
component spectra for the LH2 arjd O NBCLH1 complexes. Based on the fitting
result, the LH2/n O NRCLH1 ratio of each proteoliposome sample was calculated,
which roughly meched the ratios used for protein incubation during the
proteoliposome reconstitution. AFM topographs were recorded to investigate the

distribution and clustering of both complexes in the proteoliposome membranes.

Fluorescence emission spectra demonstthexcitation energy transfer from LH2 to

the p O NBCLH1 complexés the proteoliposomes, which was abolished when the
LINPGS2t ALIRAa2YSa ¢ DOM.The peatizdshifted @dteRowar@ther:™s |
n O NRCLH1 emission with decreasing L2 NRICLH1 ratios. Interomplex energy
transfer was further verified by measuring the fluorescence lifetime decay of the LH2
complexes. The lifetime of the LH2 donor in the proteoliposome is much shorter than
when the proteoliposome is solubilised, when it is uncoupled from fhé® NRCLH1

energy transfer acceptor

Sodium ascorbatand Coenzymé&pwere applied to mimic thective RC condition in
the proteoliposomes,but no obvious change were observed in the fluoreseen
emission spectra nor for the fluorescence lifetime decay for both LH2 and LH1

complexes.
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5.2 Introduction

Photosynthesis is a process by which phototrophic organisms capture solar energy
and convert it into the energy source for most living organisms on Earth. The primary
photosynthetic process is initiated when sunlight is absorbed by-hghtesting (LH)
complexes and excitation energy migrates towards the reaction centre (RC) where
charge separation occurs (Figure 5.1). In photosynthetic purple bacteria, energy
transfer and trapping take place in intracytoplasmic membranes. The antenna
complexes involved arthe peripheral lightarvesting 2 (LH2) complexes and the

core lightharvesting 1 (LH1) complex@lankenship 2013)

Energy transfer Electron transfer

~ 4'&\

Acceptor

ﬁ%{action

L center

Light harvesting antenna Donor

Figure 5.1 Model of an antennanergy trapping system

3D structures of lighharvesting (LH) and reaction centre (RC) compléxegeira et

al 2004, Jones et al 2002, Jordan et al 2001, McDermott¥9b)have been studied

at resolutions down to 1.9A, which revealed the internal arrangements of
chlorophyltprotein complexes that foster efficient solar energy harvesting and charge
separation. However, detailed structural information of individual lightvesting
complexes has to be augmented by knowledge of arrangements ofhaglresting
complexes in the membrane. Atomic force microscopy (AFM) allows us to observe
the supramolecular organization of individual complexes when forming a
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Rba. sphaeroidemembranegBahatyrova et al 2004a, Kumar et al 2016, Sturgis et al
2009)and membranes from mutant straiffddams et al 2011, Ng et al 2011, Olsen et

al 2014, Olsert al 2008) Still, there is an unsolveguestion of how supramolecular
organization affects the primary photosynthetic processes of light harvesting and
energy transfer. Addressing this question would aid understanding of the basic
mechanisms of energy trapping and provide molecldzel stratgyies for the

construction of artificial photosynthetic systems.

Atomic structures of complexes have been docked into AFM membrane maps to
construct models of whole membrane assemblies SY SNJ SiG €t HAamMnA?
2007b) that predict energy transfer and trapping behaviour and identify desirable
design motifs for artificial photosynthetic systerf@artron et al 2014, Sener et al
2016) One approach to consict such artificial systems is to reconstitute light
harvesting complexes into a lipid bilayer supported on a solid subs(&dekmann

1996, Tanaka & Sackmann 2008)ymino and cawvorkers reconstituted LH2 and LH1

RC into phospholipid (DOPC, DOPG and asolectin) bilayers and observed enhanced
energy transfer from LH2 to LHRC in the artificially reconstituted system compared

to that in a homogeneous micellar solomi (Sumino et al 2011b)Other studies also
showed that when LH2 complexes (frddmodopseudomonas acidopbhiland LHARC
complexes (fronBlastochloris virid) were combined into a lipid bilayer system, the

ratio of LH2 to LHRC complexes affects their local organisafidragami et al 2015)
Moreover, another study found thaRba. sphaeroidegrown under different light

levels, produced different ratios of LH2 to RC inthe photosynthetic membrane,

which influences the efficiency of light harvesting and the rates of energy migration

toward the RC trapélimpmann et al 2014)

In wild typeRba. sphaeroidedight harvesting generally starts from the BChls in the
LH2 antenna complexes followed by excitation energy transfer via the LH1 antenna
complexes to the RC. The energy migration routeBB0O (LH2} B850 (LH2}

B875 (LH1) RC(Dahlberg et al 2017)The carotenoid works mainly as an excitation
energy quencher toprotect the photosynthetic organism fronphoto-oxidative
damage(Guiraud & Foote 1976 However, carotenoids can alsg@t as an accessory

antenna pigment to assist light harvesting and pass the excitation energy to the BChl
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such as B800, B850 and B875. Thus the energy transfer route caarb&noid-
B800 (LH2) B850 (LH2) B875 (LH1) RC orcarotenoid- B875 (LH1) RC

To specifically excite the LH2 and monitor energy transfer from LH2 to the RCLH1, a
carotenoidlesgy O NRCLH1 mutant was created and a 485 nm pulsed laser, targeted
at carotenoids within the LH2 energy transfer donor, was used as light source. The
carotenoidcontaining LH2 angh O NBICLH1 complexes were reconstituted at five
different LH2/p O NRCLH1 ratios into proteoliposomeBhotosynthetic complexes
were clearly observed in AFM topographs of the reconstituted proteoliposome
membrane. Fluoreseee emission spectra and fluorescence lifetime decay show that
energy transfer efficiency could reach 73% in the proteoliposomes and p.H2NJ} .
RCLH1 ratios higher than 1 would not yield further improvements to -tenplex

energy transfer.
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5.3 Results

5.3.1 Reconstitution of LH2 aryl O NRCLHtomplexesinto liposomes

LH2 anch O NRICLH1 were purified froRba. sphaeroideand were reconstituted in
different ratios with lipids to form artificial proteoliposome systems for light
harvesting and energy transfer. Liposomes were made by an extrusion method using
5ht/ fALARY o0& F2fft26Ay3 (K SDedwpthdddan?? Y S
website (https://avantilipids.com/tecksupport/liposomepreparation/). Specifically,
DOPC in chloroform was dried to form DOPC lipid films, which were hydrated in
buffer (20 mM MOPS, 20 mM NacCl, pH 7.8) and agitated by vortex to produce a
suspension of large, multilamellar vesicles (LMV). Each lipid bilayer in the LMV is
separated by a water layer. The stable and hydrated LMVs were then downsized by
an extrusion process, where they were forced through a polycarbonate filter. The
polycarborate filter used in this chapter has a defined pore size of 200 nm, which
yields liposomes with mean diameters of approximately 200 nm. Photosynthetic
membrane proteins were then reconstituted into liposomes following the process
shown in Figure 5.2. Theél2 32 YSa4 ¢ SNBE Ay O dzo-DOMSAR 30dnni K
then with photosynthetic membrane protein complexes at a fixed lipid / protein ratio
of 500: 1 (mol/mol) for 1 hour. Each sample was left with Biobeads for 3 hours to
NBY2 @S -DIMK&d to form pratoliposomes. Five different proteoliposome
samples were prepared using different LIA20 NRCLH1 ratios (Table 5.1):

