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1. Zusammenfassung

Biologische molekulare Maschinen erfiillen in der Natur zentrale Aufgaben und erstrecken
sich tiber alle Bereiche des Lebens. Ihren Aufbau und ihre Funktionsweise im Detail zu

untersuchen und zu verstehen, ist ein groB3es Feld der aktuellen Forschung.

Inspiriert durch die biologischen molekularen Maschinen wurde in den letzten Jahren
versucht, kiinstliche molekulare Maschinen aufzubauen. Einer dieser Ansétze verwendet ein
photoaktives Polymer, das durch das Bestrahlen mit Licht unterschiedlicher Wellenldnge
kontrahiert oder relaxiert werden kann. Wird dieses photoaktive Polymer an ein
Kraftspektroskop gekoppelt und iiber Totale Interne Reflexion (TIR) angeregt, so ldsst sich
damit eine kiinstliche molekulare Maschine realisieren, die aus einem einzelnen Polymer
besteht. Bestandteil dieses photoaktiven Polymers sind Azobenzoleinheiten, die reversibel
zwischen der cis- und der trans-Konformation geschaltet werden kénnen. Dadurch wird das
Polymer (Azobenzolpolypeptid) kontrahiert oder relaxiert und kann Arbeit an der

Cantileverspitze des Kraftspektroskops verrichten.

Ein Ziel dieser Arbeit war es, ein detailliertes Verstandnis dieser kiinstlichen molekularen
Maschine zu erlangen. Dazu wurde zuerst das Schalten der Azobenzoleinheiten im Polymer
bei niedriger Kraft demonstriert. AnschlieBend wurde eine externe Kraft angelegt und

beobachtet, dass sich das Schaltverhalten erst bei sehr hohen Kriften verdndert.

Das zweite Ziel war die Entwicklung eines theoretischen Modells, zur Beschreibung der
Kraft-Abstandskurve des Azobenzolpolypeptid liber den gesamten Kraftbereich. Dazu wurden
ab-initio quantenmechanische Rechnungen fiir das Azobenzol durchgefiihrt und mit dem
Modell der ,,Frei-Rotierenden-Kette* kombiniert. Dieses Modell hat den Vorteil, dass es mit

der Segmentlinge und der Anzahl der Monomere als Fittparameter auskommt. Es ist nun

2



moglich die Kraft-Abstandskurven des Azobenzolpolypeptid direkt durch die Anzahl der
Azobenzoleinheiten in der trans- und in der cis-Konformation {iber den ganzen Kraftbereich
(0 bis 1000pN) zu beschreiben. Das Schaltverhalten des Polymers wird damit durch das

Verhiltnis der Anteile im cis- bzw. trans-Zustand ausgedriickt.

Ein weiterer Schwerpunkt dieser Arbeit war die Untersuchung eines Rezeptor-Ligand-
Systems. Am Beispiel des anti-Digoxigenin Antikdrpers gegen Digoxigenin wurden
Experimente iiber einen groBBen Bereich von Kraftladungsraten durchgefiihrt. Dadurch zeigte
sich, dass die bisherige Analysemethode nur grobe Einblicke in die Energielandschaft der
Rezeptor-Ligand-Wechselwirkung zuldsst. Es konnte beispielsweise eine natiirliche
Dissoziationsrate von kez=0.015s™" aus den kraftspektroskopischen Experimenten bestimmt
werden, die mit Messungen an Fv-Fragmenten am Ensemble gut iibereinstimmen
(ko=0.023s™).

Aussagen beziiglich der Energielandschaft gestalteten sich schwieriger. Zuerst wurde das
Maximum der Krafthistogramme als Funktion der Maxima der Ladungsratenhistogramme in
einem Diagramm dargestellt. Dieses Diagramm wurde nach der Methode von Evans
ausgewertet. Daraus ergab sich fiir den niedrigen Ladungsratenbereich die obige

Dissoziationsrate von kog=0.015s" und eine Potentialweite von Ax=1.15nm. Fiir den hohen

Ladungsratenbereich ergab sich eine Dissoziationsrate von ko;=4.56s" und eine

Potentialweite von Ax=0.35nm. Mit diesen Werten wurde nun versucht, die einzelnen

Krafthistogramme fiir alle Ladungsraten zu fitten. Es hatte sich gezeigt, dass es bei niedrigen
und bei hohen Ladungsraten eine Ubereinstimmung zwischen dem gemessenen
Krafthistogramm und der berechneten Wahrscheinlichkeitsverteilung gab. Allerdings konnte
bei sehr hohen Ladungsraten und in dem Ubergansbereich zwischen den beiden Bereichen
keine Ubereinstimmung erzielt werden. Daher sind Aussagen iiber die Energielandschaft nur

beschriankt moglich. Um eine vollstindige Auswertung der experimentellen Daten zu
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erreichen, werden weitere Entwicklungen beziiglich des theoretischen Modells nétig sein. Ein
Ansatz besteht darin, ein mdgliches Potential anzunehmen und darauf die Theorie von
Kramers anwenden. Das Ergebnis wire dann eine kraftabhéngige Dissoziationskonstante Koy
fiir ein spezielles Potential.

Des Weiteren wurde in dieser Arbeit ein Mehrkanal-Oberfldchen-Plasmonen-Resonanz

(SPR)-Spektrometer aufgebaut und charakterisiert.



2. Einfithrung

In der belebten Welt spielen molekulare Maschinen eine zentrale Rolle [1]. Thre Funktionen
umfassen beispielsweise die Umwandlung von Energie [2, 3], das Ubersetzen der genetischen
Information in funktionelle Bausteine [4, 5], die Fortbewegung von Zellen [6], die Zellteilung

[7], den intrazelluldrer Transport [8] sowie die Muskelkontraktion [9-11].

Energieumwandlung kann, um ein Bespiel zu nennen, durch eine rotierende FO, F1-ATPase
erfolgen [2, 3]. Dieses Enzym realisiert die Umwandlung, indem es Adenosintriphosphat
(ATP) zu Adenosindiphosphat (ADP) und inorganischem Phosphor (P;) hydrolisiert. Die
dabei freigesetzte chemische Energie wird zum Aufbau eines Protonengradienten iiber eine
Zellmembran genutzt: Diese molekulare Maschine pumpt folglich Protonen durch die
Membran von auflen nach innen. Die Rotation dieser Maschine kann u. a. auch mit
Einzelmolekiilmethoden nachgewiesen werden. Hierzu wird ein Fluoreszenz markiertes

Aktinfilament mit Hilfe einer Rezeptor-Ligand-Bindung an die FO,F1-ATPase gekoppelt [2].

Neben rotierenden Maschinen verfiigt die Natur iiber so genannte lineare Maschinen [13].
Eine dieser linearen Maschinen ist das Myosin V, das Organelle entlang von Aktinfilamenten
unidirektional und prozessiv transportiert [10, 11]. Um dies zu realisieren, wird die zu
transportierende Last durch eine Rezeptor-Ligand-Wechselwirkung an eine entsprechende
Bindungsstelle des Myosin V gebunden, welches sich auf einem Aktinfilament fortbewegen
kann [14]. Dieser Bewegung liegt eine weitere Rezeptor-Ligand-Bindung zugrunde, welche
durch Konformationsédnderungen im Molekiil moduliert werden kann und dadurch fiir die

relative Bewegung verantwortlich ist.

Inspiriert durch die biologischen molekularen Maschinen, wurde in den letzten Jahren
vermehrt versucht, kiinstliche molekulare Maschinen experimentell zu realisieren[15, 16].
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Einer dieser Ansitze verwendet ein photoaktives Polymer, das durch Licht bestimmter
Wellenlidngen zwischen zwei Konformationen umgeschaltet werden kann und dadurch eine
Langeninderung erfahrt. Dieses Polymer wurde kovalent zwischen einem Piezostellglied und
einer Blattfeder eingespannt [17]. An der Blattfeder wird mechanische Arbeit verrichtet, wenn
die extern eingekoppelte optische Energie das photoaktive Polymer umschaltet und das

Polymer darauthin kontrahiert [18].

Betrachtet man die obigen Beispiele unter dem Gesichtspunkt unterschiedlicher Kraftregime,
so lésst sich folgende Unterteilung machen. Das eine Kraftregime beschreibt den Bereich, in
dem die Maschine arbeiten kann, das ist z.B. das Rotieren der ATPase [2, 12], die lineare
unidirektionale Bewegung des Myosins [10] oder das Umschalten der Untereinheiten des
photoaktiven Polymers [17, 18].

Das zweite Kraftregime beschreibt den Bereich, in dem der Aktuator angekoppelt wird, um
z.B. die Arbeit der Maschine abzugreifen. Im Falle der ATPase ist das die Biotin-
Streptavidin-Bindung [2, 12, 19, 20]. Bei Myosin V ist es die Bindung des Myosins an das
Aktinfilament in Abwesenheit von ATP [21]. Fiir die kiinstliche Polymer-Maschine ist es die

kovalente Bindung des Polymers an die Blattfeder und an die Glasunterlage [22].

Beide Kraftregime wurden im Rahmen dieser Dissertation jeweils an einem reprisentativen
Beispiel untersucht. Das erste Kraftregime wurde an einer kiinstlichen molekularen Maschine
untersucht und modelliert. Hierbei handelt es sich um ein mit Licht schaltbares Azobenzol-
Polymer, das zwischen der Blattfeder und einer Glasunterlage kovalent verankert ist und an
der Blattfeder Arbeit verrichten kann. Das zweite Kraftregime wird in dem untersuchten
kiinstlichen System durch kovalente Bindungen reprisentiert. Alternativ dazu konnen jedoch
auch Rezeptor-Ligand-Interaktionen benutzt werden, um die Ankopplung an den Aktuator zu

realisieren. In natiirlichen Systemen erfolgt die Ankopplung an den Aktuator sehr haufig tiber



eine Rezeptor-Ligand-Interaktion. Daher wurde als Beispiel fiir das zweite Kraftregime eine
Rezeptor-Ligand Interaktion, ndmlich die Bindung von Digoxigenin an einen anti-
Digoxigenin Antikorper, untersucht.

Zur Charakterisierung beider Kraftregime wurde ein Kraftmikroskop [23, 24] benutzt. Parallel
zu diesen Einzelmolekiilmessungen wurde an einer Methode gearbeitet, um Rezeptor-Ligand-

Interaktionen im Ensemble zu messen.

3. Einzelmolekiil-Kraftspektroskopie

Vor etwas mehr als 20 Jahren gelang es erstmals, einzelne Atome an einer Oberfliche mit
Hilfe des Rasterkraftmikroskops abzubilden [25]. Zur Abbildung wird eine atomar scharfe
Spitze an einer Blattfeder, dem so genannten Cantilever verwendet, welche eine
Probenoberfliche abtastet, die in x,y,z -Richtung verschoben werden kann. Die Verschiebung
der Probenoberfliche erfolgt durch piezoelektrische Kristalle mit einer Genauigkeit von
einigen Angstrom. Die Auslenkung der Blattfeder wird mit einer Laseroptik detektiert und
kann in eine Kraft umgerechnet werden. Diese Kraft reprasentiert die Wechselwirkung
zwischen der Spitze und der Probenoberfldche dar und kann mit einer Genauigkeit von
einigen wenigen Pikonewton gemessen werden. Wenn man Molekiile zwischen Spitze und
Oberfliache bindet, kann die Kraft, die diese Molekiile zusammenhilt, ermittelt werden.
Aufgrund dieser Eigenschaften eignet sich das Kraftmikroskop ausgezeichnet, gezielt und

kontrolliert Krifte auszuiiben (siche Abbildung 1) [23, 24].
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Abbildung 1: Experimenteller Aufbau eines opto-mechanischen Kraftspektroskops.
Kraftspektrometer mit Laseroptik, Piezo-kontrollierter Glasunterlage, Cantilever fiir die

Kraftmessung und Photodetektor (iilbernommen von [27].

Im Rahmen dieser Dissertation sollen unter anderem Molekiile untersucht werden, die
photoaktiv sind. Aus diesem Grund wurde das verwendete Kraftmikroskop so erweitert, dass
die Molekiile belichtet werden kénnen. Uber Total-Interne-Reflexion (TIR) kann Licht der

Wellenldngen A,;=365nm und A,=420nm in den Glasobjekttriger eingekoppelt werden [17,

18].

4. Kiinstliche Molekulare Maschine

Das lichtschaltbare Polymer ist aus Azobenzolmonomeren aufgebaut, die durch ein Tripeptid
(Lys — Gly — Gly) miteinander verbunden sind. Die Azobenzolmonomere kdnnen mit zwei
unterschiedlichen Wellenldngen zwischen der cis- und trans-Konformation hin und her
geschaltet werden (Abbildung 2). In der cis-Konformation besitzt ein Monomer eine Lange
von 6.0A, in der trans-Konformation ist es 9.1A lang. Aufgrund dieser deutlichen, Licht-
Induzieren Langendnderung eignet sich Azobenzol grundsitzlich fiir kraftspektroskopische
Untersuchungen. Fiir eine verbesserte Detektion dieser Anderung im experimentellen Aufbau,
wurden mehrere Azobenzolmonomere zu einem Polymer verbunden. Dadurch wird die

Langeninderung eines einzelnen Monomers amplifiziert [17, 18] .
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Abbildung 2:

Schematische Darstellung der
Energielandschaft der reversiblen cis / trans
Isomerisierung des Azobenzol. Die cis-
Konformation kann durch Anregung mit Licht
der Wellenldnge A1=365nm erreicht werden
und die trans-Konformation bei Licht der
Wellenlédnge A2=420nm. Die beiden
Konformationen sind stabil {iber die Dauer der
Experimente, da cis- und die trans-
Konformation durch eine thermische
Energiebarriere von ca. 40kgT getrennt sind

[26] (iibernommen von [18]).

Fiir die experimentelle Realisierung wurde das verwendete Azobenzolpolypeptid auf der

einen Seite an einer Cantileverspitze und auf der anderen an einer Glasoberflache kovalent

verankert (Abbildung 3).
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Abbildung 3: Molekulare Details des Azobenzolpolypeptides (iilbernommen von [18]).

Durch die kovalente Verankerung zwischen der Spitze und der Unterlage ist es mdglich, das

gleiche Polymer mehrmals zu dehnen und zu relaxieren.

In Abbildung 4 ist gezeigt, wie im Experiment durch die Einkopplung von Licht

unterschiedlicher Wellenlidnge das Polymer zwischen einem poly-trans und einem poly-cis

Zustand reversibel geschaltet wird: A;=365nm schaltet vom trans- in den cis-Zustand und

A>=420nm schaltet vom cis- in den trans-Zustand. Wird an das poly-trans Polymer eine



externe Kraft durch den Cantilever angelegt und das Polymer durch Licht in den poly-cis
Zustand geschaltet, so kontrahiert das Polymer und verrichtet eine Arbeit gegen die extern
angelegte Kraft (Abbildung 4b, II->1II). Das Azobenzolpolypeptid kann auch in einem
Kreiszyklus, bestehend aus Dehnen, Relaxieren und Belichten, betrieben werden. Dies fiihrt
dann zur Realisierung einer synthetischen Einzelmolekiil-Maschine (sieche Abbildung 4) [17,
18]. In dieser Dissertation werden die Eigenschaften des lichtschaltbaren

Azobenzolpolypeptid untersucht und dessen charakteristische Kraft-Dehnungsverhalten

analysiert.
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Abbildung 4: Experimentelle Realisierung der Einzelmolekiilmaschine.

a) Experimenteller Ablauf einer Einzelmolekiilmaschine in einem Kraftspektroskopie-
Experiment; b) Illustration des Arbeitszyklus einer solchen Maschine. Die unterschiedlichen
Federn stellen das Polymer im trans- und cis-Zustand dar. Das Gewicht beschreibt das Strecken
des Polymers; c) Arbeitszyklus einer optisch angetriebenen Einzelmolekiilmaschine in einem

Kraft-Abstands-Diagramm (iibernommen von [17, 27]).

5. Modellierung einer kiinstlichen Molekularen-Maschine

In dem vorangegangenen Kapitel wurde gezeigt, dass durch Licht das Azobenzolpolypeptid
von einem poly-trans in einen poly-cis Zustand geschaltet werden kann, wodurch die
Gesamtldnge des Polymers abnimmt (Abbildung 4c). Idealerweise sollte das Umschalten der
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einzelnen Azobenzoleinheiten direkt in die Beschreibung der Kraftkurve eingehen. Dazu
wurden von Prof. Dr. Roland R. Netz ab-initio quantenmechanische Rechnungen [28] zu
Azobenzolmonomeren sowie zu Peptiden durchgefiihrt. Diese Rechnungen ergeben fiir
verschiedene Konformationen des Azobenzols die jeweiligen Grundzustandsenergien. Im
ndchsten Schritt wurde je eine Konformation fiir den cis- und den trans-Zustand ausgewéhlt
und das Azobenzolmonomer jeweils in dieser Konformation gestreckt. Das Ergebnis ist eine
1-dimensionale Energielandschaft in Zugrichtung. Diese ist sehr unterschiedlich fiir die cis-
und fiir die trans-Konformation und lésst sich mit einer Funktion E(z) beschreiben. Leitet man
diese Funktion nach z ab (dE(z) / dz), ergibt sich die Kraft-Abstandabhingigkeit in z-

Richtung fiir die cis- und trans-Konformation (F(z)).

Diese Kraft-Abstandabhéingigkeit beschreibt hauptsdchlich den hohen Kraftbereich und
spiegelt im wesentlichen das Elastizititsverhalten des Polymerriickgrat ohne Fluktuationen
(bei T=0K) wieder [29]. Da die Experimente aber bei T=300K durchgefiihrt werden, miissen
die Fluktuationen des Polymer ebenfalls berticksichtigt werden. Kombiniert man das Modell
der ,,Frei-Rotierenden—Kette® mit den ab-initio Rechnungen, ldsst sich damit die

experimentelle Kraftkurve vollstindig beschreiben (siche Abbildung 5).
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6. Rezeptor-Ligand-Interaktion

Wiéhrend in den Kapiteln 4 und 5 die Eigenschaften einer molekularen Maschine
experimentell und theoretisch analysiert wurden, soll in diesem Kapitel eine Moglichkeit der
Ankopplung einer molekularen Maschine an einen Aktuator untersucht werden. Exemplarisch
wurde die Wechselwirkung eines anti-Digoxigenin Antikorpers mit seinem Antigen
Digoxigenin mit dem Kraftmikroskop im Detail charakterisiert.

Grundlage fiir diese Art der Untersuchung sind die Uberlegungen von Bell, die beschreiben,
dass durch eine extern angelegte Kraft die Potentiallandschaft einer nicht-kovalenten Bindung
verschoben wird [31]. Diese Verdnderung ist direkt proportional zur extern angelegten Kraft.
Prof. Dr. E. Evans hat aufgrund dieser Erkenntnisse einen direkten Zusammenhang zwischen
der Abrisskraft und der angelegten Kraft pro Zeit (Kraftladungsrate) hergestellt [32].

