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Kurzfassung/ Abstract

Die dargelegte Arbeit beschaftigt sich mit der Untersuchung zur gezielten Herstellung von plas-
monischen Nanopartikeln mit Hinblick auf deren sensorische Anwendung. In der Arbeit werden
die Limitationen von klassischen Synthesverfahren untersucht, um mikrofluidische Lésungsstra-
tegien zu entwickeln. Der Fokus liegt dabei auf der Herstellung von formanisotropen plasmoni-
schen Nanopartikeln mit gro3en Sensitivitaten, wie beispielsweise Silbernanoprismen. Als zentra-
les Thema steht die optimale Kombination verschiedener Methoden im Vordergrund, wodurch
effiziente und hochreproduzierbare Synthesen ermoglicht werden. Darauf aufbauend konnte eine
mikrofluidische Syntheseplattform realisiert werden, die ein leistungsfahiges Parameterscreening
hinsichtlich Inkubationszeiten der einzelnen Syntheseschritte, der formabhangigen Additiven und
der finalen Partikelgréf3en fur spharische und anisotrope Nanopartikel ermdglicht. Neben kontrol-
lierten Prozessbedingungen kennzeichnet das System einen reduzierten Ressourcen- und Zeit-
verbrauch und ermdglicht die parallele Herstellung von Goldnanopartikeln, mit spharischer, kubi-
scher oder Stadbchengeometrie. Die synthetisierten Nanopartikel zeichnen sich schlief3lich durch
ihre optischen Eigenschaften als Transducer in neuartigen optofluidischen und getaperten Licht-
wellenleitern aus, wobei sie selbst nach postsynthetischen Stabilisierungsprozessen eine hohe
Sensitivitdt aufweisen. In diesem Zusammenhang sind die publizierten Artikel, die auf den hier
vorgestellten Forschungsergebnissen basieren, richtungsweisend fir die nachste Generation der

Nanopartikelsynthese und deren Applikationen.

Schlisselworter: Mikrofluidik, Mikromischer, plasmonische Nanopartikel, anisotrope Nanoparti-

kel, Lichtwellenleiter

The present work deals with the investigation of systematic production of plasmonic nanoparticles
regarding their sensoric applications. Within the work the limitations of classical synthesis meth-
ods will be addressed to develop microfluidic approaches. The focus lies in the fabrication of
shape anisotropic plasmonic nanoparticles with high sensitivities like silver nanoprisms. A central
issue is the clever combination of several methods to enable an efficient and highly reproducible
synthesis. Based on this, a microfluidic synthesis platform was realized that allow an effective
parameter screening regarding the incubation time of each single synthesis step, the shape de-
pendent additives and the final particle sizes for spherical and anisotropic nanoparticles. Beside
the controlled process conditions, the system is characterized by the reduction of consumed re-
sources and time and further enables the parallel production of gold nanoparticles with spherical,
cubed or rod geometries. Based on their optical features, the synthesized nanoparticles are uti-

lized as transducers in novel optofluidic and tapered fibers, whereby the sensitivity of the nano-




particles stays high even after post-synthetic stabilization processes. In this regard, displays the
publications based on the results in the presented work display the direction for the next genera-
tion of nanoparticle synthesis and their applications.

Keywords: microfluidic, micromixer, plasmonic nanoparticles, anisotropic nanoparticles, optical

fibers
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Vorwort und Ubersicht