#1 LH2only

#2n O NRCLHDnly
#3 2LH2:h O NRCLH1
#4 1LH2:p O NRCLH1
#5 1LH2:@ O NRCLH1
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Figure 5.2. Schematic diagram of reconstituting membrane progamto
proteoliposomes

Table 5.1Ratios (mol/mol) between lipid and protein complexes for
proteoliposome reconstitutiors

Sample  DOPC LH2 n ONRCLH1  LH2/n O NRCLH1 ratio
#1 1500 3 0 LH2 only

#2 1500 0 3 n O NRCLH1 only

#3 1500 2 1 2:1

#4 1500 1.5 1.5 1:1

#5 1500 1 2 1:2

5.3.2 Sucrose gradieritactionation of reconstituted LH2/n O NRCLH1

proteoliposomes

Following the reconstitution process, the five proteoliposome samples were
fractionated on discontinuous sucrose density gradients as described in Section
2.11.3. Purid liposomes containing pigmeptoteins migrated to the 20% 30%
sucrose interface (Figure 5.3). Pigmented bands were harvested and the sucrose

concentrations were measured for each sample band as listed in Table 5.2.
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#1 #2 #3 #4 #5

Figure 5.3. Sucrose gradiefractionation of LH2/n O NRCLH1 proteoliposomes

300 ul of each sample was loaded on discontinuous sucrose gradients consisting of steps of
10%, 20%, 30%, 40 % and 50 % (w/w) sucrose in 2BIERES, 20 mM NacCl, pH 7.8. The
sucrose gradients centrifuged at 154,009 for 15 hours at 4C.

Table 5.2. Sucrose concentrations of purifieéi2/n O NRCLH1 proteoliposomes

samples
Sucrose #1 #2 #3 # o
concentration 25 % 28 % 27 % 27 % 27 %

5.3.3 Size of the reconstitutedroteoliposomes

The sizes of the reconstituted proteoliposomes were monitored by Dynamic Light
Scattering (DSL). Two DSL measurements were taken for sample #1, one for just after
the reconstitution before the sucrose gradient and one for after the sucrose gradient.
The sze distribution curves from the two measurements are shown in Figure 5.4.
Only one peak is seen for both distribution curves, which means the LH2
proteoliposomes were relatively uniform in size as a monodisperse sample both

before and after the sucrose gient.
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Figure 5.4. Size distribution of LH2 proteoliposomes (sample #1)

The blue curve shows the size distribution of LH2 proteoliposomes just following the
reconstitution and before the sucrose gradient; the red curve shows the size distribution of
LH2 proteoliposomes after the sucrose gradient.

Statistics of size distribution curves are listed in Table 5.3. The peak position
corresponds to the size at the strongest scattering intensity; the average size stands
for the intensitybased overall average size; the polydispersity index (Pdl) indicates
the width of the overall distribution; a monodisperse sample would have a low PdI
would be a good way to describe, and a Pdl greater than 0.7 indicates that the sample
has a broad size distribution. The strongest scattering was from proteoliposomes with
diameters of 257 nm and 328 nm before and after sucrose gradient separation,
respectvely. The average sizes of the proteoliposomes are 197 nm and 262 nm, close
to the extrusion filter pore size of 200 nm. For both measurements, the Pdl values are

reasonably low, just below 0.2.

Table 5.3Size distribution of LH2 proteoliposons€sampk #1)

Sucrose gradient Peak size (nm) Average size (nm) Pdl
Before 257 197 0.199
After 328 262 0.199
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5.3.4 Absorption spectra dfH2/p O NRICLH1 proteoliposomes

In Rba. sphaeroidethe pigments involved in light harvesting are bacteriochlorophylls
(BChls) and carotenoids. Carotenoid exist in bothMWZ and W-RCLH1 complexes,

and absorb light in visible range between 450 nm and 600 nm. The LH2 complex has
two absorption maxima at 80@m and 850 nnin the nearinfra-red range,arising

from BChls known as B800 and B860gdell 1985)and the LH1 complex has a single
BChl absorbance band at 875 nm, arising from BChls known as BB&Se
absorption vavelengths, allow analyses of levels of relevant protein complexes in the

proteoliposome preparations.

Figure 5.5 showshe normalised absorption spectra of the membranes from semi
aerobically growrRba. sphaeroideshe purified LH2 and thg O NRCLH1amplexes
from Rba. sphaeroidesind the five LH2/n O NRCLH1 reconstituted proteoliposome
samples. The absorption spectra from the purified LH2 jard NACLH1 complexes
act as a reference for thRba. sphaeroidemembrane, where the LH2: RCLH1 ratio is
about 2.13 : 1, and for the reconstituted liposomes. Sample #1,-doi2
proteoliposomes (blue) and #p, O NBCLHDnly proteoliposomegmagenta), have

the same absorption spectra as the purified LH2 (blank) aadthifiedn O NRCLH1
(grey) samples respectively, indicating the retention of protein absorption following
reconstitution. When botiLH2 andh O NRCLH1 complexes are reconstitutegingle

#3 proteoliposomeswith 2LH2/in O NRCLH1 (olive) shows simildrsarption to the
native membrane (purple) in the infrared range, and they share a similar ratio of LH2
to RCLH1 at around 2:1. As the ratio of LH2nt® NERCLH1 decreased in the
proteoliposome preparations, in sample #4 with 1LH2D NBICLH1 (red) and #5
1LH1/2» O NRCLH1 (violet) there is a relative intensity decrease at both 800 nm and

850 nm accompanied by an intensity increase at 875 nm.
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Figure 5.5. Mrmalised absorption spectra from nativRba. sphaeroides
membranes purified LH2 anch O NRCLH1 complexeandthe five LH2/n O NJi .
RCLH1 reconstituted proteoliposome samples.