Er konnte zeigen, wie mit zunehmender Kraftladungsrate die Abrisskraft ansteigt [20]. Die
experimentellen Daten konnen mit zwei unterschiedlichen Methoden ausgewertet werden: In
der ersten Methode wird die maximale Abrisskraft iiber den Logarithmus der Kraftladungsrate
aufgetragen. Daraus lésst sich die natiirliche Dissoziationsrate ko und der Abstand vom

Potentialminimum zum Ubergangszustand Ax bestimmen [33]. Andert sich die

Kraftladungsrate iiber einen groflen Bereich, kommt es zu einer nichtlinearen Abhéngigkeit
der Kraft von der Ladungsrate. Bisher wurde diese Abhédngigkeit als ein Doppelpotential

interpretiert [ 15].
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Wie oben beschrieben, stellen die einzelnen Punkte in dem Kraft-Ladungsratendiagramm
Maximalwerte dar. Diese Maximalwerte wurden aus Kraft- und Ladungsratenhistogrammen
gewonnen. Bei der zweiten Methode werden die Krafthistogramme direkt analysiert [34].
Die Krafthistogramme stellen die Abrisskrifte vieler einzelner Abrisse dar. Es konnte gezeigt
werden, dass ein einzelnes Krafthistogramm durch eine Wahrscheinlichkeitsdichte p(F)
beschrieben werden kann [20, 34] . Diese Funktion ist nicht nur abhdngig von der Kraft,

sondern auch von der natiirlichen Dissoziationskonstante ks, der Potentialweite Ax und der

Kraftladungsrate dF/dt. Wird diese Funktion an das gemessene Krafthistogramm mit der

dazugehorigen Ladungsrate angefittet, dann ldsst sich daraus ko und Ax ablesen.

Beide Analysemethoden sollten zu dem gleichen Ergebnis fiihren.
Grundlage fiir die bisher beschriebene Analyse ist, dass es sich hier um sehr tiefe Potentiale
handelt und die Potentialweite durch eine extern angelegte Kraft nicht verdndert wird, d.h.

dass Ax(F=0) = Ax(F>0) angenommen wurde [31, 32]. Graphisch ist das in Abbildung 6a

gezeigt.

Unter diesen Annahmen wurde versucht, die gemessenen Krafthistogramme fiir Ladungsraten
zwischen 30pN/s und 63000pN/s auszuwerten. In dieser Arbeit wurde jedoch gezeigt, dass
nur einige wenige Krafthistogramme mit den obigen Methoden ausgewertet werden konnten.
Um in Zukunft eine vollstindige Auswertung zu gewihrleisten, muss die Theorie von
Kramers angewendet werden, die die Form des Potentials beriicksichtigt (siche Abbildung

6b).
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Abbildung 6: Hypothetische Energielandschaft einer Rezeptor-Ligand-Wechselwirkung.

a) Modell von Bell und Evans mit Ax(F)=Ax(0)=Ax und ohne Beriicksichtigung der Form des
Potentials (iibernommen von [35]).

b) Potential fiir das Modell von Kramers unter Beriicksichtigung der Form der Potentiallandschaft

mit Ax(F)#Ax(0) (iibernommen von [31] .

7. Komplementire Methode zur Beschreibung einer Rezeptor — Ligand

Interaktion

Neben der Einzelmolekiilkraftspektroskopie gibt es verschiedene experimentelle Methoden,
die es erlauben, Experimente am Ensemble durchzufiihren. Eine weit verbreitete Methode um
Rezeptor-Ligand-Systeme zu untersuchen, ist die Oberflichen-Plasmon-Resonanz (SPR)-
Spektroskopie [36]. Mit dieser Methode ist es moglich, die Assoziationskonstante ko, und die
Dissoziationskonstante ko eines Rezeptor-Ligand-Systems zu messen.

Im Rahmen dieser Dissertation wurde ein Mehrkanal-SPR-Gerét aufgebaut und
charakterisiert. Dieses Gerdt hat zum einen den Vorteil, dass bis zu 6 Kanéle parallel
gemessen werden konnen und so z.B. differenzielle Messungen moglich werden. Weiterhin

ist dieses Gerit ideal dafiir geeignet, mit anderen Techniken kombiniert zu werden.
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Molekulare Maschinen

Nano-Biotechnologie auf dem Weg zu Silizium-Kohlenstoff-Hybriden

Gregor Neuert und Hermann Eduard Gaub

Kohlenstoff, das fur die Entwicklung des Lebens zentrale Element ermoglicht durch seine
spezielle Chemie die Vielfalt und dynamische Anpassung an Neues, seine Verbindungen sind
die Basis des Lebens. Silizium, das Nachbarelement hingegen ist das Synonym fur
technologischen Fortschritt, ein Symbol fur Schnelligkeit, aber auch fur Materialbeherrschung
und fur Miniaturisierung. Das Spannungsfeld, aber auch die Symbiose dieser beiden "Welten"
sind die Triebfedern der Nano-Biotechnologie, einer sich sehr schnell entwickelnden neuen
Forschungsrichtung. Die Biotechnologie, die es mit enormer Effizienz geschafft hat, die von
Mutter Natur durch Jahrmillionen der Evolution optimierten molekularen Prozesse zu
verstehen und nutzbar zu machen, trifft in einer rapide zunehmenden Anzahl von
Berithrungspunkten mit der aus der Siliziumtechnologie durch fortschreitende
Miniaturisierung hervorgegangene Nanotechnologie zusammen. Beispielhaft soll diese
Begegnung an den molekularen Maschinen, einem Schnittgebiet beider Felder,

veranschaulicht werden (Abb. 1).
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Abbildung 1: Verschmelzung von biologischen molekularen Maschinen mit der Nanotechnologie
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Nanomechanische Funktionseinheiten

Mit der Entwicklung der Silizium-Technologie wurde es moglich, nicht nur elektronische,
sondern auch mechanische Systeme zu miniaturisieren; eine Grundvoraussetzung fur die
Implementierung einer breit angelegten Nanotechnologie, die neben Informationsaustausch
auch Materialtransport einschliet. Nanoelektromechanische Funktionseinheiten (NEMS fur
NanoElectroMechanical Systems) in der GroBBenordnung von einigen hundert Nanometern
(Nanometer = nm = 10~° Meter) konnen heute mit Standardtechnologien hergestellt werden.
Ein Beispiel fur solch ein nanoelektromechanisches System stellt die Kombination eines
mechanischen Resonators mit einem elektronischen Antrieb dar, wie sie in Abb. 2 zu sehen ist
[1]. In diesem Modellmotor wird der mechanisch frei schwingende Kloppel durch
hochfrequente elektrische Felder angetrieben, was mittlerweile selbst bei Raumtemperatur
realisiert werden kann. Obwohl diese in der Gruppe von Jorg Kotthaus an der LMU Miinchen
entwickelte Struktur den kleinsten bisher bekannten Nanomotor darstellt, muss man sich
vergegenwartigen, dass er damit immer noch um ca. zwei Grolenordungen massiver ausfallt
als typische biologische Maschinen, die zudem gleich noch Regulation und Steuerung mit
eingebaut haben. Es lohnt sich also sehr genau unter die Lupe zu nehmen, welche Konzepte
Mutter Natur in ihrer Jahrmillionen wahrenden Evolution ausgewéhlt hat und wie sie in der

Kohlenstoff-Welt umgesetzt wurden.

”~

C]

island
f 1 pm
.

Abbildung 2: Resonante nanoelektromechanische Maschine (NEMS) (Abb. J. Kotthaus)

Ein weiterfuhrendes Ziel konnte dann darin bestehen, die silikonbasierte Nanotechnologie mit
den biologischen Maschinen auf molekularer Ebene zu verschmelzen, um gezielt von auflen
einzelne biologische Maschinen zu adressieren, zu manipulieren oder zu verbinden. Dieser

Ansatz nutzt im idealen Fall die Halbleitertechnologie mit ihrem genauen und hochparallelen
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,» Top down*“-Ansatz und verbindet diesen mit der Selbstorganisation (,,Bottum up*) der Natur,

um hybride nanobiotechnologische Maschinen zu entwickeln.

Molekulare Maschinen in der Biologie

Molekulare Maschinen nehmen in der belebten Welt eine ganz zentrale Rolle ein. Sie sind
meist aus vielen funktionell gekoppelten Protein-Untereinheiten aufgebaut, oft auch mit
integrierten Nukleinsaurestrukturen, und iibernehmen solche wichtigen Funktionen wie
Wandlung von Energie, Ubersetzung der genetischen Information in funktionelle Bausteine,
Fortbewegung, Zellteilung, intrazelluldren Transport und Muskelkontraktion, um nur einige
wenige zu nennen.

Energieumwandlung wird z. B. durch die rotierende Fo, F1-ATPase (ATP-spaltendes Enzym
mit den Einheiten Fo und F1) realisiert [2]. Ein anderes Beispiel einer rotierenden Maschine
stellt der Flagellenmotor des Bakteriums dar [3].

Neben den rotierenden Maschinen sind auch lineare progressive Motoren in der Natur von
entscheidender Bedeutung. Beispielsweise wird der Transport von Organellen (Abb. 3), mit
linearem progressiven Motor, hier dem Myosin V, bewerkstelligt [4]. Auf diese Beispiele soll

hier weiter eingegangen werden.

Organell

molekulare
Maschine

Biopolymerfaser

Abbildung 3: Transport von Organellen durch molekulare Maschinen entlang von Biopolymerfasern

Mboglich geworden ist dieser detaillierte Einblick in die Funktionsweise dieser molekularen
Maschinen durch die Entwicklung auflerst empfindlicher Techniken wie der optischen Falle
[5] oder des Kraftmikroskop [6], die es erlauben, mit einzelnen Molekiilen zu

experimentieren.
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F1-ATPase

ATP (Adenosintriphosphat), die zentrale und universelle chemische Energiewahrung, muss
jeder funktionellen Einheit in hinreichender Menge zur Verfugung stehen. Die ATP-Synthase,
der hierfur zustindige Enzymkomplex, ist also eine der zentralen molekularen Maschinen, die
schon in der Evolution an ganz vorderster Stelle gestanden haben muss. Um so mehr
schockierte die Erkenntnis, die sich in den letzten zehn Jahren, hauptsachlich aufgrund der
bahnbrechenden Experimente in den Gruppen von Wolfgang Junge und Kinosita durchgesetzt
hat: Die Synthase besteht aus einer rotierenden molekularen Maschine, die zyklisch ADP
(Adenosindiphosphat) und Pi (ionischen Phosphor) aufnimmt, um im nachsten Segment ein
fertiges ATP wieder auszuspucken [2, 7, 8]. Uber eine Art Kardanwelle ist diese Maschine an
eine Turbine angeflanscht, die ihrerseits vom Protonengradienten iber der Membran
angetrieben wird (Abb. 4). Die vergleichsweise einfache chemische Reaktion wird also durch
einen mechanisch gekoppelten Maschinenkomplex bewerkstelligt, der durch eine molekulare

Turbine angetrieben wird.

Abbildung 4: Aufbau und Funktion der Fo, F1-ATPase, bestehend aus Fo-Maschine, F1-Maschine und
Stator (Abb. W. Junge).

Im Detail weill man heute, dass die Fo, F1-ATPase sich in drei Untereinheiten aufteilt. Der
erste Teil ist die F1-Maschine, die sich auB3erhalb der Membran befindet und ATP aus ADP
und Pi synthetisiert. Der zweite Teil ist die Fo-Maschine, die in der Membran verankert ist

und durch einen Protonengradienten iber der Membran in Rotation versetzt wird. Der dritte
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Teil der Fo, F1-ATPase ist der Stator, der beide Maschinen mechanisch miteinander verbindet
[9].

Da es sich hier um eine rotierende Maschine handelt, also ein zyklischer Prozess zugrunde
liegt, ist die Vermutung zulassig, dass diese in zwei Richtungen betrieben werden kann. In der
einen Richtung wird durch einen Protonengradienten uber der Membran von innen nach
aufBen die Fo-Maschine zum Rotieren angetrieben. Ist ein Uberschuss von ADP und Pi
vorhanden, so binden beide Molekile an eine Untereinheit der F1-Maschine, und unter
Ausnutzung eines Protonengradienten uber der Membran kommt es zur Rotation der Fo-
Einheit der Maschine. Da hierbei ATP synthetisiert wird, spricht man von der ATP-Synthase
[2,7].

Genauso kann die Maschine auch in die andere Richtung rotieren. Dazu wird in der
Umgebung der F1-Einheit ein Uberschuss von ATP benotigt. Das ATP bindet an eine der
Untereinheiten und durch Hydrolyse wird ATP zu ADP und Pi abgebaut. Die rotierende Fo-
Maschine pumpt nun Protonen in die entgegengesetzte Richtung [2, 8].

Mithilfe von Einzelmolekillexperimenten lasst sich zeigen, dass bei einem ATP-Uberschuss
die F1-Maschine in 120°-Schritten rotiert und dass fur jeden Schritt ein ATP-Molekiil
hydrolisiert wird [7]. Aus den gemessenen Drehmomenten kann man eine bemerkenswerte
Effizienz von fast 100 Prozent fur diese Maschine ableiten. Auch die GroB3e der gesamten
ATP-Produktion eines Organismus, lasst die Bedeutung dieser molekularen Maschine noch
einmal klarer werden: Wird die tiagliche Energieaufnahme des Menschen mit etwa 3000
Kilokalorien angesetzt, und nehmen wir an, dass 70 Prozent davon als ATP am schlieBlichen
Endverbraucher ankommt, dann konnen bei der pro ATP-Synthese benotigten Energie von 20
kT ca. 10°® ATP-Molekiile gebildet werden, die ca. 100 Kilogramm wiegen! Angesichts der
nur wenige Nanometer grolen Maschinen eine sehr bemerkenswerte Leistung, die allerdings
auch zeigt, wie vielfach und damit auch wie wichtig dieser Prozess ist.

Solche Maschinen befliigeln natiirlich die Phantasien, diese Funktionseinheiten in eine
kunstliche Umgebung einzubauen. Erste Versuche wurden beispielsweise mit einer isolierten
F1-ATPase durchgefuhrt. Dazu wurde diese auf einem SiO,/Ni-Substrat immobilisiert und so
modifiziert, dass ein molekularer Draht mit der F1-ATPase verbunden ist. Wird durch Zugabe
von ATP Energie gewonnen, fuhrt dies zu einer rotierenden Bewegung der F1-ATPase und
damit zur Rotation des molekularen Drahts [10]. Dies ist eines der moglichen Beispiele, wie
eine biologische molekulare Maschine in eine artifizielle Umgebung eingebettet werden kann,

um dort Arbeit zu verrichten.
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Abbildung 5: Schematische Darstellung eines Bakterium mit Flagella.

Flagellen

Ein weiteres Beispiel fur eine rotierende Maschine stellt der Antrieb des Flagellums dar (Abb.

5) [3]. Flagellen sind lange, diinne, helikale Filamente, die iber eine Maschine mit dem
Bakterium verkniipft sind. Das Charakteristische an ihnen ist, dass sie um ein Vielfaches
langer sind als das Bakterium selbst und weit in das externe Medium hineinragen.

Ahnlich wie bei der ATPase lasst sich der Flagellenantrieb in drei Untereinheiten aufteilen
(Abb. 6). Der erste Teil ist eine rotierende Maschine, die sich in der Zellwand befindet und in
beide Richtungen rotieren kann. Der zweite Teil ist eine flexible Verbindung zwischen der
Maschine und dem Filament. Der dritte Teil ist das helikale lange Filament, das als Propeller
dient. Das Drehmoment des Flagellums, das diese Maschine erzeugt, wird zwischen dem
Stator, der fest mit der Zellwand verbunden ist, und dem Rotor am Flagellenfilament
aufgebaut. Dabei wird die Maschine durch einen Protonengradienten vom ZellduB3eren ins

Zellinnere angetrieben.
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Abbildung 6: Detaillierter Aufbau des Antriebs des Flagellums, bestehend aus Maschine, Stator und

flexible Verbindungseinheit.

Der Vergleich zwischen der ATPase und dem Flagellum zeigt eine stark angestiegene
Komplexitiat im Aufbau des Flagellums. Diese Komplexitat kann nur durch Selbstorganisation
bewerkstelligt werden. Dazu werden durch den Kanal im Inneren des Flagellums
nacheinander die einzelnen Bausteine (Proteine) geschickt, die sich dann am Ende in der
entsprechenden Art und Weise miteinander verknuipfen. Diese hochkomplexen Flagellen sind
in der Lage, Bakterien mit bis zu 35 Mikrometern/Sekunde anzutreiben.

Langfristig ist man an einem umfassenden Verstandnis des Flagellenantriebs interessiert. Es
stellt sich ferner die Frage, ob es moglich wire, diesen Antrieb zu isolieren und in eine
artifizielle Umgebung einzubauen, um dann Hybridsysteme anzutreiben. Dartiber hinaus
gewinnt auch die Vorstellung, einzelne Antriebskomponenten zu isolieren und diese gezielt
zu manipulieren oder mit anderen nicht biologischen Komponenten zu verbinden, sehr an

Faszination.

Myosin V

Neben den rotierenden Maschinen gibt es in der Natur auch eine grofle Zahl verschiedener
linearer Motoren. Deren Bewegung vollzieht sich unidirektional und meist prozessiv entlang
von Proteinpolymeren wie Aktinfilamenten oder Mikrotubuli (Abb. 3) [4, 11].

Myosin V, das hier eingehender diskutiert werden soll, ist ein Proteinkomplex, der zum einen
eine globulare Cargo-Bindungsstelle besitzt (Abb. 7), an der z. B. Vesikel oder

Makromolekiile angebunden werden konnen, und zum anderen iber globulare Motordoméanen
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verfugt, die fur das Fortbewegen verantwortlich sind. Beide Einheiten, die
Lastenbindungsstelle und die Motordoméne, sind uiber eine strukturierte Polypeptidkette
verbunden. Unter Hydrolyse von ATP bewegt sich Myosin V prozessiv entlang von

Aktinfilamenten.

Cargo-Bindungsstellen

¥a

Polypeptid
kette

AlP-Bindungsstelle
Motordomane

"Nacken" mit je
6 leichten Ketten

Abbildung 7: Molekulare Maschine Myosin V mit Cargo-Bindungsstelle, Polypeptidkette,
Motordomine und ATP-Bindungseinheit (Abb. M. Rief).

Das grofe Interessante an solchen linearen molekularen Motoren liegt zum einen darin
begriindet, dass auf deren Fehlfunktionen eine Reihe ernsthafter Krankheiten zuriickgefuhrt
werden konnte. Viel interessanter ist aber im Rahmen der hier diskutierten Hybridstrukturen
die Moglichkeit, solche Motoren zum gerichteten Transport artifizieller Strukturen nutzen zu
konnen. Eine mogliche Anwendung wurde jingst demonstriert, indem einzelne molekulare
Maschinen auf einer strukturierten Oberflache immobilisiert wurden. Diese Motoren konnten
unter ATP-Verbrauch einzelne Mikrotubuli durch einen vorstrukturierten Parcours
transportieren und so verschiedene Lasten befordern, die an den Mikrotubuli befestigt waren
[12].

Es wurde dargelegt, dass biologische molekulare Maschinen chemisch angetrieben werden.
ATP und Protonengradienten stellen dabei die wichtigsten Energiequellen dar. Ein Vergleich
zwischen den biologischen molekularen Maschinen und den artifiziellen
nanoelektromechanischen Maschinen zeigt, dass die Art des Antriebs der biologischen
molekularen Maschinen vergleichsweise langsam ist, da alle Prozesse diffusiv gebremst
werden. Der grofe Vorteil biologischer Maschinen ist aber ihre bemerkenswerte Eigenschaft,
sich selber zu organisieren und funktionierende Systeme aufzubauen.

Demgegeniiber steht der groBe Vorteil der Siliziumtechnologie, eine parallele

designgerichtete Technologie zu sein, die zudem schnell arbeitet. Eine Kombination beider
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Technologien wire also hochgradig komplementér! Leider leiden die meisten halbleitenden
Materialien unter den sehr korrosiven Bedingungen in einer Zelle, was die Versschmelzung
erschwert. Jedoch: Losungsstrategien mit intelligenter Oberflachenchemie sind in der
Entwicklung. AuBBerdem muss in der Siliziumtechnologie immer noch der ,,Top-down*-
Ansatz beschritten werden, der aber in seiner Grofle beschrankt ist. Auch hier konnen aber

moderne Raster-Sonden-Techniken bereits die Brucke schlieBen.
Nanotechnologische Einzelmolekil-Werkzeuge

Moboglich geworden sind diese detaillierten Einblicke in die Funktionsweisen molekularer
Maschinen erst in den letzten Jahren durch die Entwicklung neuer, extrem empfindlicher
Einzelmolekil-Techniken. Da die Entwicklung dieser Techniken direkt mit der Entwicklung

kunftiger Hybridsysteme einhergeht, soll hier naher auf die wichtigsten eingegangen werden.