Der Vortrag Richard Feynmanns mit dem Titel ,There is plenty of room at the bottom* kann als
die Geburtsstunde der Nanotechnologie angesehen werden. In dem 1959 am CALTEC gehalte-
nen Pladoyer an die Technologie im Nanometerbereich? geht der spatere Nobelpreistrager auf
Chancen und Herausforderungen ein, welche durch die bewusste Gestaltung und Manipulation
von Nanostrukturen maoglich werden. Seine Vision wurde schliellich die Schlisseltechnologie
des 21. Jahrhunderts und erhielt Einzug in viele Industrie- und Forschungsbereiche. In seinem
Vortrag beschreibt er eine Abkehr der bis dahin geltenden ,Top-down“-Methode hin zu ,Bottom-
up“-Verfahren und der damit einhergehenden Realisierung von schnelleren, kleineren und leis-
tungsfahigeren Maschinen. Am Beispiel biologischer Selbstassemblierungsprozesse zieht er Pa-
rallelen zur Erzeugung von Komponenten durch gezieltes Zusammenlagern ihrer kleinsten Be-
standteile. Die vorliegende Arbeit soll an diesem Bottom-up-Ansatz anknipfen und beschaftigt
sich mit der Herstellung von Nanoobjekten aus ihren Grundelementen, den Atomen. Angefangen
mit klassischen Laborreaktoren mit Dimensionen im cm?® Bereich (Batchreaktor) liegt der Fokus
der Arbeit auf der Verwendung mikrofluidischer Bauelemente mit Kanalstrukturen im ym?® MaR-
stab, zur Herstellung von metallischen Nanopartikeln mit Abmessungen im nm?® Bereich. Die Na-
nopartikel kdnnen wiederum durch ihre speziellen optischen Eigenschaften als Signalwandler
kleinste Molekile bis in den Subnanometerbereich detektieren. Die dimensionsiibergreifenden
Malstabe spielen dabei eine zentrale Rolle, da insbesondere unter Verwendung mikrofluidischer
Komponenten die groflen Herausforderungen der Nanopartikelherstellung beherrscht werden
kénnen. Durch die Vereinigung verschiedener mikrofluidischer Techniken in Kombination mit wei-
teren Methoden wird in dieser Arbeit das Potenzial zur effizienten Kontrolle von Partikelherstel-
lungs- und Wachstumsprozessen gezeigt. Dadurch ist eine kontrollierte und reproduzierbare
Herstellung von verschiedenen Nanopartikelgeometrien mit einstellbaren optischen Eigenschaf-
ten und hohen Ausbeuten mdglich. Mit diesen mafigeschneiderten Nanopartikeln kbnnen neue
einzigartige Eigenschaften von Nanoobjekten realisiert werden, was der Visionar Feynman postu-
lierte, als er sagte ,,.... | can hardly doubt that when we have some control of the arrangement of

things on a small scale we will get an enormously greater range of possible properties ....”

a Das Wort Nano leitet sich vom griechischen Wort nanos ab und bedeutet ,Zwerg®. Es wird als Prafix fur Sl-Einheiten
verwendet, um entsprechend kleine Werte auszudriicken. Im Beispiel flir die Langeneinheit Meter bedeutet
1 nm = 0,000000001 m (2 10° m)




»Big is beautiful, but small is powerful” (Autor Unbekannt)

»Ilch bin immer noch verwirrt, aber auf einem héheren Niveau.“ (Enrico Fermi)

gewidmet meiner Familie

und meinen Freunden

Xl



EINLEITUNG

1. Einleitung

1.1. Einfuhrung/ Introduction

Unter dem Begriff Nanopartikel versteht man ein Teilchen, bei dem alle drei rdumlichen Dimen-
sionen im Nanometerbereich liegen [1]. Damit schlieRen Nanopartikel die Licke zwischen der
Mikrometerskala (>1 um) und der atomaren Skala (<1 nm) und werden daher haufig als Mediator
zwischen diesen beiden Welten betrachtet [2-5]. Besonders Edelmetall-Nanopartikel aus Gold
und Silber sind derzeit Gegenstand intensiver Forschung. Der Grund sind ihre au3ergewohnli-
chen Eigenschaften (katalytisch, elektrisch und optisch), die sich stark von denen ihres makro-
skopischen Pendants aufgrund ihrer ,eingesperrten Elektronen® unterscheiden [6]. Wissenschaft-
liche Untersuchungen reichen dabei zurlick bis 1857, als Michael Faraday erstmals die purpurne
rote Farbe mit der PartikelgroRe von Goldnanopartikeln in Zusammenhang brachte und ihre
Streueigenschaften (siehe Abbildung 1) untersuchte [7]. Aufbauend auf diesen Niederschriften
schaffte es spater der Chemiker Richard Zsigmondy 1902, Partikelsuspensionen®, bestehend
aus noch feineren Goldnanopartikeln, herzustellen und die Theorie Faradays zu beweisen. Dafr

nutzte er das von ihm und Henry Siedentopf in Jena entwickelte Ultramikroskop (Dunkelfeldmik-
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Abbildung/ Figure 1: Optisches Spektrum mit Reflexions- und Transmissi-
onsbild (optische Dichte OD = 0,5) sowie zugehérige TEM-Aufnahmen von
Goldnanopartikeln in verschiedenen Grél3en.