Spectra fitting was performed usimyrified LH2 angh O NRCLH1 spectra as standard
absorption curves, and the protein ratios in the proteoliposome samples were
calculated from the absorption spectra fitting results (Table 5.4) using the method
described in Section 2.12. Clearly, the calculated protein rataya the fitting match
very well with the actual protein ratios used during the protein incubation, which
means both LH2 andh O NRCLH1 have been efficiently reconstituted into

proteoliposomes.
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Table 5.4. LH2 pcrtB RCLH1 ratios ieconstituted proteoliposomes calculated
from absorption spectrum fitting results, and compared with protein ratios used
during incubation (Table 5.1)

LH2 /n O NRCLH1 ratio

Sample

Spectrum fitting result Protein ratio used during incubation
#1 LH2only LH2 only
#2 n O NRCLH1 only n O NRCLH1 only
#3 192:1 2:1
#4 090:1 1:1
#5 1:2.06 1:2

According to the absorption spectra in Figure 5.5, LH2 can be excited either through
the carotenoid pigments between 450 nm and 600 nm, or through BChls at 800 nm or
850 nm. Although the main absorption band of the RCLH1 complex is at 875 nm,
some light ca also be absorbed at 800 nm and 850 nm. Therefore, excitation at 800
nm and/or 850 nm is not a clean way to excite only the LH2 and monitor energy
transfer to RCLH1. The carotenoidless version of RCLH1 (Sectiof{@:2ykpn et al

2017)provides unambiguous excitation of the LH2 donor complex.

Figure 5.6 shows absorption spectra from the purified LH2 compbneshe purified

n O NJCLH1 complexesprmalised at the neatR maximaAs can be seen, the O NIi .
RCLH1 barely shows any absorbance in the carotenoid absorption range (4580hm
nm), and its absorption at 485 nm is only 8% of that of LH2. Therefoem tile LH2/

n O NBICLH1 proteolipsomes are excited by 485 nm light, hardlyna®yNEICLH1
complexes are excited compared with LHRus, energy transfer from the LH2 to the
n ONBCLH1 in the proteoliposomesn be studied, because the energy transfer

would follow the route:carotenoid- B800 (LH2) B850 (LH2) B875 (LH1) RC
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Figure 5.6. Mrmalised absorption spectra showing the absorption intensity of the
carotenoid at 485 nm.

Absorption intensities at 485 nm are2d.for the purified LH2 complex and 0Dfbr the
n O NRCLH1 complex

5.3.4 AFM observation of the assemblédH2/p O NRCLH1 in the proteoliposomes
AFM was applied to visualise the arrangement of individual complexes within the

proteoliposomes, which were adsorbed onto a mica substrate.

Figure 5.7A shows an AFM topograph of sample #1, the LH2 only proteoliposomes,
which distinguishes three height let¢: the mica (dark), the DOPC bilayer (brown) and
the clusters of LH2 complexes (bright). Figure 5.7B shows the height profile along the
red dashed line in Figure 5.7A, where the DOPC bilayer is about 4 nm in height and
the LH2 complexes are about 6.5 imrheight.
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Figure 5.7. AFM image of sample #1 LH2 only proteoliposome and the height profile

Figure 5.8A shows the AFM image taken at a higher magnification and it shows a
cluster of LH2 in the DOPC bilayer with two height levels of LH2 apparent, as found in
native membranegOlsen etal 2008) Y R L2 4 aA0f e-RRYPDAZRNK Sy b ¥
as found in twedimensional crystalBahatyrova et al 2004bYhe ring diameters of

the LH2 complexes are about76nm. Figure 5.8B shows the AFM image of an
unbroken proteoliposome vesicle, whererays of LH2 complexes can be spotted on

the vesicle in a rectangular pattern, as seen for 2D crystals of R&ttatyrova et al

2004b)

Figure 5.8. AFM image of sample #1 LH2 only proteoliposome.
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Figure 5.9 shows the AFM image of samplg#2 NRCLH1 only proteoliposomes and
the height profile along the red dashed line. The lipid bilayer is almost fully packed
with p O NRCLH1 and the height of RCLH1 complexes is arelihdd.
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o
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Figure 5.9. AFM image of sample #&rtB RCLHI1only proteoliposome and the
height profile.

Figure 5.10 shows the AFM image of sarf8@LH2/Jn O NRCLHproteoliposomes.
The LH2 complexes are indicated by green arrows ang tBeNRCLH1 complexes are

indicated by red arrows.

Figure 5.10. AFM image of sample 28H2/In O NRCLH broteoliposome.
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Figure 5.11 shows AFM images of samplelLH2/Jn O NRICLHJproteoliposomes.

The boxed region in the left image is shown at higher resolution in the right image.
The LH2 complexes are indicated by green arrows ang tBeNRCLH1 complexes are
indicated by red arrows. The diameter of LH2 rings is about 8 nm and the diameter of

RCLH1 rings is about 12 nm.

Figure 5.11. AFM image of sample #4H2/In O NRCLHproteoliposome.

Figure 5.12 shows AFM images of samBelLH2/2n O NRICLHIproteoliposomes.
The LH2 complexes are indicated by green arrows ang tBeNRCLH1 complexes are

indicated by red arrows.

Figure 5.12. AFM image of sample #6H2/7 O NRCLHproteoliposomes.
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5.3.5 Fluorescence emission spectra of thd2/n O NRCLH1 proteoliposomes

LH2 complexes within the LH24 O NRCLH1 proteoliposome samples were
specifically excited by a 485 nm pulsed laser. Fluorescence emission spectra were
recorded to study transfer of excitation energy, with separately recorded spectra of
purified LH2 andh O NBCLH1 complexes in detergentotarcted buffer (20 mM
HEPES, pH 7.4, 0.03%DDM) used as controls. Figure 5.13A shows the spectra of
purified LH2 (blank) ana O NRCLH1 (gy) complexes, together with those of sample

#1 LH2 only proteoliposome (blue) and #20 NECLH1only proteolipo®me
(magenta). Clearly, sample #1 and the purified LH2 complex show a same spectral
shape indicating the LH2 complexes have retained their absorption properties
following the proteoliposome reconstitution. Sample #2 and the purifie® NJCLH1
complexesbarely show any LHemission at ~83 nm because genetic removal of

carotenoids has eliminated their ability to absorb light at 485 nm.