Optische Falle

Bei einer optischen Falle handelt es sich um ein optisches Gradientenfeld, typischerweise
realisiert durch einen stark fokussierten Laserstrahl. Auf Teilchen mit hohem relativem
Brechungsindex wirkt eine Kraft zu hohen Feldstirken hin, die bei geeigneter Wahl der
Feldgeometrie benutzt werden kann, um diese Teilchen zu manipulieren (Abb. 8a).
Typischerweise konnen optische Fallen Krifte zwischen 0,1 und 100 pN (Piconewton)

ausuiben und mit einer lateralen Genauigkeit im Nanometerbereich messen [5].
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Abbildung 8: a) Aufbau einer optischen Falle, bestehend aus Laserstrahl mit eingefangener Kugel und
positionierbarer geregelter Unterlage. Myosin V ist an die Kugel angebunden und bewegt sich entlang
eines Aktin-Filaments. b) Auslenkung der Kugel durch die Bewegung der Myosin V-Maschine mit der
Zeit (Abb. M. Rief).



Wird eine molekulare Maschine wie Myosin V an ein Latexkuigelchen gebunden und dieses in
Kontakt mit einem Aktinfilament gebracht, so fangt Myosin V an, sich entlang der
Aktinfilamente unter Verbrauch von ATP zu bewegen. Diese Bewegung fuhrt dazu, dass die
Kugel aus dem Laserstrahl herausgezogen wird. Damit die Kraft nicht zu grof3 wird, regelt
man die Probe nach, d. h. die Unterlage, auf der die Aktinfilamente liegen, wird so bewegt,
dass die Kraft wieder sinkt. Diese laterale Veranderung, aufgetragen uiber die Zeit, resultiert
in einer stufenformigen Abhéangigkeit (Abb. 8b). Die resultierenden Stufen reprasentieren das
Bewegungsverhalten des Myosin V entlang der Aktinfilamente. Ebenso ist es moglich, die
Lange und Zeit pro Schritt zu messen, um so Informationen uiber die Lauflange und

Geschwindigkeit der Maschine zu gewinnen [4, 11].

a)200um

Abbildung 9: Siliziumnitrid-Spitze fur das Kraftmikroskop. a): Siliziumnitrid Chip mit Cantilevern
unterschiedlicher Lange (links); b): Einzelner Cantilever mit kleiner pyramidenformiger Spitze (Lange
ca. 200 um); c): Pyramidenformige Spitze (Durchmesser ca. 5 ym); d): VergroBerung der

pyramidenformige Spitze.

Kraftmikroskop

In den 80er-Jahren gelang es erstmals, einzelne Atome in einer Oberflache mithilfe eines
Rasterkraftmikroskops abzubilden [6]. Dieses Mikroskop benutzt eine atomar scharfe Spitze

am Ende einer extrem weichen Blattfeder (Cantilever, Abb. 9), um mit Piezostellgliedern die
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Oberflache abzutasten (AFM fur Atomic Force Microscope) [13]. Mit einer Laseroptik wird
die Auslenkung der Feder und aus dieser die Kraft bestimmt, die zwischen Spitze und Probe
wirkt. Bei den besten heutigen Instrumenten ist die Positionierung bis auf Bruchteile von
Atomdurchmessern genau moglich und die Kraftmessung ist nur durch thermisches Rauschen

limitiert (Abb. 10).

Photodiode

AFM-Kopf

Polymer

Abbildung 10: Typischer Aufbau eines Kraftspektrometers. Der Laserstrahl wird iiber eine Optik auf
den Cantilever fokussiert, von dort reflektiert und mit einer Segment-Photodiode detektiert. Als
Unterlage wird in der Regel ein Glasobjekttrager verwendet, der mit einem Piezostellglied auf und ab

bewegt wird.

Dieses Instrument eignet sich also auch ganz hervorragend dazu, gezielt und kontrolliert
Krafte auszuuiben. Es hat sich deshalb als Basisinstrument fur die molekulare Manipulation
etabliert; die Einzelmolekul-Kraftspektroskopie hat sich daraus entwickelt. Bei geeigneter
Modifikation der Spitze lassen sich mit solchen Instrumenten z. B. Krafte zwischen einzelnen
Molekiilen bestimmen [14, 15], aber auch die Kréfte innerhalb gro3er Molekiile, wie etwa
Biopolymere lassen sich als Funktion der Dehnung dieser Molekiile bestimmen [16-21]. Zu
diesem Zweck bindet man die zu untersuchenden Molekiile, die zum einen auf ihrer Unterlage

kovalent verankert sind, chemisch an die Spitze der AFM-Feder [16, 22-25].

In Abb. 11 ist solch ein Experiment schematisch dargestellt. Hier wurde eine bestimmte Art
von Rezeptormolekillen an der Spitze des AFMs gekoppelt. Diese Spitze wurde dann der
Oberflache angenahert, auf der Ligandmolekiile mit langen polymeren Ankern gebunden sind.
Die laterale Dichte dieser Liganden wurde dabei so gering gewahlt, dass die
Wabhrscheinlichkeit, dass sich gleichzeitig mehrere Rezeptor-Ligand-Paare finden, sehr klein
ist. Beim Zuruckziehen der Spitze wird, falls ein molekularer Komplex gebildet wurde, zuerst
der polymere Anker gedehnt, bis schlieBlich die Kraft im Rezeptor-Ligand-Komplex die
Bindungskraft ubersteigt und der Komplex zerfallt. Aus solchen Kraft-Dehn-Kurven konnen

jetzt zum einen intramolekulare Prozesse, wie etwa die Entfaltung von Proteinen [19, 20] oder
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auch das Aufspalten von DNA-Doppelstrangen [18, 25], herausgelesen und quantifiziert
werden. Interessanterweise zeigt sich bei der Analyse einer groen Zahl verschiedener
biologischer Systeme, dass mit den jeweils charakteristischen Kraften auch eine Langenskala

verknupft ist, auf der diese Prozesse ablaufen.

(’ intermolekulare Krafte
—(Bindingsnteraktion)

intramolekular Krafte
— (Polymerelastizitat)

Bindiungs;&h_ ; % !

pariner C Auslenkung

Polymer L/é’ Lﬁj e
T 11 t 1

Piezoweg

Abbildung 11: Prinzipieller Ablauf eines Kraftspektroskopie-Experiments. Die zu untersuchenden
Krifte unterteilt man in intramolekulare und intermolekulare Krifte. Die intramolekularen Krafte lassen
Riuckschlusse auf die Polymerelastizitat zu; die intermolekularen Kréfte sind z. B. Krifte, die
aufgewendet werden, um die Bindung des Rezeptor-und-Ligand-Komplexes zu 6ffnen. An der Spitze
ist der Rezeptor angebunden und an der Unterlage ein Polymer mit dem Liganden. a): Das Substrat mit
dem Liganden wird an die Spitze mit dem Rezeptor angeniahert; b): Wechselwirkungen zwischen
Rezeptor und Ligand finden statt; c): Entfernt man das Substrat von der Spitze, wird das Polymer

gestreckt und die Bindung zwischen Rezeptor und Ligand belastet.

So braucht es zum Entknaueln eines Polymers Krifte von wenigen Piconewton, und diese
Kniéuel haben typische Dimensionen von zig Nanometern. Das Entfalten von Proteinen
hingegen verlangt Krafte von einigen zig Piconewton, bei charakteristischen Dimensionen
von wenigen Nanometern. Allen Prozessen ist gemein, dass sie auf der rechten Seite der

"grinen Grenze" geschehen, die durch die thermische Energieskala 4 Piconewton - Nanometer

bei Raumtemperatur definiert ist (Abb. 12) [14]. Alle Prozesse verlaufen offensichtlich nahe

dem thermischen Gleichgewicht!
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Abbildung 12: Ubersicht uiber die zu untersuchenden Langen und Kraftbereiche oberhalb der

thermischen Energiegrenze von kT =4 pN nm

Carbon meets Silicon!

Licht-getriebene Einzelmolekiilmaschine

Ein Beispiel einer solchen Kombination aus siliziumbasierten Nanostrukturen und
kohlenstoffbasierten Funktionselementen ist in Abb. 13 gegeben. Hier wurde ein photoaktives
Polymer kovalent zwischen einem Piezostellglied und einem AFM-Cantilever eingespannt.
Das Polymer ist aus Azobenzol-Einheiten aufgebaut, die optisch durch Einstrahlen von Licht
bestimmter Wellenldnge zwischen zwei stabilen Zustanden hin und her geschaltet werden
konnen. Da sich beide Zustande durch die Langen der Monomereinheiten unterscheiden, kann
das Polymer auf diese Weise verkuirzt bzw. wieder verlangert werden. Das Polymer biegt
durch seine Kontraktion den Cantilever, leistet also mechanische Arbeit. Mit dieser
experimentellen Geometrie kann man also prinzipiell die direkte opto-mechanische Energie-

Konversion an einem einzelnen Molekill untersuchen und technologisch nutzbar machen [22,

23].
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Abbildung 13: Prinzipieller Aufbau einer kiinstlichen Einzelmolekiilmaschine, durch Licht angetrieben

In Abb. 14a ist schematisch dargestellt, wie ein optisch getriebener Einzelmolekuilmotor
funktionieren kann. Im Gedankenexperiment belasten wir das Polymer mit einer leeren
Waagschale (Position (I)). Ein Gewicht, das wir auflegen, dehnt das Polymer gegen seine
Entropieelastizitat und wir erreichen Position (II). Jetzt wird das Polymer optisch um den
Betrag 9l (L&nge 2 — Lange 1) kontrahiert, das Gewicht wird angehoben, die mechanische
Arbeit F1 x 0l wird dabei verrichtet (Position (IIT)). Das Gewicht wird von der Waagschale
genommen, und das Polymer wird durch Belichten wieder in den expandierten Zustand
zuriickversetzt. Insgesamt ist also ein kompletter Zyklus durchlaufen worden, in dem optische

Energie in mechanische Arbeit umgesetzt wurde.

Mit dem oben beschriebenen experimentellen Schema wurde das Gedankenexperiment
realisiert. Wie in Abb. 14b dargestellt, wurde dabei das System Polymer/Cantilever durch das
Piezostellglied in einem Kreisprozess getrieben, der hier in der Kraft-Dehnungsebene
dargestellt wurde, dem eindimensionalen Analogon der sonst tiblichen Druck-Volumen-
Darstellungen bei makroskopischen Warmekraftmaschinen. Faszinierenderweise folgt der
optisch betriebene Motor einem Otto-Zyklus mit dem kleinen, aber energiefressenden
Unterschied, dass statt des Offnens des Auslassventils hier das Polymer optisch wieder in den

Ursprungszustand versetzt werden muss (Abb. 14a).
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Abbildung 14: Experimentelle Realisierung der Einzelmolekiilmaschine. a): Arbeitszyklus einer
optisch angetriebenen Einzelmolekuilmaschine in einem Kraft-Abstands-Diagramm; b): Illustration des
Arbeitszyklus einer solchen Maschine. Die unterschiedlichen Federn stellen das Polymer im trans- und
cis-Zustand dar. Das Gewicht beschreibt das Strecken des Polymers; ¢): Experimenteller Ablauf einer

Einzelmolekuilmaschine in einem Kraftspektroskopie-Experiment.

Insgesamt lassen sich die Ergebnisse dieser ersten Studie, an der optomechanische
Konversion mit einzelnen Molekiuilen demonstriert wurde, so zusammenfassen, dass
prinzipiell die Stellkrafte solcher Polymere, die bis zu mehreren hundert Piconewton betragen
konnen, durchaus geeignet sind, um optisch geschaltete nanomechanische Funktionseinheiten
auch technisch zu realisieren. Allerdings sind die Wirkungsgrade der Kreisprozesse von

bisher noch weniger als 1 Prozent sehr verbesserungswiirdig.

Strukturieren auf der Nanometerskala: die molekulare Werkzeugmaschine

Wie einfuhrend beschrieben, wird das Kraftmikroskop vorwiegend zum Abbilden, optional
aber auch zum Manipulieren und Strukturieren von Oberflachen benutzt. Von besonderem
Vorteil ist dabei die extrem gute Positionspriazision der Spitze von Bruchteilen von
Atomdurchmessern. Es ist durchaus nahe liegend, dariiber zu fantasieren, ob es denn nicht
moglich sein sollte, die Spitze durch ein intelligenteres Werkzeug zu ersetzen.

Mutter Natur hat solche Werkzeuge: Enzyme und Kinasen regeln durch gezielten Ab- und

Aufbau die Entstehung lebender Systeme. Enzyme sind in der Lage, ihre Zielsubstanzen mit
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extremer Prazision an einer genau vorbestimmten Stelle umzubauen, sie also auf molekularer
Ebene zu bearbeiten. Solch ein Enzym an der Spitze der AFM-Nadel wire die ultimative

Miniaturisierung der maschinellen Bearbeitung, die molekulare Werkzeugmaschine.

a) Lipid Membrane
Digested by
Phospholipase A2

P A AN ~ ~ ® o aYaTaTalalae’
AnARRAAAAR @ . awmﬁﬁnﬁ
IHHIHI:Hlil:l:liuelilil foe JHIJHWJH
Abbildung 15: Phospholipase A2 (PLA2) bei der Arbeit. a): Die Phospholipase greift zuerst defekte

Stellen in der Membran an; b, ¢): Rasterkraftmikroskopische Aufnahmen einer Lipid-Membran in

Gegenwart von PLA2 bei verschiedenen Zeiten

Auf dem Weg dorthin sind noch viele Stolpersteine auszuraumen, aber einige
Schlusselexperimente wurden schon realisiert, die die prinzipielle Machbarkeit dieses
Konzepts demonstriert haben. Eines davon ist in Abb. 15 skizziert. Hier wurde eine kuinstliche
Membrandoppelschicht aus einem synthetischen Lipid auf einer Glimmeroberflache mithilfe
der Langmuir-Blodget-Technik iibertragen und mit dem AFM abgebildet [13]. Die dunklen
Flachen in der Membran sind Defekte, die bewusst als Angriffsstellen fur eine Phospholipase
eingebaut wurden. Phospholipasen sind Enzyme, die durch enzymatischen Abbau der Lipide
biologische Membranen zerstoren konnen, etwa als Bestandteil des Gifts der
Klapperschlange. Eine derartige Lipase wurde der Modellmembran zugegeben mit dem
Ergebnis, dass ausgehend von den Defekten die Membran zerfressen und aufgelost wurde.
Die Detailaufnahme zeigt sehr schon die dinnen Kanile, durch die sich einzelne

Lipasemolekiile bereits gefressen haben.
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Abbildung 16: Nanostrukturierung einer Lipid-Membran mit Phospholipase, die an einem Cantilever
angebunden ist. a): Cantilever mit Polymer (blau) und Phospholipase (griin) wird uiber eine DPPC-

Membran bewegt; b): Ergebnis einer Nanostrukturierung mit der Phospholipase am Cantilever

Eine mogliche Realisierung der molekularen Werkzeugmaschine wire also eine
positionskontrollierte Lipase, z. B. gekoppelt an die AFM-Spitze [26]. Dieses Konzept wurde
in ersten Modellexperimenten, wie sie in Abb. 16 gezeigt sind, bereits verwirklicht. Es zeigte
sich zur grolen Genugtuung, dass auf diese Weise die Aktivitat der Phospholipase raumlich
kontrolliert werden kann und dass in der Tat nanoskalige Strukturen in Lipidmembranen
erzeugt werden konnen. Allerdings ergaben diese Messungen auch, dass die Kopplung
zwischen Enzym und Siliziumspitze der neuralgische Punkt fur Funktion, aber auch fur
technologische Praktikabilitét ist und dass hier noch enormer Forschungsbedarf herrscht.
Interessanterweise zeigt sich hier wieder, dass genau diese Grenze zwischen Silizium- und
Kohlenstoffwelt wieder von grofiter Wichtigkeit ist und dass deren Beherrschung noch einiger

Anstrengung bedarf.
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ABSTRACT: The reversible, optical switching of individual polymer molecules was observed using
molecular force spectroscopy. We synthesized a polypeptide with multiple photoactive azobenzene groups
incorporated in the backbone. The contour length of the polymer could be selectively lengthened or
shortened by switching between the trans- and cis-azo configurations with 420 and 365 nm wavelength
light, respectively. This cis- to trans-azo configurational transition induced by ultraviolet light resulted
in a measurable change in polymer contour length. The contour length change was observed at low force
and under external loads of up to 400 pN using a modified force spectrometer, in which the sample could
be irradiated in total internal reflectance. The ability to shorten the polymer against an external load is
the first demonstration of photomechanical energy conversion in an individual molecule. This is a

2015

significant milestone in the road toward molecular level machines.

Introduction

Reversible transformations in chemical species in-
duced by photoexcitation have attracted much attention
owing to their high potential for application in various
optoelectronic devices, e.g., optical memory, photooptical
switching, and display.1~> One such extensively studied
molecular process is the trans/cis (or E/Z) configura-
tional transition of double bonds, such as found in the
stilbene or the azobenzene moiety. This photoinduced
isomerization between the extended (trans) and the
compact (cis) configurations is reversibly triggered at
two different wavelengths of light and thus could be
utilized as a light triggered switch.?6 It was the basis
for the first artificial example of light-driven ion trans-
port through membranes” and has since been frequently
used in synthetic photoresponsive systems for regulat-
ing the geometry and function of biomolecules®~1° and
organic materials*>1112 as well as supramolecular
complexes. 13715

In technological applications, the change in the ab-
sorptive properties upon photoisomerization has made
azobenzene-based fast response liquid crystals success-
ful for image storage devices,’® and azobenzene side-
chain polymers have proven to be an ideal material for
erasable holographic data storage.1”=2° In addition, the
reversible geometric change (lengthening and shorten-
ing) of the azobenzene chromophore upon photoisomer-
ization may result in significant photomechanical ef-
fects, as this has been demonstrated for azobenzene
polymers in bulk and solution.?*=27 For example, when
azobenzene groups are incorporated into the backbone
of a polymer, photoinduced changes in the hydrody-

*To whom correspondence should be addressed: e-mail
gaub@physik.uni-muenchen.de.

T Ludwig-Maximilians-Universitat.

* Max-Planck-Institut fur Biochemie.

§ Current address: Department of Physiology and Biophysics,
Case Western Reserve University, 10900 Euclid Avenue, Cleve-
land, OH 44106.

10.1021/ma021139s CCC: $25.00

namic radius of the polymer coil were observed by
viscosity measurements. Rigid linkers between the
azobenzene moieties resulted in particularly large re-
versible changes of up to 60%.23 While photomechanical
effects have been utilized in bulk polymer materials,
particular interest arises from their potential use for
the construction of molecular machines in nanotechnol-
ogy.

Biological molecular motors are capable of performing
specific tasks in response to specific external energy
sources in a highly sophisticated fashion?8=32 and thus
may soon be utilized in nanoscopic devices. However,
the design of synthetic molecular machines is just
beginning to be explored.®3-39 Photons have been pro-
posed as an ideal primary energy source because their
application is fast, well controlled, and “clean”; i.e., it
normally does not result in byproducts if used at
moderate levels.*° The ability to convert optical excita-
tion energy into molecular motion thus makes photo-
chromic molecules such as azobenzene highly promising
for the development of synthetic molecular level ma-
chines.