b Eine Suspension oder auch kolloidale Losung (griech. kélla (Leim) und eidos (Aussehen/ Form) ist ein Spezialfall der
Dispersion (heterogenes Gemisch aus nicht mischbaren Stoffen) und beschreibt Nanometer bis Mikrometer grof3e
Teilchen in fester oder fllissiger Form, die in einem sie umgebenden und in sich geschlossenen Medium, dem Disper-
sionsmedium, fein verteilt sind.
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roskop), welches ausschlieRlich das vom Partikel gestreute Licht zeigt und dadurch eine hohe
Auflésung auf Einzelpartikelebene erlaubt [8]. Unter anderem ist es diesem Durchbruch in der
Lichtmikroskopie zu verdanken, dass sich im Verlauf des 20. Jahrhunderts die Anzahl der Wis-
senschaftler, welche sich mit kolloidalen® Systemen beschéftigten, drastisch gesteigert hat [9].
Besonders hervorzuheben sind dabei die Untersuchungen zur gezielten GréRenherstellung von
kolloidalem Gold, die von Turkevich 1951 publiziert und von Frens 1973 verfeinert wurden und
Kolloidchemikern heute generell als ,Turkevich-Frens“-Methode ein Begriff sind [10, 11]. Der
Trend setzte sich Uber die Jahrtausendwende fort und erdffnete den metallischen Kolloidsyste-
men immer mehr Applikationsfelder, basierend auf ihren speziellen optischen Eigenschaften. Da
diese durch chemische Zusammensetzung und geometrische Faktoren der Partikel genau ein-
gestellt und determiniert werden, sich jedoch auch durch die Anderung der Partikelumgebung
beeinflussen lassen, werden metallische Nanopartikel fir Biosensoren verwendet [12, 13]. Dar-
Uber hinaus finden sie Verwendung zum Markieren von Zellen [14, 15], dem gezielten Manipulie-
ren und Schneiden von DNA [16, 17], als Positioniermaschinen[18], sowie als molekularer Sig-
nalverstarker [19-21]. Demgegenuber beschaftigt sich die vergleichsweiche recht junge Techno-
logie der Mikroreaktionstechnik mit Reaktionen und Prozessen in miniaturisierten verfahrens-
technischen Anlagen [22]. Dabei werden die Manipulation und der Transport von Fluiden auf
engstem Raum mithilfe von mikrostrukturierten Elementen als Mikrofluidik zusammengefasst.
Entgegen klassischen, chemischen Reaktionskolben im LitermalRstab oder groRRindustriellen Re-
aktoren im Kubikmeter-Mal3stab, kommen hier miniaturisierte Durchlaufreaktoren (Mikroreakto-
ren) im Mikro- oder Nanoliterbereich zum Einsatz. Dadurch verandern sich nicht nur die Dimen-
sionen und Skalierungen, sondern auch die Art der Prozessfuhrung. Wahrend in klassischen
Reaktoren ein finales Volumen durch die schrittweise Zugabe der Edukte erreicht wird (diskonti-
nuierlich), sind es in der Mikrofluidik miniaturisierte kontinuierliche Prozesse [23-25]. Reaktionen
kénnen in Echtzeit verfolgt [26, 27], dokumentiert [28] und mit Hilfe eines Regelkreislaufes koor-
diniert und schlieRlich automatisiert werden. Grundlage dafir bildet vor allem die verringerte late-
rale Dimension der Mikroreaktoren. Das Oberflachen-Volumenverhaltnis wird erhéht und das
effektive Volumen verringert, wodurch kurzere Diffusionswege realisiert werden kdnnen, was zu
einem verbesserten Material- und Warmetransport und damit zu effizienteren Mischvorgangen
fuhrt [29]. Infolgedessen kann eine schnellere Anderung der Reaktionsparameter erméglicht
werden, wodurch man eine schnelle Rickkopplung erhalt und somit einen flexibleren Gesamt-
prozess erreicht. Die mikrofluidische Prozessfuihrung ermdglicht im Hinblick auf die Synthesepa-
rameter eine leistungsfahige Hochdurchsatzanalyse (High-Throughput-Screening) [30], was un-
ter anderem wirtschaftliche Vorteile mit sich bringt [31]. Dartuber hinaus sind die Verringerung