Fluorescence emission spectra of all five reconstituted proteoliposome samples are
shown in Figure 5.13B. In general, compared with-iritfis sample #Zmagenta),
samples #3 (olive), #4 (red) and #5 (violet) show fluorescence emission from both LH2
(around854 nm) andh O NRICLH1 (around 883 nm), indicating that thé NRCLH1
complexes in these three samples have obtained excitation energy from LH2.
Apparently, efficient energy transfer requires a reasonable ratio between the LH2 and
the p O NBCLH1 comekes.Although te rising proportion ofi O NRCLH1 and the
dropping proportion of LH2 from sample #3 to #5 (Table 5.1) lead to an increasingly
obvious red shift of the fluorescence emission maximuthdoes not indicate that
sample #5 has the highest emgr transfer efficiencylnstead fluorescence lifetime
decays of LH2 complexes were recordiedorder to study the energy transfer

efficiency(Section 5.3.6)
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Figure 5.13. Fluorescence emission spectra of purified protein complexes and the
five LH2/n O NRICLH1 proteoliposome samples.

Each spectrum is an average of five measurements.
A. Fluorescence emission spectra of samples #1 and #2 compared with spectra of

purified LH2 angh O NRICLH1 complexes in detergent (0.03®DM) buffer;

B. Fluorescence emission spectra of sample #1 to #5.
To provide more evidence gi O NECLH1 complexes ascigients of excitation
SYSNHe FTNRBY [l HZ SIFEOK LINRGS2f ALIZDDRIWS &l
iKS A0S F2NIJ m K2dzN¥» !0 &D2MKsolubilisek th8 K Oz
proteoliposomes, resulting in separation of the closely packed LHhabd\RCH1
into individual complexes. Figure 5.14 shows the fluorescence emission spectra of the
solubilised proteoliposome samplewith 485 nmexcitation For samples #1, #3, #4
and #5, only emission from the LH2 (peaking around 852 nm) was observed and the
n O NFCLH1 emission decreased sharply. Comparing with the LH2 emission (peaking
around 854 nm) from proteoliposonsethe LH2 in solubilised solutioh@vs a 2 nm
blue shift on the spectral wavelengt®imilarly, ablue shift in absorptionfrom 850
nm to 848 nm was observed fomproteoliposome and detergent solubiliseldH2
complexes respectively(Pflock et al 2008)The falling intensity from the related
fluorescence emissiomreflects the decreasingproportion of LH2 complexes (Table
5.1). Specifically, sample #1 (blue) with 100% of protein as LH2 shows the highest
fluorescence emission intensity, followed sample #3 (olive) widb protein as LH2,
sample #4 (red) with 50% and sample #5 (violet) with 33%. Sample #2 (magenta) with
100% ofp O NBICLH1 still shasvalmost no emission when the proteoliposome is

solubilised.

136



LH2/crtB RCLH1 proteoliposom
1600+ —— #1LH2 only

14004 ——#2 [xrtB RCLH1 only
1200. ——#32LH2/1xrtB RCLH1

—— #4 1LH2/1crtB RCLH1
1000-

— #51LH2/2xrtB RCLH1
800+

600+
400
200+

Fluorescence intensity [a.u.]

840 860 880 900 920
Wavelength [nm]

Figure 5.14. Fluorescence emissispectra of the five LH2p O NRCLH1
proteoliposome samples, following addition of 29%6DDM.

Each spectrum is an average of five measurements.

Figure 5.15 shows fluorescence emission spectra before (red spectra) and after
(black)i -DDM addition to the proteolposomes; the data analysis takes into account

RA f dzil A 2 ypDM Bne hiuk fting curves peaking around 854 nm represent the
LH2emis§y T GKS YI 3ISyidlt OdzNIBSa LISt ¢riBRGHT N2 dzy

emission; the green curves are the cumulative fit results.

Figure 5.15A shows the fluorescence emission intensity of theobl2sample #1.
Addition of i -DDM nearly doubles the amplide of LH2 emission, showing the
quenching effects of creating closely packed LH2 arrays, as shown by the AFM
topography in Fig. 5.7. Therefore, even without RCLH1 traps, the LH2 complexes can
still behave like an antenna system, harvesting light and teanisfy energy within its

own network.

Figure 5.15B shows that thecrtB RCLH1 complexes baradynit any fluorescence
either in proteoliposoms or in 2% -DDM solution, due to their inability tabsorb

485 nm wavelength excitation (Figure 5.6)

Figure 5.15C shows the fluorescence emission of sample #3, with a 2:hdrtiR:
RCLH1 ratio. When both complexes are packed in proteoliposomes (red), the fitting
result shows an emission intensity of 254 a.u. from the LH2 (blue) and 428 a.u. from
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the pcrtB RCLH1 (pink). Solubilisation of the proteoliposomes semhration of the
LH2 andnhcrtB RCLH1 complexes disrupts energy transfemsth the same amount
of LH2, the fluorescence emission intensity at 854 nm rises to 1300 a.u. (blank) whilst

the relativeemission from thgrcrtB RCLHAt 880-890nm decreases.

Similar fluorescence emission characteristics were seen for sampl&sgie 5.15D)

and #5 Figure 5.15E)In the case of sample #4pectral fitting yieldsemission
amplitudes from LH2 angcrtB RCLH1of 114 a.u. (blue) and 348 a.u. (pink)
respectively; when the proteoliposome is solubilised, the LH2 emission rises to 890
a.u. (blank). Similarly, for sample #5, the fitted amplitudes for emission from LH2 and
ncrtB RCLH1 were 105 a.u. (bluehda235 a.u. (pink) respectively; when the
proteoliposome is solubilised, the LH2 emission rises to 450 a.u. (blank). For both
samples, fluorescence emission frgmertB RCLH1 complexes decreases when the

proteoliposomes were solubilised.

5.3.6 Fluorescence lifetime decay bH2 complexes in proteoliposomes

Apartfrom sample #2, which has no LH2, the fluorescence lifetimhé H2 complexes
were recorded at 857+ 3 nm to study the efficiency of energy transfer in the
reconstituted proteolipsomes. Figure 5.16 shows the fluorescence lifetimes of the
LH2 complexes from samples #1, #3, #4 and #5. The red squares are the lifetimes of
LH2 in the proteoliposome, and the blank dots are the LH2 lifetime when the
proteoliposomes are solubilised by 2240DM. The specific values are listed in Table
5.2. When the complexes are in proteoliposomes, sample #1 containing LH2 as the
only complex shows the longest lifetime of 0.725 ns. WhernB RCLH1 complexes

are present, the LH2 lifetime is shortened. Imgde #3, where 2/3 of complexes are
LH2, the fluorescence lifetime is 0.428 ns; the lifetime drops further to 0.355 ns for
sample #4, which has an equal proportion of LH2 jaertB RCLH1 complexes; sample

#5, with 1/3 of complexes as LH2 and 2/3nastB RCLH1, shows an LH2 lifetime of
0.368 ns which is slightlonger than that of sample #4. However, when the
proteoliposomes were solubilised, the LH2 lifetimes of all samples rse t
approximately 1.3 ns, indicating that solubilisation disrupts energy transfer networks
and stops the transfer of excitation energy from the LH2 antennadB RCLH1

complexes.
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Referring to the LH2 lifetime, energy transfer efficiency from the LH2 to the LH2 or

the LH1 carbe calculated by equation:

O

p

T
T
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where _pa and _p are the donor lifetime with and without the presence of the
acceptor, respectively. In reconstituted proteoliposomes, excited LH2 complexes act
as energy donors, delivering excitation energy to acceptors such as the nearby LH2 or
ncrtB RCLH1 complexefslisted in Table 5.5, sample #1 shows the lowest energy
transfer efficiency of 44%ollowed by sample #3 of 67% and sample #5 of 72%.
Sample #4 shows the highest energy transfer efficiency of 73%. This indicates that
energy transfer from LH2 to LH1 is raoefficient than among LH2 (sample #3
compared with #1); and a reasonably high proportion of LH1 improves the overall
energy transfer efficiency (sample #4 compared with #3), whilst over which no further

improvement would be expected (sample #4 comparethwb).