The investigation and use of nanoscopic optomechani-
cal energy transducers require interfacing them with
the macroscopic world. In the past decade, mechanical
experiments with single macromolecules in solution
have become possible in a wide dynamic range and with
an accessible force window from entropic forces at
several femtonewtons (fN) to the rupture of covalent
bonds above a nanonewton (nN).*751 It has been
demonstrated for many systems that, with these tools,
small differences in polymer length and minute forces
generated by conformational changes can be directly
measured; likewise, conformational transitions can be
induced along polymer chains by mechanical stress,
upon which the molecule’s elastic properties may un-
dergo marked changes.517%4 Such transitions in the
polymer chains have been described as a series of
elastically coupled two-level systems, each representing
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one individual segment (or module) of the polymer
chain.’® These developments open the possibility of
studying the photoisomerization of azobenzene by atomic
force microscopy (AFM)-based force spectroscopy, when
many chromophores are incorporated into a polymer
backbone to amplify the photomechanical effect in a
single chain.

In this paper, we describe the coupling of optical
excitation with AFM force spectroscopy, utilizing an
object slide as a waveguide. With this combined experi-
mental setup, it is possible to measure the mechanics
of single photochromic polymers precisely and simulta-
neously to their manipulation by optical excitation. We
thoroughly characterized a polyazopeptide, observed
reversible length changes of single chains as induced
by light of different wavelengths, and also studied this
process under the influence of an external stretching
force. Our findings provide the first experimental basis
for controlled optomechanical energy transduction and
optical information storage at the level of individual
molecules employing synthetic photochromic polymers.

Experimental Section

AFM Setup with Optical Excitation. Single molecule
force spectroscopy was performed on a home-built instrument
and a modified Molecular Force Puller (Asylum Research,
Santa Barbara, CA). In each instrument the tip sample
separation is controlled by a one-dimensional piezo equipped
with a position detector. Using the measured value of the
sample position allows us to eliminate any contribution of piezo
drift to our measurements. Microlevers (Thermomicroscopes,
Sunnyvale, CA; nominal spring constants: 13 and 30 mN/m)
were coated by thermal evaporation with 5 nm of chrome—
nickel (80:20) followed by 50 nm of gold to allow for the
chemical binding of the thiol ends of the polymers. The spring
constant of each cantilever was calibrated prior to use by
measuring the amplitude of the thermal oscillations.5®

We redesigned the sample stage in order to couple optical
excitation with measurements of the mechanical response of
a single polymer molecule. The general concept of the design
is that the sample is attached to a glass microscope slide, which
is used as a waveguide (Figure 1). The light of a xenon
flashlamp JML-C1 (Rapp OptoElectronic, Hamburg, Germany)
with a pulse length of 1 ms was filtered either by a 365 nm
band-pass filter (band half-width = 12.2 nm, maximum pulse
energy Emax = 10 mJ) for trans- to cis-azo switching or a GG
420 nm colorglass filter (Emax = 100 mJ) for cis- to trans-azo
switching. In addition, a colorglass BG12 blocked long wave-
length excitation. The light was focused onto the polished edge
of the microscope slide. The energy of the light pulse before
entering the object slide was measured by a Thermal Power
Meter (Spectra Physics, model 407A). The evanescent wave
from total internal reflection of the excitation light beam
passing through the slide irradiates the sample while interac-
tions with the cantilever are minimized. Total internal reflec-
tion was of crucial importance to eliminate the deleterious
effects of absorption by and thermal heating of the cantilevers.
The measurements were performed in dimethyl sulfoxide
(DMSO), which has a refractive index of 1.48; therefore, high
refractive index flint glass slides (F-2, Schott Glas Mainz,
Hellma Optik GmbH Jena, np ~ 1.666) were necessary to
satisfy conditions for total internal reflection as well as to
provide high transmission in the UV.

Various test measurements were performed to exclude
artifacts which might arise from several sources, including
solvent effects and cantilever response to excitation light. The
effect of a light pulse on the deflection signal in the absence
of any polymer molecule was analyzed. Direct illumination of
the sample resulted in such a strong interaction with the
cantilever that the resulting cantilever deflection (correspond-
ing to several nanonewtons of force) would result in a rupture
of polymer attachment. This is why the total internal reflection
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Figure 1. Schematic of the optomechanical experimental
setup. A flint glass microscope slide is used in a dual role as
a sample substrate for the force spectrometer (A) and as a
waveguide for generating an evanescent field to excite the
polymer sample (B). Light is generated using a flash lamp,
and the desired ultraviolet wavelengths are chosen with band-
pass filters. An additional high pass filter eliminates low-
frequency radiation. The filtered light is directed into a
polished end of the microscope slide at a low enough angle to
result in total internal reflectance. The polymer sample, which
is covalently attached to the cantilever spring tip and the glass
slide, is excited by the evanescent wave while its mechanical
properties are probed using the force spectrometer.

geometry is necessary. With the given length of the cantilever
tip of several microns, the penetration depth of the evanescent
field (wavelength (1)/27 ~ 50 nm) is short enough to prevent
interaction with the cantilever itself. Nonetheless, we observed
further artifacts in the deflection signal from the lamp (Figure
2A,B), which were eliminated with careful experimental setup
(Figure 2C,D) as described below in detail. No matter how
carefully the light was coupled into the sample, stray light
during the pulse reaches the photodiode, which detects the
cantilever position. This appears as a 1 ms spike in the
deflection signal but does not correspond to any cantilever
motion or interfere with our measurements. A second artifact
was observed as a small deflection which decays back to
equilibrium on a time scale of seconds. As this only occurred
in certain instances, when the light was not coupled well into
the sample slide, it is believed to be caused by light energy
being absorbed by the cantilever, resulting in a thermal
bimetal effect. The final artifact was a damped oscillation in
the deflection-time signal starting a few milliseconds after the
light pulse and lasting several hundred milliseconds. This was
caused by acoustic and vibrational noise from the flash lamp.
By acoustically and mechanically decoupling the lamp from
the AFM and shielding all light that is not coupled into the
flint glass, we were able to reduce the detrimental artifacts
below the thermal noise level (Figure 2C,D).

Further control experiments were performed to identify
possible thermal side effects on the force vs extension curves
of single polymer chains, which may be a result of the
ultraviolet irradiation. While any thermal energy deposited
on the molecule directly would be dissipated into the bulk
medium at frequencies much faster than the time scale of our
experiments, thermal effects resulting from heating of solvent
or glass substrate cannot be excluded a priori. To fully exclude
such thermal effects (as well as other possible irradiation
artifacts affecting the measurement of single chain elasticity),
control measurements were performed on polysaccharides,
which do not contain photochromic molecular units. No
measurable effects were observed in the force—extension
curves of these polymers (Figure 3). These data also demon-
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Scheme 1. Synthesis of Azobenzene Containing 24
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Figure 2. Interaction of light pulse with cantilever beam. The
deflection signal of the cantilever probe vs time when a single
flash of 420 nm wavelength light is coupled into the spectrom-
eter reveals the successful isolation of the cantilever from the
excitation. A setup where the coupling of the light into the
sample slide is not ideal (A, B) shows significant interactions
with the cantilever, including the initial light pulse impinging
on the position sensing photodiode at t = O (i), the mechanical
and acoustic noise arriving several milliseconds after the pulse
(ii), and a presumably thermal interaction occurring on the
time scale of seconds (iii). When the light pulse is well-coupled
(C, D), the only signal observed is light pulse reaching the
photodiode (i). The deleterious interactions with the cantilever
are eliminated.
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Figure 3. Effect of light pulses on polysaccharide molecule
force traces. Three traces of the same polysaccharide molecule
before excitation (a) and after excitation with light pulses of
365 and 420 nm wavelength (b and c, respectively) show no
significant change in the force profile. This clearly demon-
strates that the light pulse has no effect for a nonphotoactive
molecules. Force trace (b) and (c) have been shifted by 40 and
80 pN, respectively.

strate that the trace to trace variability of measurements on
the same chain is quite low. We estimate that we can
effectively measure differences in persistence lengths of <0.2
nm and that the trace to trace variability is below this level
in a well-controlled experiment.

Polymer Synthesis and Bulk Characterization. The
preparation of optically switchable polymers for direct obser-
vation in molecular force spectroscopy was directed by three
basic design parameters: the desire to maximize the potential
length change upon irradiation, the need to chemically attach
a chain both to the AFM probe tip and to the glass slide
substrate, and the need for a sufficiently long chain. The
polymer, which we prepared, is a sequential polypeptide with

Polypeptides

NH O 0
\
HN—"

I
5
P4
\,/j§
I=

trityl

NH
L “Adoc —1n

H-Gly-OH — H-AMPB-Gly-OPfp — H-Lys(Adoc)AMPB-Gly-OPfp-HCI
M

(1) = H-[Lys(Adoc)-AMPB-Gly] -OH — H-Cys(Trt)-[Lys(Adoc)-AMPB-Gly] -OH
)

multiple azobenzene moieties incorporated in the backbone.
A heterobifunctionality of the N- and C-termini of the polypep-
tide chain provides for a gold—cysteine bond to the probe tip
and an amide bond to an amino-functionalized surface.

For the incorporation of multiple azobenzene moieties into
a linear polymer a sequential polypeptide approach based on
polycondensation of tripeptide monomers containing (4-ami-
nomethyl)phenylazobenzoic acid (AMPB)%"58 was selected. For
this purpose, the pentafluorophenyl ester of the pseudo-
tripeptide 1 was synthesized in stepwise manner by classical
procedures in solution (Scheme 1) and isolated as hydrogen
chloride salt (homogeneous on HPLC: tg = 10.4 min [Nucleosil
100-5 C18 (Macherey & Nagel, Germany); linear gradient of
2% H3POg/acetonitrile from 95:5 to 10:90 in 13 min]; ESI-MS:
m/z 785.4 [M + H]; M, 784.3 calculated for CzsH41NsOsFs).
Polycondensation of 1 was allowed to proceed in DMF at 0.4
M concentration and at room temperature for 24 h upon
addition of 1.2 equiv of triethylamine. The resulting crude
polymer was reacted with an excess of Fmoc-Cys(Trt)-OSu in
DMF, and after 24 h, the reaction mixture was chromato-
graphed on a phenogel 1K-75K (Phenomenex, Germany)
column (300 x 7.8 mm) with DMF at 60 °C as eluent. The
main fraction of ~25 kDa molecular weight was collected and
reacted with diethylamine for cleavage of the N-Fmoc group
and generation of polymer 2. Quantitative comparison of NH
and C%H proton signals in *H NMR spectra of the carboxy-
terminal glycine residue with those of all other glycines
allowed to estimate an average polycondensation degree of 28.
NMR spectra also confirmed hydrolysis of the carboxy-terminal
pentafluorophenyl ester during workup and isolation steps of
the polymer.

From studies performed on azobenzene® as well as on
peptides containing the AMPB moiety,5°¢! it is known that cis/
trans photoisomerization of the azobenzene unit is reversible
upon irradiation at A = 365 and 450 nm, respectively. However,
although the trans-azo isomer is obtained upon thermal
relaxation in the dark, because of the spectral overlap of the
excitations of cis- and trans-azo isomers, complete photo-
isomerization upon optical pumping is not possible. The
maximum populations that are typically obtained in azoben-
zene-containing peptides are 70—80% of the trans- or cis-azo
isomer;% for convenience, here, we refer to the saturated
extended and the saturated short polymer configurations, as
the dominant trans-azo state and cis-azo state, respectively.
Upon thermal relaxation into the all-trans-azo configuration,
the average contour length of the polymer was estimated at
54 nm.

Sample Preparation and Optomechanical AFM Ex-
periments on Polyazopeptides. A stepwise attachment of
the azobenzene containing polypeptide was utilized to prepare
the sample for force measurements. The polymer was first
attached to a gold-coated probe tip via the thiol group of the
amino-terminal cysteine residue, and then the carboxy-
terminal end was covalently bound to amino functionalities
on the sample slide. Polymer chains were coupled to the probe
tip by first physisorbing them to the cantilevers in DMSO
solution, followed by deprotection of the cysteine thiol group



2018 Holland et al.

using 5% trifluoroacetic acid in CH,Cl,. The proximity of the
deprotected thiol groups to the gold surface resulted in
chemisorption of the polypeptides to the gold-coated tip via
the formation of a covalent Au—S bond.

Flint glass microscope slides were functionalized with N'-
[3-(trimethoxysilyl)propyl]diethylenetriamine (Aldrich) to in-
troduce amino groups. A drop of silane was placed on the
slides, which were then placed in a 90 °C oven for 15 min.
The slides were rinsed with ethanol followed by water and then
placed in 90 °C water for 30 min.

After mounting a polymer modified cantilever chip in the
force spectrometer, the carboxy termini of the polypeptides
were activated by the addition of 10 uL of a 100 mM
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-(dimethylami-
no)propyl)carbodiimide (EDC) (NHS and EDC in 1:1 molar
ratio) solution in DMSO to promote the formation of an amide
bond with the amino groups on the glass slide surface. The
cantilever tip with the activated, chemisorbed polymers was
brought into contact with the amino-functionalized slide. The
formation of a covalent bond was reflected by rupture forces
in the nanonewton range,*® which allowed us to stretch and
hold the polymers with a force of several hundred piconewtons
for several minutes without bond rupture. Adhesion of short
strands of nonspecifically bound polymer was ruptured until
a single covalently bound strand remained, at which point we
could irradiate and make multiple measurements on a single
polymer molecule.

We observed that the stability of the tip and surface
attachment of single polypeptide chains is drastically reduced
if the polymer is kept at elevated forces for prolonged times.
The reported value of 1.4 nN for the failure of gold—sulfur
bonds“¢ provides an upper limit of the forces we can expect to
obtain with the current bifunctional attachment system. If one
considers the occurrence of occasional mechanical noise and
the addition of mechanical energy to the system from the light
pulse, it is not surprising that, on time scales of the experi-
ments, we are limited to forces on the order of 1 nN. Indeed,
as the force applied in the experiment rose above 500 pN, the
stability of polymer attachment was observed to decrease
substantially. Nonetheless, with care we were able to keep an
individual chain attached for more than an hour of continuous
measurements.

Data Collection and Analysis. The data were collected
as cantilever deflection and measured piezo position at rates
as high as 5 kHz. These data were converted to force and tip—
sample separation using the measured spring constant, sen-
sitivity, and point of tip—sample contact. We collected data in
Igor Pro (Wavemetrics) as individual force curves or, alterna-
tively, collected 5—10 min of continuously streamed data. The
advantage of continuously collecting data was the ability to
accurately account for instrument drift during and between
many force curves without having to come into contact with
the surface between each trace. Corrections in the data were
made for low-frequency noise, i.e., thermal effects and instru-
ment creep.

To determine the contour lengths of stretched polypeptide
chains, the experimental curves were fitted by an extended
wormlike chain (WLC) model including linear elastic contribu-
tions arising from the stretching of bond angles and covalent
bonds.5?

L R
Pz F
keT L K,

1 1
41 — RJL + FIKy)® 4
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In this expression, R; is the measured end—end distance at
any given force, F, and L is the contour length of the stretched
chain (polymer strand) under zero force (F = 0). The polymer’s
bending rigidity is expressed by the chain’s persistence length,
Lp, and the chain’s extensibility upon stretching is described
by the segment elasticity, Ko, which is introduced into eq 1 as
a linear term. (Ko can be understood as the inverse of the
normalized compliance of a Hookean spring; the spring
constant of the polymer chain is given by K¢/L.) Note that eq
1 is only based on an approximation to the exact solution of
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Figure 4. Force vs extension trace of a trans-azo polypeptide.
A wormlike chain (WLC) fit shown by the dashed line reveals
a contour length of 89.1 nm, a persistence length of 0.5 nm,
and a segment elasticity of 20 000 pN.

the WLC model, which is valid in the range of low and high
forces (in the regimes F < 1 pN and F > 20 pN), but may differ
in the intermediate regime by as much as 10%.% It has been
suggested that the extensibility of the polymer chain may be
determined from the slope of the linear regime found at forces
above several hundred piconewtons,® but as this regime is not
always accessed, the established WLC fits were used to make
comparisons in this investigation.

Results

Mechanical Characterization of all-trans-Azo-
benzene Polymers. The characteristic shape of a
single azobenzene containing polypeptide was estab-
lished by obtaining numerous force spectra of several
individual chains. Figure 4 shows a typical force vs
extension plot of a polyazopeptide in the trans-azo state;
that is its fully extended configuration. The polymer
exhibits no measurable conformational transitions,
indicating that no significant thermal activation barri-
ers are overcome along the trajectory of mechanical
stretching.

The measure for the contour length of a stretched
chain is obtained from the extended wormlike chain fit
(WLC), after the two other free parameters, persistence
length Lp and segment elasticity, Ko, were determined.
For the force profile of the polyazopeptide in its extended
state, we obtained reasonable WLC fits with Lp = 0.5
nm and Ko = 20 000 pN. (For the particular polymer
molecule shown in this trace, the contour length of L =
89.1 nm was fit; note that the deviation from the
average length is due to the molecular weight distribu-
tion of the material.) We assumed that the trans/cis
isomerization does not significantly affect these two
parameters, so they were held fixed in all fits to the
experimental force—extension curves in order to obtain
precise relative values for the contour lengths of poly-
azopeptides in different configurational states.

Reversible Optical Switching at Low Force.
Figure 5A shows typical data obtained in a force
experiment during which optical excitation was coupled
into the sample. The traces are extracted from data
streams of cantilever deflection vs time that are re-
corded. In the time traces, individual light pulses can
be observed as spikes in the deflection data. The reader
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Figure 5. Switching azobenzene configurations. (A) Reversible switching of contour length at low forces is demonstrated by the
conversion of these data to force vs extension revealing the original trace (i), the more extended trace (ii) after pulses of 420 nm
wavelength light drove the polymer to the trans-azo configuration, and a shortened trace (iii) after pulses of 365 nm wavelength
drove the polymer to its cis-azo configuration. (B) A similar extent of shortening of the polymer chain is observed for a polymer
held under external force during excitation. The polymer initially driven to the trans-azo state by 420 nm wavelength light (i) is
shortened (ii) upon a single flash of 365 nm wavelength light. Two more flashes result in slightly more shortening. Five further
flashes at low force do not alter the length. (C) The cantilever deflection vs time for the data displayed in (B) shows the time
course of the experiment. Force curves are observed as the gradual increase and decrease in deflection, while the sharp spikes

(noted with stars) indicate the light pulses.

is reminded that these spikes result from stray light
reflected onto the photodiode and not from actual
cantilever movement (see experimental part for detailed
discussion of artifacts). This signal provides a conve-
nient marker for when the light pulses occurred.

The effect of the light pulses on a single azobenzene
polymer can be observed by comparing the force—
extension traces extracted prior to and after irradiation
of the sample. At the beginning of the experiment, the
polymer sample assumed an undefined configurationally
mixed state owing to the absorbed ambient radiation.
Trace i in Figure 5A is the polymer in this initial mixed
state. After five pulses of 430 nm wavelength light, the
polymer chain was driven into the saturated extended
trans-azo state. Trace ii illustrates the lengthening of
the polymer due to this switch. The polymer was then
driven into the saturated cis-azo state by irradiation of
five pulses of 365 nm wavelength light. As a result, the
polymer exhibited marked shortening as observed in
trace iii. Such lengthening and shortening could be
repeated several times before the polymer or its attach-
ment to tip or substrate ruptured. The intensity of the
light pulses from the flash lamp on the molecule varies
to some degree, and so the direct correlation of molec-
ular length change to the number or relative intensity
of the light flashes has not yet been possible. However,

we could use several flashes to drive the system into
an equilibrium state. We observed that three flashes
were enough to reach such a photochemical equilibrium.