von verwendeten Chemikalien- und Materialienmengen sowie bendtigter Energie von wirtschaft-
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lichem, aber auch von sicherheitstechnischem Interesse. Entgegen klassischen verfahrenstech-
nischen Anlagen werden mikrofluidische Aufbauten dabei nicht volumenorientiert hochskaliert
(upscaling), wodurch alle erwahnten dimensionsbedingten Vorteile verloren gingen. Vielmehr
kommt es zu einem ,numbering-up®, einer gesteigerten Anzahl der parallellaufenden Anlagen,
wodurch sich die Produktionsflexibilitat (hinsichtlich Ausfallen, neuen Reaktionen, geanderten
Anforderungen) erhéht und ein schneller Transfer von Forschung in die Produktion realisiert
werden kann [23, 24, 29]

The term nanoparticle describes a certain particle, which displays all three dimensions of the
nanometer range [1]. Nanoparticles are able to close the gap between the micrometer (>1 um)
and atomic scale (<1 nm) and can therefore serve as a mediator between these two worlds [2-5].
In particular, noble metal nanoparticles made of gold and silver are part of intense research
these days. The reason for this lies in their extraordinary properties (catalytic, electronic, and
optical) which strongly differ from their macroscopic pendants based on their “confined electrons”
[6]. Scientific investigations reach back until 1857, when Michael Faraday postulated the relation
between the purple red color of the solution and the size of the gold nanoparticles for the first
time and further examined their scattering characteristics (Figure 1) [7]. Based on Faradays pro-
tocols, in 1902 the chemist Richard Zsigmondy developed particle suspensions that contain even
finer gold nanoparticles and thus he verified Faradays theory. He used the ultramicroscope
(darkfield microscope), which was developed by him and Henry Siedentopf in Jena, to solely
visualize the scattered light from the particle and hence reach an optical resolution on single na-
noparticle level [8]. This breakthrough in the optical light microscopy is, among other things, the
reason for the increasing interest of researchers in the 20" century on the topic of colloidal sys-
tems [9]. Of particular note is the study of defined colloidal sized gold nanoparticles, which was
published by Turkevich in 1951 and improved by Frens in 1973. Nowadays colloidal chemists
know this procedure as the “Turkevich-Frens-method” [10, 11]. After the new Millennium, the
trend continued and initiated new application fields for the colloidal metallic system based on
their particular optical characteristics. Caused on the issue, that their optical properties can be
exactly adjusted and determined by the chemical composition and the geometrical parameters,
but are still affected by changes in the particle surrounding, the metallic nanoparticles will be
used for biosensors [10-13]. Furthermore, they are utilized to tag cells [14, 15], to selectively ma-
nipulate and cut DNA [16, 17], as position devices [18] and to enhance molecular signals [19-21].
In contrast, the comparatively young technology of microreaction technology deals with reactions
and processes in miniaturized plant constructions [22]. Thus, the manipulation and the transport

of fluids in tiny spaces with the help of microstructured elements are summarized as microfluid-
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ics. Contrary to classical chemical reaction flasks using liter scale or major industrial reactors
using cubic meter scale, microfluidics miniaturized flow-through reactors (microreactors) apply
micro or nanoliter scale. As a result, not only the dimensions and scaling changes, but also the
general way of processing. While in conventional reactors a final volume will be achieved by the
stepwise adding of educts (discontinuous), miniaturized continuous processes will be used in
microfluidics[23-25]. Reactions can be tracked [26, 27] and recorded [28] in real-time as well as
coordinated and finally automated with the help of a feedback loop system. The fundament for
this is chiefly based on the decreased dimensions of the microreactors. The effective volume will
be increased by decreasing the surface to volume ratio, whereby the diffusion paths will be re-
duced which results into an improved material and heat transport that enhances the mixing pro-
cess [29]. Consequently, a rapid change of the reaction parameters can be realized, whereby a
faster feedback is reached that results in a highly flexible entire process. Regarding the synthesis
parameters the microfluidic process enables an efficient high-throughput-screening [30] that im-
proves economic aspects [31]. Moreover, the reduction of used chemicals, material amounts as
well as required energy are of economic and safety related interest. Because in case of losing
the above-mentioned dimension-dependent advantages, the microfluidic plants will not be vol-
ume-oriented scaled-up like classical batch plants. In fact, it will use the numbering-up method,
an increased quantity of parallel working microreactors. This method increases the flexibility dur-
ing production (regarding failures, new reactions, changed requirements) and allows a faster