1.4 L\i___l
1.2
1.0 —=— |n liposome

—e— Add 2%-DDM

Lifetime [ns]
o
®

o
(V)

1 2 3 4 5
Sample serial number

LH2 lifetime measured at 857 nm
Figure 5.16 Fluorescence lifetimef LH2 in proteoliposomes compared with the
[l h EAFSGAYS 6KSYy (GKS LINRGS20DMLI2Zaz2YSa | N

Each lifetime result is the average of more than 5 measurements and the error bar shows the
maximum/ minimum deviation in each measuremeiata group.

Table 5.5. LH2 lifetime measured at 857 nm when proteins are in proteoliposomes
YR 6KSY (KS LINRGS2fALR-BDBWSa || NBE &a2f dzo A f

857nm #1 #2 #3 #4 #5
Proteins in the | 0.725 n/a 0.428 0.355 0.368
proteoliposome

Proteoliposome| 1.300 n/a 1.312 1.294 1.306
solubilised

Energy transfer| 44% n/a 67% 73% 72%
efficiency
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Representative LH2 lifetime decay curves in proteoliposomes (dots) and their fitting
results (dashed lines) are shown in Figure 5.17. For the case of proteoliposomes
solubilised by 2%-DDM, the LH2 decay for sample #1 (ddm_wa}¥ chosen as the
representative decay curve for the other solubilised proteoliposome samples. The

grey solid line is thénstrument Response FunctiolRE).

#1

#3

#4

#5
~ddm_#1

— IRF
#1-fit

’-‘_‘_3\_; #3-fit
) #4-fit

Counts

e S B SR R i o e R T Y [ U Mg s, S, ol 0~

Time [ns]

Figure 5.17. Fluorescence lifetime decay curves of the LH2 complexes

Each lifetime decay curve is a randomly chosen individual decay curve from a measurement
data group.

In an attempt to maintain RCs in an open stascorbateQy (250 uM sodium
ascorbate, 1 mMCoenzymé&)) was added to proteoliposomes. However, this
treatment had no effects on the amplitude or lifetime of LH2 fluorescence. Timpmann
et al (Timpmann et al 2014showed that open RC traps shorten the overall
fluorescence lifetime in membranes from highnd lowlight grown cells ofR.
sphaeroidesfrom approximately 200 ps (closed) to 70 ps (open RCs). The values of
~350 ps for LH2 lifetimes indicate that the dgchinetics were measured on
LH2/RCLH1 proteoliposomes with RCs in the closed state. In the FLIM experimental
setup used in this chapter, the 130 ps instrument response function would not allow

measurement of the 70 ps lifetimes typical of membranes witeroRCs.
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5.4 Discussion

In wild typeRba. sphaeroidedight harvesting energy transfer and trapping require
two types of membrane protein complexes, LH2 and RCLH1, the proportions of which
vary according to the incident light levélskdams & Hunter 2012, Cartron et al 2014,
Timpmann et al 2014)Oneway to simplify functional analyses for light harvesting
and energy transfer, and to examine nphysiological LH2:LH1 ratios and
photosystem dimensions of microns rather thannoaneters, is to reconstitute
membrane protein complexes into liposomes, which is the approach taken in this

chapter.

A fixed ratio of Rhodopseudomonas palustrisH2 and RCLH1 complexes was
reconstituted into phospholipids and evidence for excitation enetmgysfer from

LH2 to RCLH1 was obtained by exciting the LH2 using 800 nm light and recording
fluorescence emission spect(®&umino et al 2011b)No timeresolved experiments

were performed and there were no estimates of energy transfer efficiency between
the two complexes. Sumin@umino et al 2013ubsequently performed several LH2

only reconstitutions and studied energy transfer efficiency between LH2 complexes
using timeresolved spectroscopy. Finally, three LH2:RCLH1 ratios were reconstituted
into liposomes, using LH2 frolRhodopseudomonas aciploila and RCLH1 from
Blastochloris viridigUragami et al 2015EXcitation energy transfer was observed, on

the basis of fluorescence emission spectroscopy.

In this chapter, several LH2:RCLH1 reconstitution ratios were examined, using a
homologous LH2/RCLH1 system basedRba. sphaeroidesn which the genetically

engineered loss of carotenoids from RCLH1 complexes established the selectivity of
excitation of LH2. Also, fluorescence emission and lifetime microscopy were used to

establish the efficiencgf excitation energyransfer.

5.4.1 LH2 angh O NRICLHtomplexes have been reconstituted into

proteoliposomes at the expected ratio with theifunctional properties retained
Proteoliposomes of ~200 nm dimeter were formed by extrusion metidisorption
spectra showed that photosynthetic complexes had been successfully reconstituted
into the proteoliposomes, and the calculated ratios match the ratio of protein

complexes used during reconstitutions.
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AFM images of the proteoliposomes show tltaisters of LH2 have formed, as well

as proteinfree (empty) regions (Figure 5.fFflock et al 2011a)Similarly, clusters of
protein complexes are observed for tineO NRCLH1 proteoliposome sample (Figure
5.9). For proteoliposome samples with both LH2 an® NRCLH1, AFM images show
evidence of both complexes in the proteoliposome (Figures 5.10, 5.11 and 5.12), with
evidence for some segregation into Lbi2ly and RCLHdnly zones, as well as some
intermixing. Segregation is a likely consequence of shape and curvature mismatches
between the two types of complex, as shown in Monte Carlo simulations of

LH2Y/RCLH1 interactiond-rese et al 2008)

5.4.2 LH2 angh O NRICLHtomplexes retain their lightharvesting and energy

transfer properties when reconstituted in proteoliposomes

The fluorescence emission spectra of LH2 and fh& NRCLH1 complexes
reconstituted separately o proteoliposomes show consistent spectral skap
comparable with fluorescence spectra of purified complexes solubilised in detergent
(Figure 5.13A), indicating retention of function following reconstitution. Comparing
with purified LH2 complexes in detergent, a 2nm red stiifthe emission maxima
was observed when LH2 complexes were reconstituted in proteolipos¢Rféock et

al 2008) Mixed LH2/RCLH1 proteoliposomes create the conditions for excitation
energy transfer, which can be clearly assigned because of the selective excitation of
carotenoidcontaining LH2 complexes by the 485 nm light source used. Solubilisation
of the samplesby 2%i -DDM reversed the reconstitution process, and provided a

useful negative control.