Repeated measurements of a particular configura-
tional state of the same polyazopeptide molecule (i.e.,
no optical excitation between successive measurements)
resulted in identical force—extension, even when the
time span between successive measurements was min-
utes. The drift stability of the experimental setup is
therefore sufficient to ensure the accurate determination
of contour lengths of different polymer configurations
based on the WLC fit as described above. A contour
length, L:s = 83.7, was obtained by fitting the cis-azo
state trace in Figure 5A with a persistence length L, =
0.5 nm and a polymer segment elasticity of K, = 20 000
pN as described above. From this, the difference in
contour lengths (AL) between the saturated trans- and
cis-azo states was measured to be 2.8 nm, which
corresponds to a relative length change (AL/Ltrans) Of
~3%. Interestingly, stretching of the polymer in its
saturated short conformation, despite being the ther-
modynamically unfavored state, does not result in any
mechanically induced configurational transition. The
lifetime of the cis state is thus still high enough to
provide mechanical stability of the short polymer con-
figuration on the time scale of the AFM experiment even
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at elevated forces up to 1 nN. The cis/trans isomeriza-
tion of polyazopeptides does not result in different shape
characteristics of the force curves and is therefore only
identified by the relative length changes prior to and
after optical irradiation.

Reversible Optical Switching against External
Mechanical Force. Further experiments were carried
out to test whether the configuration of the azo units
could be optically switched, while holding the polymer
under relatively high tension. Under this condition,
optical switching is of particular interest, as the con-
traction of a polymer chain against an external force
may be employed for an optomechanical energy conver-
sion at the single-molecule level. Figure 5B,C shows the
results of one such experiment. The streamed deflection
and molecular extension data are displayed in Figure
5C. The sharp spikes show the points when light was
flashed into the system. The labeled force curves show-
ing decreases in extension correspond to the extracted
force curves displayed in Figure 5B. Prior to the
experiment, we drove the polymer into the saturated
trans-azo conformation with five consecutive flashes at
420 nm. Trace i reveals that, in the saturated trans-
azo state, this polymer molecule’s contour length is 47.7
nm. The molecule was stretched to a force of about 350
pN, and a single 365 nm pulse at constant tip—sample
separation resulted in a shortening by about 1.0 nm,
as measured from trace ii. Two further pulses holding
the polymer at the slightly higher force resulted in an
additional shortening by 0.9 nm observed in trace iii.
Since five additional 365 nm wavelength pulses at low
force did not result in further shortening, the polymer
was assumed to be in the saturated cis-azo state. The
relative length change observed here against external
force between the two saturated states corresponds well
with the value found for trans- to cis-azo switching at
low force (AL/Lirans ~ 3%). Only at very high forces do
we find hints for a suppression of the optical trans/cis
isomerization reaction. However, because of the limited
stability of polymer—surface attachment at high forces,
we have relatively few data at these high forces. The
highest force at which contraction of polymer was clearly
observed was 400 pN.

Discussion

Mechanical Stability of Azobenzene Configura-
tions. The rate at which an equilibrium is reached (i.e.,
the lifetime, 7, of any initially populated configurational
state) depends on the activation barrier of the transition
between the different states, AG*. For AMPB peptides
in DMSO an activation energy barrier for thermal
reisomerization from the cis- to the trans-isomer of AG*
= 44 + 2 kgT has been determined.®® The experimen-
tally determined lifetime of the cis-azo configuration at
301 K is 120 h.60

At the time scale of a single AFM stretching experi-
ment, any state with 7o greater than 1 min can be
considered “stable”. However, the mechanical energy
applied by stretching alters the conformational potential
landscape by effectively tilting it along the stretching
coordinate. This reduces the activation barrier of any
transition that proceeds in the direction of a path
nonorthogonal to the applied force. Therefore, the prob-
ability, and thus also the rate, of such a transition
increases as the lifetime of the initial state decreases.
It can be estimated from the Bell equation®®

T = 75 eXp[(—F,Az*)/kgT] (2)
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Figure 6. Schematics of a cut through the potential energy
landscape of the reversible azobenzene cis/trans transition
along the inversion pathway. The relevant conformational
coordinate is the bond angle which changes from about —60°
to +60° for an in-plane transition of the right phenyl ring from
the cis- to the trans-azo position.t%%6.67 The transition can be
induced by optical excitation (cis-azo form at 420 nm; trans-
azo form at 365 nm). Typically, the trans-azo form is thermally
favored. (The graph is based on previous theoretical® and
experimental data.®89)

in which F; is the projection of the applied force along
the internal transition coordinate z and Az* is the
“width” of the conformational transition potential. The
length difference in the end-to-end distance of a single
azobenzene unit in the cis- and trans-azo states was
calculated ab initio using the INSIGHT 11 software (lyrans
~ 1.9 nm, l;s ~ 1.65 nm, and therefore Al ~ 0.25 nm).
Then assuming a symmetric potential, Az* is ~ 0.13 nm.
According to the Bell equation, the lifetime of the excited
cis-isomer is reduced to ¢ ~ 100 ms, once the projection
of the stretching force on the coordinate describing the
trajectory of the cis/trans transition exceeds 400 pN.
While this force is well within the range of stretching
forces applied in our AFM experiments, the saturated
cis- and trans-azo configurations were both found me-
chanically stable to all experimental pulling forces on
the time scale of the experiment. For the lower energy
trans-azo configuration, this is expected, as it represents
the equilibrium configurational state.

A likely explanation for the somewhat surprisingly
high stability of the cis-azo configuration is that the
force-induced transition proceeds along a pathway
nearly orthogonal to the thermal cis/trans isomeriza-
tion. The activation barrier and thus the thermal
lifetime of the cis-azo configuration would remain
unaltered. Note that the thermal cis/trans isomeriza-
tion is suggested to proceed along an isomerization
pathway in which the dihedral angle ®nnc is the
relevant configuration coordinate (Figure 6)80:66-69 and
that, the azo groups are not all aligned with the
stretching coordinate. A more generalized view of this
effect would be that the forced transition occurs on a
pathway ensemble whose width in conformation space
is drastically restricted by the external force acting
along the polymer backbone. The thermal transition,
however, samples the whole conformation space and
may reach saddles and low-energy barriers, which are
not accessible for the forced transition. This would to a
certain degree correspond to the conformationally locked
interaction found in certain biopolymers, e.g., actin
filaments, which are known to withstand forces of up
to 100 pN for seconds although their equilibrium
constant is in the millimolar range.
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If there is such a separate mechanical pathway, our
measurements allow us to set a lower bound for the
lifetime, 7o, of the cis-azo state when restricted to this
path along the stretching coordinate z. With eq 2 and
the observation that a molecule can be held in the cis-
azo state at forces of ~1 nN for longer than a second, it
is estimated as 79, ~ 3 x 1013 s (i.e., ~1 million years).
The lifetime of a state, 7o, is correlated with the energy
barrier of the escape path, AG*, via 7o = (1/vo) exp-
(+AG*/kgT),’® where vo may be seen as a characteristic
frequency of the transition.”® If vg is assumed indepen-
dent of the pathway, the energy barrier AGg* along the
configurational coordinate ®nnc and the energy barrier
AG;* along the stretching coordinate z are related by

AG* = AGy* + kgT In(7y /74 ) (3)

Thus, AG,* ~ 62 kgT,; i.e.,, the energy barrier is
increased by approximately 18 kg T when the molecules’
escape path is restricted to the stretching coordinate.
However, these estimates are based on the assumption
that the natural frequency vq is the same in the forced
and the thermal process. This need not necessarily be
the case. Particularly on top of the saddle where the
state density is drastically reduced, the transition state
theory may break down. Our finding of the unexpected
stability of the cis-azo state against external force may
reflect this effect.

Photochemically Induced Length Changes and
Mechanical Work. The lengths of a single azotripep-
tide unit in the cis- and the trans-azo state from
theoretical calculations are liyans ~ 1.9 nm and lgis ~ 1.65
nm. As discussed above, the spectral overlap of the
excitations of cis- and trans-azo configurations limits the
photochemical switching of polyazopeptides to shifting
the average configurational populations between the two
limits ~80% trans-azo and ~75% cis-azo state.®® From
this, we may give an “average monomer length” in the
polymer’s saturated trans-azo state as [rans[~ 1.85 nm.
In the saturated cis-azo state, a total average of 55%
azobenzene units change their configuration, which
corresponds to an average contraction, [AlC~ 0.14 nm,
or an average monomer length in the polymer’s satu-
rated cis-azo state, gs0~ 1.71 nm.

The fitted contour length of the polyazopeptide mol-
ecule in Figure 5A is Lians ~ 86.5 nm in its saturated
trans-azo state, as obtained from the WLC fit to our
data. This corresponds to 46 azotripeptide monomers.
Considering the theoretical contraction per monomer of
0.14 nm, a maximum contraction, ALmax, of 6.4 nm, a
relative change of 7.4%, could be expected by optical
pumping at 365 nm. The actual length change measured
at saturation at low forces is 2.8 nm (~3%), which is
considerably less than this upper limit. The difference
may reflect the fact that some parts of the polymer chain
are not excited by the evanescent field. More impor-
tantly, the above calculations on the monomer lengths
do not directly correlate to the contour length of the
polymer chain. Intrinsic viscosity measurements on
azobenzene polymers have shown the largest effects of
optical excitation on the end—end distance of the
polymer coils in solution, when the photoactive units
were connected by stiff rather than flexible chain
segments.?223 In our experiments, the polymer chains
are fixed between tip and substrate and stretched
beyond the coil regime. While this geometry is thus
more comparable with photoactive bulk polymer net-
works, which may show considerable length changes
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upon optical switching,?” the remaining conformational
freedom of the polypeptide backbone may compensate
for some of the azobenzene shortening by rotations
around single backbone bonds.°

In other words, orientational rearrangement of the
azobenzene units, such as a change in their tilt angle
with respect to the polymer main axis, remain possible
in order to compensate for some of the conformational
strain induced by the configurational change. Addition-
ally, the cis-azo configuration could have a lower chain
elasticity than the trans-azo configuration, which would
result in lower measured length change upon extension
than expected. As a result, the maximum contraction
of the azobenzene unit Al is thus not entirely projected
onto the stretching axis. The experimentally measured
absolute length change of the polyazopeptide relates to
an averaged contraction of [AIC= 0.06 nm per monomer
in contour length. As only 55% of the azobenzene units
change their configuration, the length change of a single
azobenzene unit upon trans- to cis-azo switching, which
is detectable along the stretching axis, is estimated as
Al = 0.11 nm.

Efficiency of Converting Optical Excitation En-
ergy to Mechanical Work. It is instructive to have a
look at the efficiency of the optomechanical energy
conversion in the limit of all light reaching the polymer
in order to describe the experimental limit of efficiency.
In Figure 5A, contraction against a force of about 400
pN is shown, resulting in an average shortening of 0.12
nm per azobenzene monomer. When one assumes that
each switching of a single azobenzene unit is initiated
by a single photon carrying an energy of hyr = 5.5 x
1071° J (2 = 365 nm), the conversion of this photon to
mechanical work has an efficiency of about 10%.72 This
estimate neglects that the azobenzene is not excited by
every photon that it interacts with. (The quantum yield
is about 10% for trans- to cis-azo.) In addition, to
lengthen the shortened polymer and complete a cycle,
a second photon (hv = 4.7 x 107 J, 1 = 430 nm) is
absorbed at a quantum yield of about 50%. With about
10 azobenzene units in the chain measured in the
cycle,” about 120 photons or an energy of 6.6 x 10717 J
is needed for one complete cycle. The total mechanical
energy transduced to the cantilever is about 5 x 10720
J (estimated from the area of the cycle). This results in
a total efficiency of about 7.5 x 1074 for this extremely
simple optomechanical motor. This is only a rough
estimate of efficiency, and we recognize that there are
many other effects that will complicate more accurate
estimates of efficiency, including thermal back-relax-
ation, the field strength, and orientation dependency of
excitation efficiency, etc.

Conclusions

We have demonstrated the incorporation of a chro-
mophore into a polymer chain allowing controlled
lengthening and shortening of the chain contour length
and the ability to read out this change in a single
polymer with a macroscopic device. Not only was this
accomplished in a relaxed chain, but also while the
chain was held extended by an external force. In the
extended state, the shortening transition was able to
convert the absorbed optical energy into mechanical
work performed on the system. We demonstrated that
such a molecule could be used for a molecular switch
via length change or to perform work on a system.

The use of optomechanical energy conversion for
molecular switches is promising since the light can be
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applied in a controlled, clean manner. One must only
be concerned with thermal effects. The coupling of
optical excitation into polymer mechanics therefore
seems to be the most attractive approach for the general
study of energy transductions at the single molecule
level. We have recently demonstrated that the mechan-
ical stability of the two different azobenzene configura-
tions is sufficient to operate the experiment in an
optomechanical cycle and thus to perform work at the
molecular level.”?

Our results prepare the way for the development of
improved optomechanical switches with higher activa-
tion barriers, such as could be provided by structural
units, in which covalent bonds are formed and cleaved
during the reversible photochemical process. Most promi-
nent examples are spiropyranes and spirooxazines,
fulgides and fulgimides, and some diarylethene deriva-
tives, but their introduction into polymer main chains
(which would be needed for their study by AFM force
spectroscopy) appears synthetically much more demand-
ing.

Not to be overshadowed by the thoughts of building
nanomachines, this experimental system is a promising
method for quantifying how an applied force can alter
the energy landscape of chromophore transitions. This
could provide new fundamental insights into the course
of photoreactions under external loads. Investigating the
dependence of the transitions on the excitation wave-
length and external load will require carefully planned
experiments since the complexity of the potential mech-
anisms is confounded by contributions of alignment of
the chromophores, the exponentially decaying field
strength (in addition to the possibility of near field
amplification of the light by the AFM probe), and the
small contour length changes. But a systematic wave-
length-dependent analysis would allow the mapping of
the energy landscape as a function of external force and
chromophore substitution pattern.
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Abstract

Since the mechanical properties of individual polymers have become accessible with single molecule force
spectroscopy, detailed insight was gained into the molecular origin of their elasticity. Active, optically
switchable polymers were introduced as photonic muscles and used in single molecule motors. Here, we
present experimental data and calculations to describe the mechanical properties of poly(azobenzene-
peptides) in the complete force regime accessible by AFM. The high force regime is very well described by
ab-initio quantum mechanical calculations, while for the low force regime we combine ab-initio calculations
with a description of the entropic forces based on the freely rotating chain model. Finally, a one-parameter
fit for the different configurations of the poly(azobenzene-peptide) and a quantitative description of the

optically induced actuation are given.
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Introduction

Single molecule force spectroscopy has provided a very detailed insight into the mechanics of individual

1-5

polymers. Proteins were unfolded '~, nucleic acids were unzipped ®'°, synthetic polymers were

14,19-21

disentangled '*'* and peeled from surfaces . Interactions within and between molecules were

analyzed and quantified with unparalleled resolution and sensitivity. Different techniques evolved for

11,22-26 11,12 27-29

different applications. Optical traps , magnetic tweezers and vesicle pipette techniques have

been optimized for low force applications in the range well below 100 pN at the expense of spatial
resolution and dynamic range. Cantilever based techniques with their sub-nanometer spatial resolution were
found to be ideally suited for applications starting from several piconewton (pN) up to the nanonewton

(nN) regime, where covalent bond rupture occurs ',

At low forces the intramolecular conformations of polymers are found to be governed by entropic

135

effects, whereas at high forces the backbone deformations prevail *~. The crossover regime was found to be

dominated by supramolecular rearrangements such as folding in proteins ', hybridization on nucleic acids

693937 or solvent interactions **. This regime provided a richness of fingerprints specific for the chemical

nature of the polymer and its particular material properties or its biological function '*%!%1618:343%,

The elastic response of simple polymers with negligible supramolecular rearrangements was in the past

successfully modeled by either the worm like chain (WLC) model *>'*'#3%40

or the freely jointed chain
(FIC) model '******! both with modifications to account for the backbone elasticity and the resulting
softening of the entropic spring at higher forces. Recently, a parameter-free description of the elasticity of
three standard polymers: polypeptides, polynucleic acid and polyethylene, based on a combination of
statistical mechanics and quantum mechanics was introduced *>*>. The backbone elasticity, which
dominates the elastic response of the polymers at higher forces, was calculated with ab-initio quantum
mechanical (QM) methods ********°. The low force contributions were described by the freely rotating

chain (FRC) model ****. As a result a convincing fit of experimental force extension curves in a force

2
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regime from 10pN to 2 nN was obtained for polyvinylamine. These studies were partly motivated by
findings that weak interaction of the polymer with the solvent as low as one k,;T per monomer unit could be
determined and the accuracy was limited more by the quality of the model than by the precision of the

experimental data ****, *

In addition, single polymers are the ultimate milestone in miniaturization of materials, and in combination
with molecular actuators, or of active devices. In a previous study we had shown that a single
poly(azobenzene-peptide) might be operated in a repetitive expansion contraction cycle in close analogy to
an Otto-Cycle ">'°. The action may also be seen as a photonic muscle, converting optical energy into
mechanical work upon contraction. Such optically driven devices are generally regarded as promising
candidates for the realization of nano-scale motors, since optical agitation and fuelling offers striking
advantages both in speed and versatility, compared to electrical wiring or slow diffusive transport of
chemicals *’ In this study the precision of the data analysis was largely hampered by the empiric model
used for the fit of the force extension curves before and after optical switching'®. The quantum efficiency
of the opto-mechanical conversion, which is the major target for further improvement in applications of this

1316 Here, a

system as photonic muscle, could only be estimated based on relative measurements
parameter-free fit of the force extension curves as a function of the number of cis and trans azobenzene

units is clearly a desirable goal.

Furthermore, our previous experimental studies revealed an unexpectedly high potential barrier between
the cis and the trans conformation, indicating that the thermally activated conversion pathway between the
two conformations is not collinear with the forced pathway '®°°. Our quantum chemical calculation of the
molecular conformations under external mechanical tension in fact lead to further insights with respect to
the forced transition pathway. It is pointed out that the mechanical stretching modulus of the transition
state is an important parameter which describes to what degree the conversion between two molecular states
is in induced or slowed down by the action of external forces. We believe that this finding applies quite

generally and might be of importance for other systems as well.
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Experimental Section

Sample Preparation

The azobenzene-tripeptide building block was synthesized as described in '®°!

, it was then polymerized
and functionalized on the N-terminus with a trityl-protected cystein '*'°. For the attachment onto the
cantilever, the non-polar poly(azobenzene-peptide) was dissolved in dimethyl-sulfoxide (DMSO) and
physisorbed on a cantilever tip (Microlevers, Park Scientific Instruments, Sunnyvale, CA), which was
evaporated with 0.5 nm CrNi and 50 nm gold '* . The trityl-protected thiol group of the cystein was
deprotected with trifluoroacetic acid / CH,Cl, resulting in chemisorption of the poly(azobenzene-peptide)
to the tip via the formation of a covalent Au-S bond. The C-terminal end of the polymer was coupled in situ
to a flint glass slide (Schott), previously amino functionalized by silanisation with N’-[3-
(trimethoxysilyl)propyl]-diethylene-triamine (Aldrich) *®. The amide bond was formed in the presence of
100 mM N-hydroxysuccinimid (NHS) and 1-ethyl 3-(3-(dimethylamine)propyl)carbodiimide (EDC)
(NHS and EDC in 1:1 molar ratio) in DMSO "*-'¢ .

The non-polar homo-bifunctional C-(GVGVP)nx251-C polypeptide (kindly provided by Dan Urry)
were immobilized on a gold-coated glass slide by incubation and picked up with a gold-coated cantilever tip
(Olympus Biolever) '’. Both, the Si,N, cantilever tips as well as the glass slide were evaporated with 0.5

nm CrNi and 30 nm gold '’. These measurements were performed in Millipore water and at room

temperature '°.