transfer from research into the commercial production [23, 24, 29].

1.2. Motivation

Die Eigenschaften von metallischen Nanopartikeln sind auch Uber das reine Forschungsbestre-
ben hinaus flr industrielle Anwendungen interessant [32]. Dementsprechend gibt es vermehrt
Unternehmen, welche Nanopartikelsuspensionen kommerziell vertreiben (Nanopartica, Nano-
composix, Nanopartz, BBI, mkNano, Nanoprobes, Creative Diagnostics, PlasmaChem, Creative
Diagnostics). Jedoch sind kommerziell erhaltliche kolloidale Lodsungen meist teuer und ihre Zu-
satze bzw. Additive oft unklar, so dass keine Rickschlisse auf den Herstellungsweg und die auf
der Partikeloberflache befindliche Chemie gemacht werden kénnen. Auch ist der Vertrieb von
konventionell erhéltlichen, plasmonischen Nanopartikeln (abgesehen von verschiedenen Gro-
Ren) auf spharische und stabchenférmige Nanopartikel limitiert. Aber gerade formanisotrope®
und komplexere plasmonische Strukturen sind interessant fur katalytische und optische Anwen-

dungen. Dabei werden diese Nanostrukturen derzeitig meist Uber Top-down-Verfahren herge-

¢ Anisotropie bezeichnet ein richtungsabhangiges Ereignis (z.B. Partikelwachstum). Der Begriff formanisotrope Nano-
partikel bezieht sich auf jegliche Partikelformen, die von einer spharischen Geometrie abweichen.
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stellt, die von ihrer lliickenlosen Produktionskette, der hohen Parallelisier- und Reproduzierbar-
keit, aber vor allem von ihren etablierten Verfahren profitieren. Dem gegentiber stehen die Bot-
tom-up-Methoden, die sich durch ihren geringen Bedarf an Personal, Equipment, Zeit und Kos-
ten auszeichnen. Die damit einhergehende hohe Effektivitdt wird durch ihren ,aufbauenden®
Charakter untermauert, wodurch kleinere und maflgeschneiderte, zum Beispiel monokristalline
Nanostrukturen, hergestellt werden kénnen. Die vorliegende Dissertation beschaftigt sich daher
mit der chemischen Synthese von formanisotropen metallischen Nanostrukturen. Es soll gezeigt
werden, dass durch Kombination mikrofluidischer Prozesse metallische Nanopartikel mit geziel-
ten optischen Eigenschaften definiert hergestellt werden kénnen. Dabei soll verdeutlicht werden,
dass aufgrund der hohen Reproduzierbarkeit, der kontrollierten Prozessfuhrung und der damit
verbundenen hohen Ausbeute vor allem mehrstufige Syntheseprotokolle (Abbildung 2) von den
mikrofluidischen Prozessen profitieren. Durch entsprechendes Adaptieren geeigneter Mikromi-
scher oder Methoden auf die jeweiligen Reaktionsbedingungen lasst sich somit jeder Wachs-
tumsschritt optimieren und damit der Materialverbrauch senken, aber auch die Flexibilitat des
Gesamtsystems bezlglich der Herstellung von formanisotropen Nanopartikeln erhéhen. Dartber
hinaus soll das Potenzial der hergestellten Nanopartikel in neuartigen Sensoranwendungen
deutlich gemacht werden. Eine Ubersicht (iber die gesamten in der Arbeit enthaltenen Nanopar-

tikel und miteinander verflochtenen Prozessschritte ist schematisch in Abbildung 2 dargestellt.
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Abbildung 2: Schematische Einteilung und Ubersicht iiber
die hergestellten Nanopartikelformen.
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2. Grundlagen