Pflock (Pflock et al 2008measured the fluorescence decay kinetics of detergent
solubilized LH2 complexes froR. sphaeroidesthe monoexponential fluorescence
lifetime of 093 ns can be compared with the value of 1.3 ns in this chapter (Table 5.5).
These authors reconstitute®R. sphaeroidetH2 complexes into lipid vesicles, and
observed biexponential fluorescence decay curves with time constants; 6f 600

720 ps and. = 70 ps, depending on the lipid:protein ratio. The authors concluded
that the _> = 70 ps decay component arises from clustering of the LH2 complexes
following reconstitution, which promotes efficient energy transfer between

complexes and increases the cltes of annihilation of excited states. The work
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reported in this chapter on LH2 in proteoliposomes shows a monoexponential

fluorescence decay of 725 ps.

5.4.3 Decreasing LH@/ O NRCLHatios progressively increase energy transfer
efficiency in the recastituted proteoliposomes

LH2 lifetimedor proteoliposome samples #1 (Li8Baly), #3, #4 and #5 were 0.73 ns,
0.43 ns, 0.36 ns and 0.37 ns respectively. Calculatioishite 5.5 show that LH2/

n O NRCLH1 ratios of 2:1, 1:1 and 1:2 produce energy transfer efficiencies of 67%, 73%
and 72% respectively, so for these reconstitution experiments at least a 1:1 molar
ratio of LH2 and LH1 complexes is optimal. The AFM topography of sém(itey.
5.11) shavs multiple contacts between intermixed LH2 and RCLH1 complexes,
consistent with an efficiery reconstituted photosystemso LH2 energy donors are
likely to sit adjacent tgn O NRCLH1 acceptors. When higher levels of LH2 are present,
as in the 2:1 LH2:R@1 ratio of samplé&3, AFM shows evidence for more extensive
LH2only domains that might increase the chances of excitation annihilation, as
proposed byPflock(Pflock et al 2008)When the LH2h O NRCLH1 ratio is lowered
1:2, there is no increase in energy nisder efficiency; with abundant O NEICLH1
complexes around as energy acceptatsa 1:1 ratig all available LH2 donors are
apparently already connected for energy transt&s increasing the proportion of

RCLH1 acceptors producesbenefits.

Recently, twedimensional electronic spectroscopy was used to follow all energy
transfer processes in living cells Rf sphaeroidesncluding the wiletype, LHZonly

and LH3only strains(Dahlberg et al 2017)The fluorescence lifetime for LiRly
membranes was foundb be 25®300 ps, a smaller value than found for Ebifly
proteoliposomes. For the WT, which in this case had a ratio of approximately 1.8
LH2:LH1, 83% of excitations were trapped by the RCs present. In these whole cell
samples, the RCs were maintainedaim open (reduced) state, available for efficient
energy trapping. Timpmanr(Timpmann et al 2014kexamined a range ofR.
sphaeroidesnembranes, including LHhly, RCLHbnly and native membranes with
contrasting LH2:RCLH1 ratios. Fluorescence lifetimes varied from ~490 ps-forlyH2
membranes, to ~250 ps for wilgpe LH2/RCLH1 membranes. The overall lifetime
increased as the proportion of LH2 increased, ststent with the data on

proteoliposome samples #3 (2LH2:1RCLH1) and #4 (1LH2:1RCLH1). Timpmann et al
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did not examine LH2 lifetimes specifically: some of their lifetime experiments used
800 nm excitation and fluorescence was integrated between 820 anch&4Qvhich
therefore merges LH2 and LH1 signals. In other experiments, 590 nm excitation was
used, which was absorbed by both LH2 and LH1 complexes. In the present work, the
use of carotenoietontaining LH2 and carotencldss RCLH1 allowed the 485 nm

excitation to selectivelyexcite only the LH2 complexes.

5.4.5 Conclusion

This work demonstrates that photosynthetic complexes LH2jai@NRCLH1 can be
reconstituted into proteoliposomes and that they perform light harvesting and
energy transfer functions. The energy transfer efficiency between LH2pa@oNIi .
RCLH1 is related to the ratio between the two types of complexes in the
proteoliposanes. This approach opens up new possibilities for the creation of mix
and-match photosynthetic systes for instance studyg the possibility of energy
transfer between photosynthetic complexes from different types of photosynthetic

organisms, or betweenatural and artificial maquettte proteins.
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Chapter 6
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6.1 Summary

LCHII complexes purified from spinach andncrtB RCLH1 purified fromRba.
sphaeroidesvere crosspatterned on glass surfaces, to form a hybrid plant/bacterial
photosynthetic system. Fluorescence spectral and lifetime measurements show that
both complexes retained their optical properties following immobilisation. In eross
patterned areas, Wwere LCHII andcrtBRCLHAre in very close proximity, a decrease

in the LHCII fluorescence emission intensity is observed, accompanied by a lowered
LHCII fluorescence lifetime to 6170 ns, relative to 1-4.9 ns in LHGdnly areas.
These measurementmdicate a coupling of LHCII energy transfer donors¢dB

RCLH1 acceptors, and formation of a biohybrid photosynthetic unit.