Optical switching of the poly(azobenzene-peptide) was achieved by coupling light from a xenon flash
lamp (Rapp OptoElectronic, Hamburg, Germany) into the polished flint glass slide (F-2, Schott Glass
Mainz, Hellma Optic GmbH, Jena, Germany, n, = 1.666) via total internal reflection (TIR). A band pass
filter at 365 nm (FWHM 12.2 nm) and a filter setup at 430 nm (high pass GG420 in combination with BG
12) were placed between the flash lamp and the flint glass slide to excite the azobenzene unit and switch
between the cis and the trans conformation. To achieve high transmission in the UV, it was necessary to

use flint glass slides. DMSO (Aldrich, Miinchen, Germany, n,=1.48) was used as a solvent '>'* .



The technique of atomic-force-microscopy (AFM) based force spectroscopy and the instrumental set-up
have been described in detail elsewhere '*'¢2%3>2 The cantilever tip used in our experiments had spring
constants of 10, 14.5 and 35 mN m ~'. The spring constant of each cantilever was individually calibrated by
measuring the amplitude of their thermal oscillations ®°. The sensitivity of the optical lever detection was

measured by indenting the cantilever tip into a hard surface.

Data collection and analysis

The data collection and correction of the traces analysed in this paper are described in detail elsewhere '°.
Stretching the same molecule several times in series made it possible to average over three to five force
curves resulting in an improved signal to noise ratio. The averaged force curves were smoothed by a three-

point sliding average procedure before fitting.

Theoretical description

Ab-initio quantum mechanical model

In the last years the mechanical response of single molecules under stretching forces has been
extensively investigated with ab-initio quantum chemistry *>*%**4%%* " Ab-initio methods are performed at
zero temperature, and therefore miss entropic effects due to conformational fluctuations. These fluctuations
become irrelevant at high stretching forces. Therefore, ab-initio methods become very accurate at high
stretching force. We have recently shown, how to combine entropic effects, embodied in the freely rotating
chain model, with ab-initio predictions and achived a fit function for polyvinylamine in the whole force
range accessible by AFM *°. In this section we present results for azobenzene molecules under tension. As
described before, azobenzene exists in a trans and cis conformation °°. By performing an unconstrained
geometry search for a single azobenzene unit, we identified even further local minima conformations. In
Figure 1a we show the energy of five different conformations as a function of the distance between the two

outer carbon atoms.
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Figure 1: Force dependent energy landscape

of azobenzene.

a) Energies of different locally stable
configurations as a function of the distance, a,
between the two outer carbon atoms. The solid
line denotes fits of the cis-twisted and the
trans-planar conformation (dashed line). b)
Force-Extension curves of the cis-twisted
conformation (solid line) and the trans-planar
conformation (dashed line). ¢) Plot of the
energy curves for the cis and trans state in the
absence of force (solid lines) and in the
presence of an external force of 500 pN
(broken line). d) Different configurations are
trans-planar (open stars), trans-zig-zag (filled
triangles), trans-bent (filled diamonds), cis-
parallel (open diamonds), cis-twisted (open

squares).



For convenience, we measure all energies relative to the ground-state energy of the cis-twisted
conformation. All calculations are performed on the quite restricted 6-Gaussian level *>**. However, our
estimated cis-trans energy difference, which is of the order of 21 k;T, compares quite well with
experimental measurements which find this energy difference to be of the order of 17-20 k,T *. In
previous calculations, we have shown that although the absolute energy difference between different basis
sets can be considerable, forces depend significantly less on basis set quality (and on including electronic
correlations) since they correspond to energy differences *>**. All different conformations are quite stable,
meaning that they are separated by large barriers in the multidimensional conformation space (which we
will discuss later on). The geometries are schematically depicted in Figure 1d. For further analysis, we
concentrate on the cis-twisted conformation and on the trans-planar conformation (note that the trans-zig-
zag conformation and the trans-bent conformation become degenerate with the trans-planar conformation at
distances larger than the equilibrium distance in the trans conformation, which means under extensional
forces). The lines in Figure la denote polynomial fits for trans (dashed line) and cis (solid line)

conformations according to the formula

AE =i,cna”+l /(n+1) (D)

n=0
where a denotes the distance between the outer carbon atoms in the azobenzene unit. All energies are
measured relative to the ground state of the cis-state. The choice of unit cell reflects the chemistry of the
used azobenzene molecules, where spacer groups (peptide units) are linked to the azobenzene extremities

(Figure 2).



Figure 2. Chemical structures of a non-polar dipeptide (a) and the non-polar azobenzene-

tripeptide in the cis (b) and the trans (c) conformation.

For the FRCQM-fits, the polymer is separated into building blocks of azobenzene-cis (unit
length a,=0.6027 nm), azobenzene-trans (unit length a,=0.9106 nm), and tripeptide (unit length
5/3 a,=1.2166 nm).

Our fitting results for the elastic coefficients ¢, are given in Table 1. The experimentally measurable

quantity is the force, which follows from Equation 1 by a derivative

SME:icd o

]7 S
da "

and is shown in Figure 1b for the trans (dashed line) and cis (solid line) conformations. The equilibrium
extension follows from Equation 2 by setting F=0 and is denoted by q,. Note that Equation 2 gives the
force of a single azobenzene unit, which can be generalized for a polymer of arbitrary length by writing
F=Yd (ala)"=Y,d,(L/L,)" 3)
n=0 n=0
where d =(a,)"c, . The results for the coefficients d, are given in Table 2. Yet another way of expressing
the force response is obtained by re-expanding Equation 3 around the equilibrium length, leading to the

expression



F=Yy (@a,~1)’ @)

n=1

Two mechanisms of conversion between the cis and trans have been discussed in the literature, namely
the in-plane inversion of the N-N double bond and the rotation around the dihedral angle °°. Our results in
Figure 1a show that the inversion path way is faced with an activation barrier with a height of at least 35
k;T (note that the crossing of the two locally stable conformational branches does not correspond to the
true transition state, which most likely is of higher energy). It is important to note that the cis state is much
softer than the trans state, and thus yields quite easily to extensional forces. This is demonstrated in Figure
Ic, where we plot the energy curves for the cis and trans state in the absence of force (solid lines) and in the
presence of an external force of 500 pN (broken line). It is seen that the length of the cis state increases
substantially in the presence of an external force, and, as a result, the barrier decreases less than it would in
the absence of elasticity effects. For a force of 500 pN, the barrier height has decreased to 20 k;T.
Experimentally, there is evidence that the actual conversion pathway involves a rotation of the N-N dihedral

bond angle °°. Therefore, we study the rotation under extensional force in the following.

¢, (nN) ¢, MN/nm) | c, (aN/nm°) | ¢, (nN/nm’) | a, (nm)
azobenzene-trans -826.66 2,342.8 -2,254.2 745.0 0.9106
azobenzene-cis 9.992 -45.93 64.35 -25.942 0.6027

Table 1. Shown are all elastic constants obtained from the ab-initio calculation for a unit cell of azobenzene in the cis and in

the trans conformation.

d, (nN) d, (nN) d, (nN) d, (nN]) a, (nm)
azobenzene-trans -826.66 2,133.9 -1,869.1 562.49 0.9106
azobenzene-cis 9.992 -27.689 23.378 -5.68 0.6027

Table 2: Shown are the rescaled elastic constants obtained from the ab-initio calculation for a unit cell of azobenzene in the

cis and in the trans conformation.



The transition between cis and trans conformations can be visualized by a rotation around the dihedral

angle ¢ at the nitrogen-nitrogen bond by 180 degrees. In Figure 3a we show the energy as a function of

this angle.
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Figure 3. The transition between the cis and
trans conformation is visualized by a rotation
around the dihedral angle ¢ at the nitrogen-

nitrogen bond by 180 degrees.

a) The energy as a function of this angle is
plotted. The cis-twisted geometry (denoted by
squares) becomes instable at dihedral angles
above roughly ¢=85 degrees. Likewise, the
trans conformation (star) loses stability at
angles below (=105 degrees. At the crossover
between the cis and trans conformation, an
intermediate structure (cross) appears. This
demonstrates that close to the barrier many
competing and locally stable structures exist.
b) The distance between the two outer carbon
atoms as a function of the dihedral angle ¢ is
plotted for the cis conformation (squares), the
trans conformation (star) and the intermediate
stae (cross). The unit cell size of the barrier
state is roughly intermediate between the unit
cell size in the cis and trans conformations. c)
The stretching modulus of the azobenzene as a
function of the dihedral angle is plotted. It is
seen that as the dihedral angle increases, the
molecules becomes stiffer, meaning that in the
cis conformation the molecule easily yields to

the externally applied force.
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In the calculation, we have only fixed the dihedral angle, but have otherwise optimized the geometry of

the whole molecule. The distance between the two outer carbon atoms as a function of the dihedral angle is

plotted in Figure 3b. In Figure 3c, the stretching modulus v, of the azobenzene as a function of the dihedral

angle is plotted.

Further, we investigated the influence of force on the energy as a function of the angle ¢. The force-
dependent energy for F=0nN, F=0.5nN and F=InN is calculated by equation (5) and shown in Figure 4a.

AE(F)=AE - (al9]-a,,,)F (5)

In Figure 4b we include the stretching modulus 7y, of the azobenzene, which is given in Figure 3c, the

energy can then be written as

- 1
AE<F>=AE—<a[¢]—aM)F—5F2/n¢] (6)
100
\E [k gT] | @) )
r"ng ; [ ]
[ .
n #* " . .
® 0nN e
50 | 0.5 nM
_ - 1nM "
-100 =
0 45 a0 135 180
. | L
AE[kgT] | b) . @
50 | ; .
| 2
0—e«—=~ -
I B Oni ] [T
__',,_15 L5 i
= 1nN
0 45 o 135 180
dihedral angle ¢
Figure 4.

a) The energy relative to the cis ground state as a function of the dihedral angle is plotted at

forces corresponding to 0 nN, 0.5 nN and 1 nN.

b) Here, the elastic effects from Figure 3c are included via Equation 6.
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Including elasticity effects changes the energy of the extended states considerably. In specific, the

reduction of the barrier height under applied force is considerably reduced.

Freely Rotating Chain model
The freely rotating chain (FRC) model consists of segments with fixed length b that are freely rotating

at a fixed angle with respect to each other, as illustrated in the insert in Figure 5.

1000 .

o ;.-"' PWEYP-polypeptide, Lg=1600nm
oy i PG P-polypeptce, Ly=288nm r
i
i

0.2 0.4 0.6 0.4 1
sormalized Extention, LS Lo

Figure 5. FRCQM fit (solid trace) and normalized force extension traces measured with two
different chains (diamond and star) of the non-polar poly-GVGVP. The slope in the high force
regime (> 800 pN) of the two force vs. extension curves were first fitted with the ab-initio
calculated elasticity for a dipeptide (long dash line). From this fit, the resulting contour length
for the chains at zero force was determined to be L,=259 nm (diamond) and L,=1600 nm (star),
respectively. These zero force contour lengths were used to normalize the measured curves. The
ab-initio elasticities combined with the FRC-model (FRCQM) and a bond length of b,=0.12 nm
were found to fit the low, medium and high force range of the normalized experimental curves

over the whole force range (solid line).

Insert: Geometric configuration of the FRC-model with segments of a fixed bond length, b,

rotating freely around the bond axis at fixed angles vy *.
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The full force-distance relation is involved and has only recently been numerically determined. For high

forces, the FRC model is asymptotically described by Equation 7 *°.

LO(Np) k,T

In this Equation R (f) is the chain length, L,(N,) = N, a , /2 is the contour length at zero force, k is the
Boltzmann constant, T is the temperature, f is the force, Np is the number of monomers, ap0/2 is the unit

length at zero force from the ab-initio calculation and b, the bond length.

In this study we fit the poly(azobenzene-peptide) by dividing it into three units: peptide, azobenzene-
trans and azobenzene-cis. Assuming that the behavior of the single units is additive, Equation 7 was

expanded as a sum over all units:

3 -1
Rz(f’Nt’Nc)zz LiO(Nt’Nc)_ 1_(2'f'bz} (8)

Ly(N,N,) °Z| L,(N,N,) k,T

Here, i=1 indicates peptide, i=2 azobenzene-trans and i=3 azobenzene-cis. L (N,, N ) is the contour
length at zero force of the poly(azobenzene-peptide) (Equation 9d). L,,(N,,N,) is the sum of all unit length
at zero force from one species in the polymer (Equation 9a-c).

The pre-factor L, (N, N / L,(N, N,) is a weighting factor dependent on the amount of one species in
the polymer.

Equation 8 includes now three different bond lengths b;, namely the bond length for peptide b,=b,
azobenzene-trans b,=b, and azobenzene-cis b,=b..

The contour length Ly(N,, N,) of the poly(azobenzene-peptide) is separated into peptide L,=L (N, N),

azobenzene-trans L,=L, (N,), azobenzene-cis monomers L,=L _,(N,):

L=L,(N,)=N, a,/2=(N,+N,)-5/3-a,, (%a)
L,=L,(N)=N, a, (9b)
Ly =L, (N.)=N,a, (9¢)
Ly(N,,N,)=L,(N,,N,)+ Lo(N)+Lo(N.,) (9d)

Here a , is the peptide unit length at zero force (Figure 2a), a, is the azobenzene-cis unit length at zero
force (Figure 2b) and a,, is the azobenzene-trans unit length at zero force (Figure 2¢). N, N, and N, are the

number of peptide, azobenzene-trans and azobenzene-cis monomers, respectiveley.
13



Combined freely rotating chain-ab-initio quantum mechanical model

In the combined FRC-ab-initio QM (FRCQM) model, the unit length a, is force dependent because a,(f)
is the inverse function for the ab-initio stretching force F(a,) as described in the ab-initio section above (see
Equation 3) *° .

a,(f)=f"a) (10)

Therefore, all the unit length become force dependent and Equations 7-9 are rewritten as:

R(f) _Lo(f:N,) 1_(2'f-bp] o
L(N,)  LyN,) kyT

RANND | LN [ 2-f-b,-] )
L,(N,,N,) “| L,N,N,) k,T
L(f.N)=N,-a,(f)/2=(N,+N,)-5/3-a,(f) (13a)
L(f,N)=N, a(f) (13b)
L(f.N)=N_-a/(f) (13¢c)
LO(f’Nz’NL-):Lp(f’Nz’Nc)-'_Lz(,f,Nr)'i_Lc(f’NC) (13d)

With this combined FRCQM model the experimental force curves are fitted in the following way:

The high force range of the non-polar polypeptide chain was fitted first with the ab-initio Equation 13a.
In this fit, only the number of monomers (peptides) was varied and no bond length b, was involved. From
this fit the contour length at zero force and zero temperature was extracted (L, (f=0, N )) and the force
curves were normalized with this contour length.

Applying Equation 11 to the normalized poly-GVGVP force curves results in the fitted bond length b,
this length was later also used for the peptide bonds in the poly(azobenzene-peptide). After fitting the bond
length b, the effects of fluctuations are taken into account (Equation 11), which results in a length increase
of the fitted contour length (Figure 5, solid line). Note: Therefore, the dashed line in Figure 5 hits the x-
axis at L/L,>1°".

Following the procedure above, Equation 13d was used to fit the high force range of the non-polar

poly(azobenzene-peptide) to extract the contour length at zero force and zero temperature. In this Equation

14



combinations of N, and N_ were used to fit the high force range. The fit yields the number of azobenzene-

trans and azobenzene-cis monomers.

To determine the difference between trans and cis due to optical switching, the number of azobenzene

units was kept constant (N+N_=costant) and only the ratio between trans and cis was varied (N, /

N =variable).

In the last step, the bond length for azobenzene-trans b, and for azobenzene-cis b, was ajusted to fit the

whole force range for a wide range of conformational changes in the poly(azobenzene-peptide) (Figure 6-

8).

JLEE
=46 (TOA%), N.=15 (29.2%]
My=d 0 2%, M= e L2005
a0 B =A% (1%, N=20 028 0%]

Farce, F (pN)

0.2 0.4 0.5 0.8 |
Mormalized Extention, L/ Lo

Figure 6. Poly(azobenzene-peptide) force curves compared with FRCQM prediction.

Three force curves of non-polar poly(azobenzene-peptide) containing about the same amount of
trans and cis azobenzene are superimposed. Their good agreement shows, that a change in curve
shape does not result from uncertainties in the experiment (but reflects a switching of the
polymers elasticity). The contour length L, for the polymer is extracted from the ab-initio fit in
the high force range (black dashed line). Now the number of azobenzene monomers in the trans
and in the cis conformation can be calculated. The resulting FRCQM fit (solid line) uses the
following bond lengths: azobenzene trans (b,=0.11 nm), azobenzene cis (b,=0.30 nm) and

peptide (b,=0.12 nm).
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Figure 7. Non-normalized force vs. distance curves as used in Figure 6.

The three curves from Figure 6 are fitted here with different contour length and the above
calculated amount of azobenzene monomers in the trans and cis conformation. Short curve:
Data: star, fit: solid line; L,=132,4 nm <=> N,=46 (70.8%), N.=19 (29.2%), Medium curve:
Data: diamond, fit: long dash line; L,=134,55 nm <=> N=47 (71.2%), N.=19 (28.8%), Long
curve: Data: square, fit: short dash line; L,=140,62 nm <=> N =49 (71.0%), N.=20 (29.0%)
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Figure 8. Light induced switching of poly(azobenzene-peptide) compared to the theoretical

prediction.

a) Experimentally observed optical switching of poly(azobenzene-peptide) from 86.4% trans

(star) to 36.4% trans (diamond).

The theoretical predicted FRCQM calculation is plotted for 86.4% trans (long dash line, N,=19,
N.=3) and for 36.4% trans (short dash line, N,=8, N.=14). A theoretical all trans (solid line,
N=22, N.=0) and all cis (dot line, N,=0, N.=22) conformation of the poly(azobenzene-peptide) is
plotted to present the upper und lower limit for the length change. b) Magnification of Figure 8
highlights the one-parameter fit and illustrates the excellent match between experiment and

theory.

Force curves shown in Figure 5 and 6 are selected on the basis of maximum force (to get a very precise
L,) and maximum polymer contour length (to have the elasticity of the polymer much smaller than the
elasticity of the cantilever). The curves in Figure 8 were selected to demonstrate the FRCQM model over a

large length change due to optical switching of the azobenzene monomers.
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Results and discussion

Since the poly(azobenzene-peptide) backbone predominantly consists of peptide bonds, the accuracy of
the freely rotating chain-ab-initio quantum mechanical (FRCQM) model was first demonstrated with a fit
of the force extension traces of two non-polar polypeptide chains with different length (Figure 5).
Following the procedure given above, the contour lengths were determined at zero force and zero
temperature (see Equation 13a, diamond, L,(f=0)=259 nm, star, L,(f=0)=1600 nm) and the experimental
curves were normalized with these contour length and plotted on top of each other together with the
theoretical curve based on the FRCQM model (Equation 11, parameters from >°). As can be seen, the
accuracy of the calculated force curve is striking with a bond length of b,=0.12 nm = a, / 6 (Figure 5)

*>which is similar to the bond length of a single peptide bond in an uncharged polypeptide chain.

Next, the ab-initio quantum mechanical calculations at zero temperature for the azobenzene were
performed as described above resulting in free energies of the different azobenzene-conformations as a

function of their end-to-end distances (see Figure 1a). From these the molecular elasticity’s were derived

and plotted in Figure 1b. This results in stretching moduli of y,=82.5 nN for the trans conformation and

¥,=2.02 nN for the cis conformation according to Equation 4. The enormous difference in stretching

modulus reflects the different architecture of the conformations: the trans conformation is straightened out
and any lengthening of the molecule either deforms the nitrogen bonds (which is costly), distorts the
benzene rings or changes the length of a bond. In the cis conformation, the total molecule is bent and the
force acting on the outer carbon atoms produces an enormous torque at the center. This means that not

only the length per unit upon optical switching, but also the elasticity of the polymer changes.