6.2 Introduction

Photosynthesis in living organisms starts when solar energy is absorbed by light
harvesting (LH) pigmesgrotein complexes, such as the LH2 in the phototrophic
bacteriumRhodobacter (Rba.) sphaeroides,the lightharvesting complex Il (LHCII)

in plants. These LH complexes are the major membrane proteins in their respective
organisms, and form extensive networltgat capture light energy and transfer it to

the reaction center complexes (RC), such as the RC in the phototrophic bacterium
Rhodobacter (Rba.) sphaeroidasd the photosystem | (PSI) and photosystem II (PSII)
complexes in plantgBlankenship 2013, Johnson 2016, Saer &Ke&llaship 2017)In

the RC, this energy ieapped as a charge separatigBixon et al 1991, Dekker & Van
Grondelle 200Q) There are manyexamplesof immobilisation of RCs on various
materials examiningtheir abilityto generate electric current in response to ligltas

et al 2004, den Hollander et 2011, Friebe et al 2016, Frolov et al 2005, Gerster et al
2012, Kamran et al 2015, Liu et al 2018, Tan et al 20h2yre are als@xamples of
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immobilization of LH complexes on different surfaces, where they retain their

functional propertieqLauterbach et al 2010, Liu et20108, Nagata et al 2012)

Thedevelopment @ lithographic techniques, such as nanoimprintifigscalante et al

2008a, Escalante et al 2008im)d lightbasedphotolithography(Reynolds et al 2007)

have allowedbatterning ofa single type of photosynthetic complekeither LH or RC

on surfaces, while controlling their distribution and organisation, which creates the
possibility of studying their ligitarvesting and energy transfer propertigdowever,

the assenbly of extensive twalimensional architectures that not only harvest energy

but also transfer it to a RC trap requires the ability to direct the relative positions of

two or more types of photosynthetic complex on the same surface. Vasilev et al
(Vasilev et al 2014b)NB L2 NI SR Yy I y2 LI -08 S8RINPI | RN ¢
photosynthetic complexes (LHCII) and YFP proteins, but there was no evidence of
energy transfer between the YFP and the LHCII components. Chapter 3 in this thesis
discussed methods to goattern two photognthetic complexes, the LH2 antenna of
Rhodobacter sphaeroidesand its native energy acceptor, the RCLH1 complex
(Cartron et al 2014, Qian et al 2018y the same surface and observed energy
transfer between these complexes. The short distances between the two types of
complexes ensure the rapid delocalization of excited states and their transfenwithi

and between complexes, as also found in the native memb(aneer et al 1996, Noy

SG It wHnncI . ThiyiGdgireshaifablichionof/ildt i SNy a 2 F W
Y I i ©dtm@inations of molecules on the same surface that could not be created
through genetic means, such as arrays comprising mixed bacterial/plant, or

plant/artificial maquette complexes.

Here a simple, robust lithographic predureis usedo construct intersecting lines of

the LHCII antenna from plants and bacterial RCLH1 complexes, effectively creating a
new micrond Ol £ S WLIK 2 (i 2 & & ystage Hicracantacizyriktingddethdd § 6 2
was used to fabricate a-R grid of crospatterned LHCII angcrtB RCLH1 proteins,

which was interrogated by fluorescence microscopy. The presence of carotenoids in
donor LHCII, but not in the acceptgncrtB RCLH1 complexes, ensured the
directionality of energy migration. Spectral and lifetime imaging were used to show
transfer of light energy absorbed by the LHCII antennaddB RCLH1 complexes;

thus, these arrays contain functionally coupled components for absorbing and
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transferring excitation energy, thereby performing the first two steps of

photosynthesis.

6.3 Resuls

6.3.1 Directed formatiorof crossedpatterned LHCII angicrtB RCLH1 complexes on
glass

Based on the same micintact printing approach described in Section 3.@bm
Ruiz & Chen 2007, Bernard et al 2000, Xia & Whitesides ,18@)cial light
harvesting networks of crossequhtterned LHCII angicrtB RCLH1 complexesere
createdon a glass surface functionalized wyhbly-L-lysine (Figure 6.1). The optically
transparent glass facilitates characterisation of immobilized protein compléyes
fluorescence microscopy. As a first step, the LHCII complexes (in green, Figure 6.1G
and H) were printed onto the substrate usinga@t PDMS stamp (Figure 6.1B and C)
inked with the protein solution (Figure 6.1D), followed by the printingatB RCLH1
complexes (in rediigure 6.1l performed in a similar way but at a 90° angle to the
LHCII linesSample was sealed in an argon geive atmosphere to minimise photo

oxidative damage to thpcrtBRCLHETomplex.

A B C D E
ol 10m e PDMS Protein
| S 5>”‘\<—‘ —_— — —
1 [ /1 ] i PDMS PDMS PDMS
T Si | Si
1.35m
F G |

___/H/_/_//ﬁf/'

Glass Glass Glass Glass

Figure 6.1. Schematic diagram of the miecontact printing method used to

fabricate crosspatterned LHCland ncrtB RCLH1 protein arrays.

>

Si master with rectangular arrays of 5 um width, 10 pm pitch and 1.35 pm step
height

Casting a PDMS replica of the master

PDMS replica

Inking the stamp with LHCII (green)

PDMS stamped covered with LHCIL ink

PLL coated glasstivated byDMS (yellow)

Printing LHCII on glass

LHCII arrays on glass

PrintingncrtBRCLH1 complexes (red) on glass orthogonally to LHCII arrays.
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6.3.2 Absorption spectra of purifiettH2CIl angh O NRCLH1 complexes in detergent

The absorption and fluorescence emission spectra of LHCII complexes, and the
absorption spectrum of thgcrtB RCLH1 complexeare shown in Figure 6.2. The
LHCII contains carotenoid whilst tipertB RCLH1 does not, therefotlke absorption

of LHCII in the 450570 nm carotenoid region is much greater than fiortB RCLH1;

the absorbanceraluesof LHCIl angdcrtBRCLH1 are 1.12 and 0.02, respectively at 485
nm, and at 470 nm these values are 1.37 and 0.02, respectively. The LHCII
fluorescence emission spectrum (green; excitation at 485 nm) angh¢hd® RCLH1
absorption spectrum (red) overlap between 650750 nm, which presents the
possibility of transfer ofexcitation energy from LHCII to thecrtB RCLH1 by the
Forster resonance transfer mechanism, as long as the two types of complex are
within a 10 nm distance. Accordingly, we can monitor the energy transfer between
the LHCII and th@crtB RCLHIcomplexesin the crossedpatterned fabrication by
exciting the fabricated pattern at either 470 nm or 485 nm and recording emission

from RCLH1 complexes at 890 nm.

1.8- 470 485
—— LHCII absorbance

—— [krtBRCLH1 absorbance
LHCII emission

alised Intnesity
'_\
N
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© O
o

400 500 600 700 800 900
Wavelength [nm]
Figure 6.2. Spectra of purified LHCII gmcttB RCLHEtomplexes.
The 470 nm and 485 nm dashed lines show the normalised protein absorbance at the 470 nm
and 485 nm excitation wavelength.
6.3.3LH complexes retain theoptical propertiesfollowing immobilisationon glass
In bacterial photosynthetic systems the LH2 antenna complexes harvest light energy

and transfer it to the RCLH1 core complex, where the excitation energy is stabilized as
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a photochemical charge separation. In this wotlke plant photosynthetic complex
LHCII was used to replace th&i2bacterial complex, and to test if the rmimatch
artificial system can fulfill the tasks of light harvesting and energy transfer. For such
processes to happen, it is important to ensure tkta¢ protein complexes retain their
optical properties following their immobilization on the substrate. Thus, the artificial
microarrays of crosprinted LHCII andcrtB RCLH1 complexes were characterized by
florescence lifetime and spectral imaging in ante-built FLIM seup. Figure 6.3A
shows the false colour widdield fluorescence emission image of the artificial
microarrays,acquired in epfluorescence mode and illuminated by a 470 nm LED
source Emission from the green horizontal arrays was recottiedugha 679/41 nm
bandpass filter, and corresponds to LHCII fluorescence; emissiorthe red vertical
arrays was recorded through 900/32 nm bandpass filter, and corresponds to RCLH1
emission. Clearly, the LHCII can efficiently absorb 470 nm lightslhows a bright
fluorescence emission whilst th@crtB RCLH1 is barely visible. The lowered
fluorescence amplitude of LHCII at the intersections with the RCLH1 lines, suggests

some quenching of LHCII emission by RCLH1.

The fluorescence emission spectrum of the LHCIlI from the crgsstéeins was
recorded which issimilarin shape and maximunto the spectrum of purified LHCII
complexes in detergent solution (Figure 6.3B). Due to the poor absarat 485 nm,
the fluorescence emission from thecrtB RCLH1 is very weak and noisy, but still
shows a similar trendwhen comparing with the spectrum of purified RCLH1

(containing carotenoids) complexes in detergent solution (Figure 6.3C).
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Figure 6.3. False colour fluorescence imagecodssedpatterns of LHCIl andhcrtB
RCLHJand fluorescence emission spectra of LH&1t pcrtB RCLHTomplexes

A. False colour fluorescence image (wide field excitation at 470 nm), showing the LHCII
(green) anchcrtBRCLHL1 (red) lines in a glikke pattern with a period of 10 um and
line width of 5um;

B. Fluorescence emission spectra from LHCII patterned on glass and purified LHCII in
detergent buffer, excited by a 485 nm laser

C. Fluorescence emission spectra from fhatB RCLH1 patterned on glass and the
purified RCLH1 (contains carotenoids) in detergent buffer, excited by a 485 nm laser

6.3.4Energy transfer from LHCII yocrtB RCLHL1 in a biohybrid plant/bacterial

artificial photosystem

Figure6.4 shows fluorescence data acquired frahe crossprinted LHCII angicrtB
RCLH1 complexes on glass; the sample was sealed in an argon pra@auotgphere

to minimise photeoxidative damage to thecrtB RCLHIXomplex Under scanning
confocal mode, and usin485 nm pulsed laser excitation, we were able to record the
pixekby-pixel spectral intensity map of fluorescence emission of the sanifie.
fluorescence intensity maps acquired at 680 nm and at 890 nm (Figure 6.4 A and B,
respectively), confirm the imnmlisation of the LHCII complexes along the rear
horizontal lines and immobilisation of thecrtB RCLH1 complexes along the near
vertical lines. A striking observation in the cras®r area (marked with number 2 in
Figure 6.4 A), where LHCII gmcitB RCH1 complexes are in very close proximity, is
the ~ 40% decrease in the LHCII emission intensity, caadpath the LHCII only area
(marked with number 1 in Figure 6.4 AorrespondinglypcrtB RCLH1 complexes in
the crossover area (marked with number 8 Figure 6.4 B) show a slightly increase in
the fluorescence emission (peaking around 884 nm), comparing witha¢it8 RCLH1

only area (marked with number 4 in Figure 6.4 B). These changes in the fluorescence
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emission intensity indicatesxcitation energytransfer (EETjrom the LHCII to the

ncrtBRCLH1 in the croswer area.
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Figure 6.4. Fluorescence intensity images and florescence spectra from-cross
patterned LHCII angcrtB RCLH1 complexes on a functionalised glass substrate.

A. Spectral intensity map showing the emission intensity at 680 nm (LHCII emission). The
excitation is by a 486m pulsed laser (1 MHz repetition rate, 2Xiphotons pulsé
cm?), scan size 26 pm.

B. Spectal intensity map showing the emission intensity at 890 nortB RCLH1
emission), with excitation as in A.

C. Individual emission spectra recorded in the pixels of the images in panels A marked
with 1 (LHCII only) and AqrtBRCLH1 + LHCII crosser), espectively.

D. Individual emission spectra recorded in the pixels of the images in panels B marked
with 3 ((crtBRCLH1 + LHCII crossaer) and 4jicrtBRCLH1 only), respectively.

In order to study the EET in more detail, we recorded a fluorescencenifetap of

the LHCII complexes from the crgsstterned fabrication,under scanning confocal
mode, and using 485 nm pulsed laser excitatibifetime decay data from each
scanning pixel was fitted byi-exponential decay function (Section 2.7.5). The
amplitude-averaged lifetime image of the cropatterned sample, recorded at 680

nm (LHCIl peak emission wavelength), is shown in Figure 6.5A with two individual

fluorescence decay curves shown in Figure 6.5B. From Figure 6.5A, therliACII
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areas (orange) gamally have a longer lifetime of between 11499 ns, when
comparing with the LHGpcrtB RCLH1 crossver area (blue) of between 0X.0 ns.
In Figure 6.5B, the green decay curve was extracted from the mpixeded 1 (Figure
6.5A) corresponding to theLHCHonly area, and the bexponential decay function
fitting result shows armmplitude-averagedlifetime _av = 1.53 ns, witlcomponents A

= 0.18 ,.1 = 251 ns and A= 0.82, > = 0.55 ns; lte red curve represents the
fluorescence decay in the creeser area (marked 2, Figure 6.5A) and the bi
exponential decay function fitting result showa amplitude-averagedifetime _ay =
0.77 ns, withcomponents A= 0.06,_1 = 1.9 ns and A= 0.94, > = 0.41ns This
reduction of the LHCII fluorescence lifetime indica#sT from thee.HClicomplex to
ncrtBRCLHTomplex in the crossever areas where the two types of protein complex

must be in very close proximity.
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Figure 6.5. klorescence lifetime data froncrosspatterned LHCII angcrtB RCLH1
complexes on a functionalised glass substrate.
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A. Amplitude weighted average lifetime image obtained at 485 nm excitation (1 MHz
repetition rate, 2x18* photons pulsé cm?), and 680 nm emission (LHCIl complex
emission peak), clearly showing a de@edn the lifetime in the crossver areas,
where the two complexes are in close proximity, scan size 26 um;

B. Individual decay curves recorded in the pixels of the lifetime image in panel A marked
with 1 (green, LHCII only) and 2 (red, LH@#B RCLH1rossedover), respectively.
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