The transition between the cis and the trans state is visualized by the rotation around the dihedral angle ¢
at the nitrogen-nitrogen bond by 180 degrees. As shown in Figure 3a, the cis-twisted geometry (denoted by
squares) becomes instable at dihedral angles above roughly ¢=85 degrees. Likewise, the trans
conformation loses stability at angles below ¢=105 degrees. In between, an intermediate structure appears.

We have not been able to determine the saddle-point, which is probably caused by the near-degeneracy of
18



many local minima close to the energy barrier °’. Nevertheless, we estimate the barrier to be of the order of

the energy of the cis and trans conformations where they almost cross.

In Figure 3b we plot the distance between the two outer carbon atoms an as a function of the dihedral

angle ¢. At distances corresponding to the barrier state, the distance a is roughly intermediate between the

unit cell size in the cis and trans conformations. This suggests that under an applied force, the barrier
height should be substantially decreased and thus a mechanic pulling experiment should be able to induce
the transition from the cis to the trans conformation at large enough forces. To test this, we plot in Figure
4a the force-dependent energy for forces corresponding to O nN, 0.5 nN and 1 nN (c.f. Equation 5). It can

be seen that the barrier height decreases from about 85 k;T to about 55 k;T. If, in addition, the angle

dependence of the stretching modulus v, (c.f. Figure 3c) is included (according to Equation 6), the barrier

stays even above 70 k; T (Figure 4b). This explains the, on first sight unexpected, high stability of the cis

conformation against an external force, which was observed in the experiments.

This result can be generalized: pulling a soft molecule over a free-energy barrier into a stiff state
becomes increasingly difficult when the transition state is stiffer than the starting conformation.

Conversely, it would be easy to push azobenzene from the trans conformation into the cis conformation °".

Comparing these calculated values for the barrier height with experimental results is not straightforward,
be cause the experimental analysis usually employs Kramers theory which strictly holds only in a one-
dimensional configuration space for a reaction path, however the actual path is in a multidimensional

configuration space and degrees of freedom that are orthogonal to the reaction path become important (e.g.

translocational vibration which are characterized by the longitudinal stretching modulus 7y, — see Figure 3c).

In addition, the ab-initio calculation is performed with the very restrictive 6G-basis set, and the saddle point
of the transition is not determined. The values that can be extracted from the data in Figure 4 should

therefore only be regarded as a rough estimate.

The main goal of this project is highlighted in Figure 6. It shows three normalized force extension traces

measured on polymers of different length but equivalent cis to trans ratio of about 29:71 together with the
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predicted curve (solid line). These ratios and the total number of azobenzene-cis N, and azobenzene-trans
N, -are a result of the fit in the high force range (Equation 13d), they result in the contour length at zero
force.

As can be seen the FRCQM model (Equation 12) provides an excellent agreement between experiment
and theory with a bond length b=0.11 nm for azobenzene-trans and b.=0.3 nm for azobenzene-cis. Figure
7 shows the same curves but not normalized (star, solid fit: L,,=132,40 nm, N, =46, N =19; diamond, long
dash fit: L,=134,55 nm, N=47, N_=19; square, short dash fit: L,=140,62 nm, N,=49, N =20). In the
appendix we give some arguments why for polymer that consists of bonds different length and different
bond angles the effective bond length will tend to be smaller than the true bond length, in agreement with

what we observed in our fits.

In Figure 8a this model was used to quantify the conversion ratio for a particular poly(azobenzene-
peptide), which was switched back and forth optically. Two traces were picked and analyzed after the
procedure given above. The best fit in the high force range was given for N=19 and N =3 (N+N_=22),
resulting in a contour length of 45.9 nm (Equation FRC 8d) and a trans to cis ratio of 86:14 (star, long
dash line). After UV exposure it contracted into the state fitted best by the short dash line where the
fraction of trans units was reduced to 36.4% (N =8, N =14, N+N =22, L, =42.5 nm, diamond, short dash
line). The extremes of 0 and 100% conversion are shown as doted (N=22, N =0, L,,=46.8 nm) and solid
(N=0, N =22, L ,=40.0 nm) lines respectively. Figure 8b is a magnification of Figure 8a and illustrates the
large change from a most trans to the most cis conformation in the single molecule poly(azobenzene-

peptide) experiment. This conversation rate is similar to the one observed in ensemble measurements °® .

Conclusions

We have demonstrated that a new statistical model for the analysis of experimental force-extension data
of poly(azobenzene-peptide)s can yield the precise number of units in the cis and trans conformation. The
model is a combination of the freely rotating chain model and ab-initio quantum mechanical calculations
(FRCQM) for azobenzene and peptide units. The experimental data were analyzed in three steps. In the
first step, force curves of non-polar poly-peptide chains were fitted with the FRCQM model and result in a

bond length of b,=0.12 nm. In the second step, poly(azobenzene-peptide) force curves were fitted and
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resulted in bond length for azobenzene-trans of b=0.11 nm and for azobenzene-cis of b.=0.3 nm. In the
third step this parameter-free model was used to analyze the switching of the poly(azobenzene-peptide)
from 86.4% trans to 36.4% trans.

As can be seen the model allows a one-parameter analysis of the degree of optical conversion and so for
a determination of the quantum efficiency of the opto-mechanical transformation. Experiments of this kind

in connection with this data analysis will be the basis of further development of the photonic muscle.

Beside the FRCQM model, the quantum mechanical calculations reveal that the forced conversion path is
orthogonal or at least has no prominent co-linear component to the thermal unfolding path. In other words,
pulling at the ends of the azobenzene group does not help the rotation around the N-N double bond. As a
result the force acting along the polymer backbone does not reduce the remaining activation barrier for the
thermal conformational transition and as a consequence the force does not significantly reduce the lifetime
of the cis conformation. This explains why the known thermal relaxation of the cis conformation within
fractions of hours is not speeded to a timescale comparable to the force ramp in the experiment. This is
why forces as high as 500 pN can be applied for many seconds to a mostly cis configuration without

switching it to the trans conformation.
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Appendix: High-force limit of freely-rotating chain model

We present here a generalization of the scaling arguments already displayed in a previous publication °°.
Consider a freely rotating chain model under large extensional forces. In this high force limit, the chain will
adopt an extended conformation, and we only consider small librational fluctuations around this ground
state. In the previous publication, all bonds had the same length and bond angle. Now, we show a slightly

more general model where the chain consists of two bonds of different length and in principle also of
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different bond angle. Figure 9 depicts two bonds that might make up the chain and all the relevant

variables.

Figure 9. High-force limit of freely-rotating

chain model.

5 Shown is a general model where the chain
consists of two bonds of different length and
in principle also of different bond angle. The
upper bond makes an angle y with the lower
bond and an angle y—o with the vertical axis.
The torsional angle ¢ determines angular
fluctuations away from the ground state.

Where y =bcosycoso and

s =bcos(y— ) and b is the bond length.

The vertical axis denotes the direction along which the external force acts. The upper bond (the vertical

orientation of which we want to calculate) makes an angle ywith the lower bond and an angle y—ouwith the

vertical axis. The torsional angle ¢determines angular fluctuations away from the ground state. The

projected length along the force direction is given by

z=y+(s—y)cos¢

where y =bcosycosa and s=bcos(y—) and b is the bond length. The fluctuation of the upper bond

are determined by the partition function

Z= qu)exp{zf 1y T = 27k, TI(f (s— y)) exp( fs/k, T)
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from which the vertical extension follows by a partial derivative as <z> =dInZ/d(f /k,T). Dividing the

vertical extension <z> by the projected bond length s, we obtain finally

(@ KT
s 2 fbcos(y—or)

The new result is the factor cos(y—at), which amounts to a reduction of the effective bond length by a

geometric factor. A bond that is oriented closely to the force axis will only be subject to a small correction,

but for bonds that are oriented at a large angle y—oiaway from the force axis the correction term will be

important. The main result is that the effective bond length will be reduced, and this effect might be
especially important for polymer, which consist of bonds of different length and different bond angles.
This observation is in accord with the results obtained in this paper based on the fits of experimental data,
where the effective bond lengths were found to be substantially smaller than the geometric bond lengths
obtained within the ab-initio calculation. An explanation could be that some of the bonds make large angles

with the force axis.
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Abstract:

Small ligands and their receptors are widely used non-covalent couplers in various biotech
applications: the digoxigenin-antibody complex is a prominent example. Here we employed
single molecule force spectroscopy to investigate the mechanical stability of this complex in
order to validate its potential applications in biomolecular assemblies under force load. We
found a pronounced loading rate dependence of the rupture force, which we analyzed based
on the well established Bell-Evans-model with two subsequent unbinding barriers. We could

show that the first barrier has a width of Ax=1.15nm and a spontaneous rate of k 4=0.015s"
and the second has a width of Ax=0.35nm and a spontaneous rate of k =4.56s"". In the

crossover region between the two regimes we found a marked discrepancy between the
predicted bond rupture probability density and the measured rupture force histograms which

we discuss as non-Markovian contribution to the unbinding process.

Keywords: AFM, force spectroscopy, digoxigenin, antibody, loading rate, PEG,

nanostructure, epoxy silane

1. Introduction:
Affinity conjugation of biomolecules has found widespread applications for in vitro
diagnostics substituting radioactive labeling [1]. Especially protein receptors, which bind to

small molecules with high affinity, are the molecules of choice for biomolecular assays [1].



Prominent examples are the avidin-biotin and the anti-digoxigenin antibody - digoxigenin
system [2]. Both consist of a small molecule ligand that possesses a functional moiety, which
protrudes out of the binding pocket of the protein receptor. By means of this moiety the ligand
can be coupled covalently to other molecules or to a solid support [1,3]. For example, for non-
radioactive southern blotting a DNA probe that is specific for the gene of interest is labeled
with digoxigenin [2]. The sample DNA is fixed to a solid support, and after the probe was
hybridized to it, a conjugate of an anti-digoxigenin antibody to a reporter enzyme is incubated
on the sample. Now, the reporter enzyme is used to generate a dye that indicates the existence
of the gene of interest in the sample. Also ELISA assays can be performed according to this
principle. Here the digoxigenin is connected to an antibody, which is specific for the analyte

[2].

Affinity conjugation for diagnostic assays heavily relies on the low spontaneous off-rate of
the complexes formed. In contrast to that, biophysical experiments often involve loading or
even forced unbinding of receptor ligand bonds. Due to the application of an external force
the off-rate (k) can be reduced tremendously. This has first been demonstrated for the forced
unbinding of streptavidin-biotin with AFM force spectroscopy [4-8]. These experiments have

also proved, that slow natural off-rates correlate with high unbinding forces [9].

There are many examples using affinity conjugation to investigate the binding properties of
receptor-ligand interactions under an applied external force. In one example it has been
exploited for unbinding experiments of double stranded DNA with the optical trap [10]. The
DNA strand was immobilized to a surface bound anti-digoxigenin antibody via a digoxigenin-
label. To measure a setup like this it is important to choose an appropriate holding force for
the immobilization of the DNA, which can potentially be higher than the rupture force of the

bond under investigation [11-19].



A deeper insight into the strength and behavior of a receptor-ligand interaction under force
was described by Bell and decribed in detail by Evans [5,20]. These studies have shown, that
the force that holds a receptor-ligand pair together, depends strongly on the applied load.
Therefore, studies over a large range of loading rates reveal new insights in the energy
landscape of a receptor — ligand interaction.

As long the applied force does not exceed a critical range, the affinity conjugation has to be

stable under load for the time span of an experiment.

In another example, a differential force assay, biotin has been used to immobilize DNA
duplexes to a streptavidin coated silicone stamp. This method is based on the direct
comparision of two DNA duplexes, potential rupture sites assembled in series. Upon
application of an external force, one of the duplexes under investigation will break, but not
the biotin-streptavidin bond which is in a much higher force regime than the DNA-duplex

[21,22].

Since the digoxigenin-antidigoxigenin interaction is of high practical importance, in particular
for use in affinity coupling, it would be desirable to gain deeper insight into the energy
landscape of this system. Therefore, we report in this publication the measurement of forced
unbinding of digoxigenin-antidigoxigenin with the AFM spectroscope over a large range of
loading rates. We can show that the natural dissociation k =0.015s" measured with AFM are

in good agreement with bulk measurements on Fv-fragments [23].



2. Material and Methods

2.1 Slide preparation

Commercial epoxy functionalized slides (Schott, Nexterion, Mainz, Germany) were used for
covalent coupling of di-amino-polyethylenglycole (di-NH,-PEG, MW 6000g/mol, Rapp
Polymere, Freiburg, Germany). An amount of 75mg of di-NH,-PEG was homogenously
distributed over the whole epoxy slide and heated at 95°C for 15min until melting. To obtain
a thin PEG layer, a second epoxy slide was placed up side down onto the first one. This
“sandwich” was heated at 95°C for 24h. After carefully separating the slides, they were rinsed
with Millipore water several times to wash away unbound di-NH,-PEG and dried afterwards
with N, [24].

The NH, functional PEG surface was then converted into a COOH surface by covering the
surface with a 200u1 solution of 2g/ml glutaric anhydride (C;H(O,, Aldrich) in N, N-
Dimethylformamide (DMF, HCON(CH,),, Aldrich). A second NH, functional PEG slide was
placed onto the slide to cover it completely with glutaric anhydride. This sandwich was
incubated at room temperature for 12h in a DMF atmosphere. After incubation, the slides
were washed with DMF, Millipore water and finally dried in the oven. The PEG slides with

the COOH functionalized surface were stored in an Ar-atmosphere until activation.

2.2 Cantilever preparation

The cantilevers (Bio-lever, Olympus, Tokio, Japan) were cleaned in sulfuric acid (H,SO,,
95%, Fluka, Germany) containing 17mg/ml potassium dichromate (K,Cr,0O,, Sigma,
Germany) for 10min, then washed in Millipore water and dried. Silanization was achieved by
keeping the cantilevers in concentrated 3-Glycidoxypropyl-trimethoxysilan (Sigma,
Miinchen, Germany) for 1-2min. After that, they were washed with toluol (Sigma, Miuinchen,

Germany) and Millipore water and heated at 95°C for 30min, which finally results in epoxy



functionalized tips [25]. The PEG melting described before was also applied to the epoxy
functionalized cantilevers.

For each cantilever 50mg of di-NH,-PEG were put in adequate holes of a Teflon block and
heated until melting. Now the cantilevers were placed carefully in the liquid di-NH,-PEG
drops and heated at 95°C for 12h. Finally, the cantilevers were washed several times in hot
Millipore water and subsequently dried. As a result of this procedure the cantilever tips are

now passivated and amino-functional.

2.3 Anti-digoxigenin antibody and digoxigenin coupling

The activation of COOH groups on the PEG glass slide was performed with 1-Ethyl-3-(3-
Dimethylaminopropyl) carbodiimide hydrochlorid (EDC, Sigma) and 3-O-methylcarbonyl-
aminocaproic acid-N hydroxysuccinimide ester (NHS). For each slide 200u1 of a 1:1 solution
of 100mM EDC and 100mM NHS in Millipore water were put onto the slide and covered
with a thin glass cover slide. The slide was incubated for 30min in an H,O-atmosphere,
afterwards washed with Millipore water and dried in a stream of N2. Monoclonal nti-
digoxigenin antibody from mouse (IgG1, clone 1.71.256, Roche, Germany) with a
concentration of 100xg/ml (in 10mM potassium phosphate buffer, 7SmM NaCl, 5% raffinose,
0.01% 2-methylisothiazolone (MIT), pH 7.8) was spotted onto the pre-activated COOH
surface. Then incubated for 1h in H20-atmosphere to allow for the reaction of the amino
groups of the antibody with the pre-activated COOH groups forming a covalent bond. Finally,
the slide was washed with PBS (phosphate buffered saline, pH 7.4) to remove non-covalently

attached antibody and then stored in PBS at 4°C until use.

The cantilever tips were incubated for 1h in 20u1 drops of the digoxigenin-3-O-
methylcarbonyl-aminocaproic acid-N hydroxysuccinimide ester solution (10mM digoxigenin-

NHS solved in sodium borate, 100mM, pH 8.5), to allow for a covalent reaction with the NH,



groups of the PEG spacer. Finally, the cantilevers were washed with Millipore water to
remove non-covalently attached digoxigenin-NHS and stored in Millipore water at 4°C until

use.
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2.4 Dynamic force spectroscopy

All AFM measurements were performed at room temperature in PBS with a homebuilt
instrument [26]. Cantilevers with spring constants of 6pN/nm, 8.08pN/nm (A — Bio-Lever)
and 50pN/nm (B-Bio-Lever) were used. The spring constants were measured in each
experiment as described previously [27,28]. During the experiment the retract velocity was
held constant, whereas the contact time and the approach velocity were adjusted in order to
obtain single binding events. Several hundreds of approach and retract cycles have been
carried out to achieve good statistics. For each experiment, a broad distribution of loading

rates was obtained by varying the retract velocities between 20nm/s and 20um/s [5].



2.5 Data extraction

The data obtained were converted into force against extension curves (Figure 2). Each
experiment consists of several hundreds of force distance curves measured at one constant
retract velocity. These curves were analyzed all together to obtain both, the rupture force (the
force at which the antigen-antibody bond breaks) and the loading rate dF/dt. The loading rate
describes how much force was applied to the bond at a certain time shortly before the rupture
event occurs. The rupture force was determined as described previously [29,30]. The loading
rate was determined with a line-fit of the force curve prior to rupture, according to previous

studies [29,30].

2.6 Data analysis:

Rupture forces and appropriate loading rates were then plotted in two histograms for each
experiment with a constant retract velocity.

These histograms were analyzed in a two-step procedure. In the first step, the force and the
loading rate histograms with the same retract velocity were fitted with a gauss distribution to
find the maximum of the histograms. This was done for all measured histograms of the
different experiments with retract velocities between 20nm/s and 20xm/s. The maximum
values of the gauss fits were plotted in a force vs. logarithmic loading rate diagram.

The maximum obtained from the force histogram represents the most probable rupture force
F*.

_kT FAx
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with k- Boltzmann constant, T — temperature, k ; — natural dissociation rate at zero force, Ax

potential width between the bound and the transition state and F = dF/dt the loading rate. A

linear fit of the force vs. logarithm of the loading rate according to equation 1 reveals the



natural dissociation rate at zero force k  and the potential width Ax for the digoxigenin-

antidigoxigenin complex.

In the second step, the force histogram was normalized to be comparable with the probability

density function p(F) containing k , and Ax [5,29-31].
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Figure 2:

Force against distance curve. The values of the rupture force, the rupture length and the

loading rate were obtained from these curves as described in the text.

3. Results and discussion

This study was carried out in order to gain insight into to the energy landscape of the
digoxigenin-antibody complex as a prerequsite for the estimation of its mechanical stability in
molecular assemblies under a broad range of force loading rates. Therefore rupture forces
have been extracted from force curves in a range of 30pN/s up to 63000pN/s. The maximum

of the rupture force histograms was plotted against the corresponding loading rate dF/dt

(figure 3) in order to extract k ;; and Ax. The diagram shows a non-linear behaviour of the



force as a function of the logarithm of the loading rate. This diagram was therefore fitted with
two lines. The line fit for low loading rates (figure 3, dash line) reveals a dissociation rate at
zero force of k;=0.015s™" and a potential width of Ax=1.15nm. This natural dissociation rate
corresponds very well to the literature value of k 4=0.023 s™' received from bulk
measurements of comparable anti-digoxigenin Fv-fragments [23]. At high loading rates a k
=4.56s" and Ax =0.35nm was deduced (figure 3, solid line). According to Merkel [5], who
has investigated the unbinding of biotin — streptavidin, the two regions correspond to two

barriers in the energy landscape of the complex.
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Figure 3.

Most probable rupture force F* plotted against the logarithm of the loading rate.

Each point in the diagram represents the most probable rupture force F* and the related
most probable loading rate dF/dt. The maximum was determined by a Gaussian fit to
the force and the loading rate histogram at a constant retraction speed (black
diamonds). Two distinct regions are observed and fitted with two line fits according to
equation 1. The low loading rate region can be described with Ax=1.15nm and
Kot=0.015s™" (dash line) and the high loading rate region can be described with
Ax=0.35nm and kos=4.56s"" (solid line).



Given that these values represent the energy landscape of the anti-digoxigenin antibody -
digoxigenin interaction, it should be possible to extract similar k ; and Ax value directly from

the force histogram [30,31]. Therefore, the probability density function p(F) of equation 2
should fit the observed force histograms in order to proof if it is possible to describe the force

as a function of loading rate over the whole force range.

Therefore, we fitted the probability density function p(F) to the observed normalized last
rupture force histogram as shown in figure 4. This histogram was measured at a loading rate
of 120pN/s and can be fitted with the calculated probability density function p(F) using

k,=0.015s" and Ax=1.15nm (dash line).
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Figure 4.

Force histogram at a low loading rate.

Rupture forces for 85 force curve are plotted in a histogram (bars) and compared with
the calculated probability density function p(F) (dash line) with Ax=1.15nm,
Kot=0.015s™" at a loading rate of 120pN/s.
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Force histogram at a high loading rate.

Rupture forces for 644 force curves are plotted in a histogram (bars) and compared
with the calculated probability density function p(F) (solid line) with Ax=0.35nm,
Kot=4.56s™" at a loading rate of 14950pN/s.

For high loading rates, the measured force histogram (loading rate of 14950pN/s) can also be
fitted with the probability density function p(F) using k ;=4.56s"' and Ax=0.35nm as shown in
figure 5 (solid line). These two histograms at different loading rates describe the two regions
in good accordance.

We tried to apply this analysis at very high loading rates and at the interception between the
two line fits as seen in figure 3. For a loading rate of 63000pN/s the measured force histogram
(figure 6) is broader compared to the calculated probability density function (solid line).
These differences are dramatic, because the shape of the probability density function p(F)
depends heavily on the natural dissociation rate at zero force k ; and the potential width Ax.
For a good match of the measured force histogram and the calculated probability function

p(F) totally different values for k , and Ax have to be used.
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Force histogram at a very high loading rate.

Rupture forces for 155 force curves are plotted in a histogram (bars) and compared
with the calculated probability density function p(F) (solid line) with Ax=0.35nm,
Kot=4.56s™" at a loading rate of 63000pN/s.

The other interesting section is near the interception of the two line fits in figure 3. The force
histogram shown in figure 7 was measured at a loading rate of 440pN/s and compared with
two possible probability density functions. The first probability density function uses the k
and Ax values observed at low loading rates (dash line) and the second probability density
function uses the k ; and Ax values observed at high loading rates (solid line). It is clear that
both probability density functions cannot fit the observed force histogram. Only by using
again totally different values for k , and Ax, the experimental force histogram can be fitted
adequately. Therefore we conclude, that the analysis based on the assumptions of two barriers
in the energy landscape of the receptor ligand pair [5,29], can potentially be misleading. In
particular at the intermediate regime, large deviations occur between the measured data and

the obtained fits. This indicates that perhaps the underlying dissociation mechanism might

deviate from the simplistic two-barrier model at this region.
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Figure 7.

Force histogram near the interception of the two regions.

Rupture forces for 925 force curves are plotted in a histogram (bars) and compared with the
calculated probability density function p(F) for the low loading rate region (dash line:
Kot=0.015s", Ax=1,15nm) and for the high loading rate region (solid line: koz=4.56s",

Ax=0.35nm).

One reason for the misleading analysis might be the assumption made in this model, that the
energy wells are deep and the distance Ax between the minima and the transition state are

fixed during the applied load [5,29,32-34]. Because in this study we applied large external
forces that maybe alter the energy landscape of the complex dramatically. Therefore we can
not assume a Makovian like behavior of two distinct states anymore. One possible way of
resolving these differences is to take an energy landscape into account that describe the force
histogram in a better way. This can be done by applying Kramers theory to a probable energy
landscape at each external force [34]. To give a full description of the measured force

histogram, further theoretical investigations are needed.

The practical implication of the above findings for experiments under force load can be

illustrated by a gedankenexperiment: A receptor-ligand complex under investigation was



immobilized by the digoxigenin-antibody complex. At low loading rate of 120pN/s the
maximum of the rupture force of digoxigenin — antidigoxygenin is 24pN as shown in figure 4.
At a given rupture force of the complex under investigation of 10pN, the probability for bond
breakage of digoxigenin- anti digoxigenin still is 10% compared to 100% probability at 24pN
(dashed line in figure 4). Consequently the measurement of a force of 10pN in a setup that
uses the anti-digoxigenin antibody - digoxigenin system as affinity conjugation under the
above conditions, result in a 10% rupture probability of the affinity conjugation complex and
a 90% rupture probability of system under investigation.

Especially for dynamic force spectroscopy where the loading rate and the rupture forces vary
over a large range, this system has to be chosen carefully.

The problem however could be overcome by using multiple affinity tags in parallel which

give rise to avidity effects and a highly decreased k., as demonstrated for the His-tags system

[1].
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We have developed a modular multichannel surface plasmon resof&fPBespectrometer on the

basis of a commercially available hybrid sensor chip. Due to its modularity this inexpensive and
easy to use setup can readily be adapted to different experimental environments. High temperature
stability is achieved through efficient thermal coupling of individual SPR units. With standard
systems the performance of the multichannel instrument was evaluated. The absorption kinetics of
a cysteamine monolayer, as well as the concentration dependence of the specific receptor-ligand
interaction between biotin and streptavidin was measueed2005 American Institute of
Physics.[DOI: 10.1063/1.1899503

I. INTRODUCTION light-emitting diode(LED) whose light is reflected from the
gold film onto a linear camera. The camera signal is digitized
with 12-bit resolution by a digital signal process@SP
&\lormadics, Stillwater, Oklahomand transferred via a se-

Receptor ligand interactions are the hallmark of life. Sur-
face plasmon resonan¢8PR spectroscopy was established

in recent years as a standard method for the quantification | interf ; | ter. The initiati d dat
such interactions. This optical technique uses an evanescellf, Nerace o a personal computer. The initiation and data
collection is controlled wittevm software(Normadics, Still-

wave to measure changes in the refractive index at a metal— tor. Oklah
typically gold—surface. One of the binding partners is im- W& eTrr’] a Omh initiall db d | hich
mobilized at this metal surface. Binding of the other partner € sensor IS Initially covered by a gold 1ayer, whic

results in an increase of the surface concentration, and asi§@s removed by dipping the sensor into solution out of 3/4

consequence, in a change of the refractive index. Such megydrochlorlc acid and 1/4 nitric acid. Afterwards, it was

surements are performed in real time and the amount Orimsed extensively with double deionized watedH,0).

bound ligand as well as association and dissociation rates a@e SENsor was now .(:"’.ISt with an epoxy re(gtobnor Resj
determined ins, UK) into an aluminium block. Multiples of these units

Several commercial instruments are availdolehich &€ combined to form a multichannel block. For multichan-
may be operated with little training on day to day basis withnel operation each chip was operated by its own DSP con-

acceptable throughpat.However, these instruments can troller, and analyzed in multiple windows af/m software.

hardly be modified to suite the needs in a combined experi-

mental setup, e.g., in combination with an atomic force mi-B. Gold-coated cover slips and surface

croscope(AFM) or a second optical device accessing thefunctionalization

same metal surface. The SPREETA-sensor from Texas In- |, grder to allow for the sensor to be reused also with

struments(Dallas, Texasis a fully integrated one-chip sur- igterent surfaces, the initial single-use gold surface of the

face plasmon devickAs such it is easy to modify and may gengor was removed. Instead gold-coated glass cover slips

therefore be used for a wide range of apphca_ﬁcﬁurther- were optically coupled with index matching oil to the surface

more it is inexpensive compared to the established standaig ine sensor. These gold-coated cover slips are prepared as

systems. ) . . follows: cover slips (Roth, Karlsruhe, Germanywere
Here we describe the design of a multichannel SPRyeaned once in 2% Helmanex-solutigelma, Germany

spectrometer based on such sensor chips. This spectrometgf 15 min. and then two times for 15 min. in dg®. Al

is modular and the entire half space above the gold surface §eps were performed in an ultrasonic bath. Afterward, the

available for additional experiments. The performance of OUL eaned cover slips were dried in an oven at 75 °C overnight.

instrument is demonstrated with binding assays of differentrq clean and dry glass cover slips were covered with 10 A

standard systems. chrome/nickel(80% Cr / 20% Ni, GoodFellow, GBas ad-
hesive layer and 500 A gol(99,99% pure, Leybold Optics,

II. DESCRIPTION OF THE EXPERIMENT Germany by thermal evaporation_

A. SPR-sensor chip For surface functionalization the coated glass slips were

transferred immediately after evaporation into a go@Hso-
YUtion containing 20 mM cysteaminé&-aminoethanethiol,
Sigma-Aldrich stored overnight to allow a self-assembled
monolayer(SAM) to form onto the gold surfact®™® After
¥Electronic mail: gregor.neuert@physik.uni-muenchen.de 12 h of incubation(as can be seen later on in Fig. 2, already

The basis of this SPR system is the SPREETA-Sens
from Texas Instrument&® (Fig. 1). This sensor consists of a

0034-6748/2005/76(5)/054303/4/$22.50 76, 054303-1 © 2005 American Institute of Physics
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FIG. 1. (Color online Schematics of the SPREETA sensor. A LED emits
light at 840 nm, which passes a polarizer, illuminating the whole sensof!G. 3. (Color onling Linear drift of the surface plasmon plotted as thick-
surface. The reflected light is mirrored onto the array of photo diodes. ~ Ness changén=1.5 in watern=1.33 dependent on the temperatuc)
over a time period of 5.5 h. Linear least-squares line fit results in an average
thickness error of 0.33 A per °C. Red dots: measured data, black line:
an incubation time of one hour would be sufficignthe linear fit.

SAM-coated cover slips were washed extensively with

ddH,0 and placed into 1 M NaOH for 5 min to deprotonate g|astomer. After mixing the elastomer with a catalyst, the
the NH* groups of the SAM. Afterwards, the cover slips mixture was degassed and cast into a special form. The sili-
were washed with ddjO, dried in a stream of Nand pro-  ¢on tubes, which later on allow the fluid exchange of the
cessed immediately. sample are already inserted and polymerized into the elas-
As a result of this procedure the gold-coated cover slip§gmer. The polymer was cured for 24 h at 60 °C. The ap-
have a high density of Njat the surface, Wh;Ch are used t0 proximately 2 mm thick fluid chambers were finished by
couple carboxymethyl cellulo$€MC, Sigma.” A CMC so-  cytting a 10 mmx 3 mm sample volume out of the PDMS.
lution was prepared and added to the solid form of 1-ethylgefore each measurement, the fluid chambers were cleaned
3-(3-dimethylaminopropyl  carbodiimide  hydrochlorid  ith Helmanex, ddiO, ultra pure ethanol, and dried in a
(EDC, Sigma/N-hydroxysuccinimid(NHS, Sigma to reach  syream of N. The fluid chambers were then placed on top of
a final concentration of 5% CMC with 50 mM EDC/NHS in the coated cover slip and sealed with a microscope slide.
10 mM hepes. 20@l of this solution was pipette onto one Thjs assembly was fixed with a metal bar from the top.
cysteamine coated gold slide and covered by a second cys- Tq ensure a continuous flow of the buffer, the fluid cell

teamine coated gold slide in a sandwich like structure. Pregas connected to a peristaltic pump. It is also possible to
vious AFM studies had shown that a covalent attachment of,troduce sample liquid via a vahi€ig. 4@)]. The flow was
the polymer to the gold surface is achieved this Wayiese  controlled down to values as low as A0min. This allows

slips were then stored in an incubation chamber with gneasurements of sample volume as small asulp@r chan-
ddH,0 atmosphere at room temperature for 2 h. After thene| in a stop flow manner. Before each measurement, the
CMC coupling, the cover slips were washed extensively withgansor was calibrated in air and buffer.

ddH,O and stored in ddkO for later use. Before use, the
functionalized slips were well dried in a,Ntream.
D. Cysteamine monolayer adsorption

C. Fluid cell The quantification of the online adsorption of cysteam-
ine onto a freshly evaporated glass cover slip was the first
proof of reliable operation of the instrument as shown in Fig.
2. The gold cover slip was prepared and placed into the
instrument as described above. As a running buffer we used
(PBS. After equilibration of the instrument, we switched to
N the sample liquid system that contained a 10 mM cysteamine
43 solution dissolved in PBS and inject it into the fluid chamber.

E The thickness of the adsorbed layer in units of angstroms as
2 a function of time in hours is plotted. The index of refraction
A n is set ton=1.525. The adsorption of the cysteamine starts
A= . . . att=0 h (A) and rises rapidly, indicating the strong adsorp-
00 05 10 75 tion of the mercapto group to the gold surface. After 15 min.

time (1) a plateau was reached which indicates a saturation of the
gold surface with cysteamine. After one hour no significant
gIG- 2-f (ﬁolorb onling Binding kinetiﬁs OfSCySrt_]eamh_inE Iayerdgn gO}gd%) increase of the signal was observed any longer, so that the
e e o e oy oo e s dSOrpion of the cysteamine was stopB) by switching
teamine layer was assumed to be1.525. The black line is a guide for O the running buffer. The latter washed away unbound cys-
the eye. teamine, which resulted in a baseline shift of 4.8 A,

The flow chambers were made from pdlgimethylsi-
loxane (PDMS, Sylgard 184, Dow Corning fluid silicon

o

layer thickness (A)
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Lunctionalized) FIG. 5. (Color online Simultaneous multichannel SPR measurements of the

gold coated absorption of cysteamine onto the gold surface. Concentrations in PBS

ranged between 100 and 2.5 mM. Thickness was measured based on an

\ LHow chamber refractive index ofn=1.5. Solid lines are first order exponential fits of the
measured data.
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/ [lI. MULTICHANNEL OPERATION

rd / Because of this pronounced dependence of the surface
) / / plasmon resonance on the temperature we coupled several
& o 7,’ sensor units together to form a solid blodkigs. 4a) and
/ 7/ 4(b)]. This solid block connects all sensors thermally, ensur-
/7 ing the same temperature for each sensor. Having the same
17/ temperature at all sensors, it is therefore possible to use one
/ . / 4 sensor as a reference for the others. The temperature depen-
1 W - eS| { dence can later be subtracted from the other sensor signals.
Another benefit of arranging single sensor units in par-
allel is the possibility to build a modular multichannel SPR
device[Fig. 4(b)]. In our experimental setup it is possible to
cover six SPR sensors at the same time with one gold slide.
spreeta sensor aluminium block — gepsor surface To demonstrate the ability of multichannel operation, we
moulded i1 epoxy measured the absorption kinetic for cysteamine in a concen-

FIG. 4. (Color onling (a) Compiled setup contains the molded sensor with trations .rangehbefween ﬁ.'Skand 1.00 :nM'd f . f
functionalized gold coated glass cover slip and fluid cell. The fluid cell is In Fig. 5 the layer thickness is plotted as a function o

connected via a valve to the sample liq®L) or the running buffefRB). absorption time in hours for six different channels in parallel.

To ensure a continuous flow of the buffer, the fluid cell was connected to aThe cysteamine was solved and diluted in PBS. After the

peristaltic pump(b) The factory-made gold surface of the SPREETA sen- instrument was thermally equilibrated, we injected several

sors was removed with nitro hydrochloric acid. The bare sensor was molde . . h .

with epoxy resin into an aluminium block. A cover slip, which was evapo- solutions of cysteamine at different concentrati¢2s, 10,

rated with 15 A CrNi and 500 A gold was optically coupled with index 30, 40, 50, and 100 mMn the six flow channels. The mea-

matching oil to the glass surfac_e of the_sensor_. A flow chamber, made o§yred concentration dependence in the absorption kinetic in

\';i[t)r']v':’m"ivgz S'C’C'ﬁgeedsﬁgé? the active sensing region of the sensor and sealgg, different channels is a convincing demonstration of the
stable, reliable, and parallel operation of the instrument.

To explore the potential range of applications of this
which corresponds to a dense monolayer of cysteamine. Thigstrument in biophysical research we investigated the inter-
is in very good agreement with the theoretical value ofaction of biotin with streptavedin as shown in Fig. 6. For this
4.83 A. experiment we used a CMC surface as described before,
which provides a carboxyl functionalized surface. All mea-
surements in this experiment were performed in degassed 10
mM hepes buffer(Sigma under a constant flow rate of 30
wl/min. After equilibration of the experiment 10 mM biotin-

Surface plasmons are very sensitive to temperaturéhydrazid(Sigma—Aldrich was mixed with an equal volume
Therefore we measured the temperature dependence of tb&€10 mM hepes with 100 mM EDC / NH&hannel 1,2 In
plasmon resonance after encapsulation into the aluminiurohannel 3 only biotinhydrazid without EDC/NHS was in-
block (Fig. 3). The experiment was performed in dgBl  jected into the fluid systertd). The strong increase in signal
Plotted is the resonance angle in values of the thickness of ia related to the large change of the refractive index related to
hypothetical film with a refractive index ai=1.5 in water EDC/NHS. By switching all three channels to hepes buffer
(n=1.33 as a function of the temperature. This measuremenafter 32 min of incubatior{B), we washed unbound biotin-
was taken over 5.5 h and shows a linear thickness drift ohydrazid and EDC/NHS away. This resulted in a strong de-
0.33 A per °C. crease of the signal until a new baseline was reached. We

E. Temperature dependence of the sensor signal

Downloaded 11 Jul 2005 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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A

IV. DISCUSSION [

o

layer thickness (A)

Q‘D — channel 1
p o GHATTEL Three major benefits helped this instrument to become a
workhorse in our laboratory: multichannel operation, free ac-
cess to the active gold surface with other techniques, and
ease of operation. High end commercial instruments like the
Biacore have a better thickness resolution but the accuracy of
1% of a protein monolayer, reached with our setup is more
than sufficient for most applications. Also the option to de-

> 3 4 sign, test, and implement new surface functionalization pro-
time (1) tocols on the gold films with great ease and moderate costs
has helped to standardize surface chemistry in our lab.

FIG. 6. (Color onlineg Competitive binding assay for streptavidin to biotin- Having mu|t|p|e channels running in para”e' not on'y
hydrazid. (A) Immobilization of biotinhydrazid with EDC/NHSchannel . .
1.2 and without EDC /NHSchannel 3: (B) rinse with 10 mM hepes(C) speeds up screening steps. Since all traces run on the same

deactivation of the remaining activated carboxyl groupsiditvl ethanola- ~ Chip with the same history and chemistry, standard devia-
mine; (D) rinse with 10 mM hepes(E) channel(1,3) streptavedin(0.1  tions between the traces came down drastically. Being able to
mg/ml, channel 2: streptavedin 0.1 mg/ml preincubated with 1:25design the fluid chamber, e.g., with an optical window to the
biotinhydrazid. upper side has allowed to combine SPR measurements with

optical excitation and light induced chemistry. The integra-
then deactivated the surface by injecting a solution of 1 Mtion of an AFM became possible and initiated a different set
ethanolamingSigma (channel 1-38(C) for 30 min. Since  ©of experiments not reported here. The block design helped
not all the EDC/NHS activated carboxyl groups have reactednarkedly to increase the temperature stability of the setup.
with biotinhydrazid it is necessary to deactivate the remainAn additional external thermostat, also controlling the
ing activated carboxyl groups with an excess of ethanolasample fluids may help to improve this stability further if
mine, so that no protein binds covalently to the surfaceneeded.

later on.
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