2.1. Optische Eigenschaften metallischer Nanopartikel und deren Verwendung in
der Biosensorik

Die optischen Eigenschaften metallischer Nanopartikel sind unter anderem auf ihre Nanoskalig-
keit und das damit verbundene ,Einsperren® der Leitungsbandelektronen zurlckzuflihren [6]. Bei
der Interaktion der Nanopartikel mit eingehender elektromagnetischer Strahlung kommt es zu
einer frequenzabhangigen kollektiven Auslenkung der Leitungsbandelektronen, wobei die
Amplitude durch die Polarisierbarkeit des Materials vorgegeben ist. Es entstehen sogenannte
Plasmonen?, weshalb diese Art der Nanoteilchen auch als plasmonische Nanopartikel bezeich-
net wird. Im Fall der Resonanz (Resonanzfrequenz®) ist die Auslenkung und das damit verbun-
dene Dipolmoment am hochsten. Das induzierte Dipolmoment erzeugt dabei ein evaneszentesf
Feld auf der Partikeloberflache. Die Intensitat dieses Feldes, welches sich senkrecht zur Parti-
keloberflache und damit in das umliegende Dielektrikum ausbreitet, unterliegt einem exponentiel-
len Abfall (1/e) [33]. Somit sind die héchsten Feldintensitaten direkt an der Nanopartikeloberfla-
che lokalisiert [34]. Beim Resonanzverhalten spricht man von lokalisierter Oberflachenplasmo-
nenresonanz (engl. localized surface plasmon resonance; LSPR) [12], welche stark von der
chemischen Beschaffenheit (Materialzusammensetzung und Kristallinitat) [33], den geometri-
schen Faktoren (Gréle und Form) [35] und vom umgebenden Dielektrikum (Brechungsindex)
abhangt [34]. Durch die Kontrolle dieser Faktoren kdnnen verschiedenen Resonanzwellenlangen
(LSPR-Bande, Amax) realisiert werden, was in Abbildung 1 fur verschieden grofde sphéarische
Goldnanopartikel dargestellt ist. Da die chemische Beschaffenheit sowie die Geometrie nach der
jeweiligen Herstellung determiniert sind, konnen diese als intrinsisch bezeichneten Faktoren
nicht mehr oder nur schwer nach der Synthese modifiziert werden. Demgegeniber kann jedoch
der Brechungsindex bzw. die Umgebung der Partikel relativ einfach verandert werden [36]. Diese
fundamentale Eigenschaft wird fur biosensorische Anwendungen ausgenutzt, wobei die plasmo-

nischen Nanopartikel als optischer Signalwandler (Transducer?) fir Brechungsindexanderungen

4 Plasmonen sind quantenmechanische Quasiteilchen, welche quantisierte Oszillationen der Ladungstragerdichte
(Elektronengas) in Festkdrpern darstellen.

¢ In der Plasmonik wird eher die Wellenldnge A als die Frequenz f angegeben. Uber den Zusammenhang
A = ¢/ f kann zwischen beiden Groflen umgerechnet werden. Dabei steht ¢ fiir die Lichtgeschwindigkeit im Vakuum
und betragt 299.792.458 m/s.

f Evaneszenz (lat. Evanescere, ,verschwinden“) beschreibt ein an eine Oberflache gebundenes Feld.

9 Transducer stellen Vermittler oder Wandler dar, die ein physikalisches oder chemisches Signal in ein anderes um-
setzen kdnnen. Im Fall von plasmonischen Nanopartikeln wird meist ein chemisches Signal (beispielsweise die Anbin-
dung von Molekulen auf der Partikeloberflache) in ein optisches Signal (die Verschiebung der Resonanzwellenlange)
umgewandelt.
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im Umgebungsmedium fungieren [12]. Ein groRes Potenzial liegt dabei in der Detektion von Mo-
lekilen (Molekul-Molekil Interaktion), da die Eindringtiefe der Plasmonen in das Medium um den
jeweiligen Nanopartikel und die GroéfRe der zu detektierenden Spezies in der gleichen Grofien-
ordnung liegt. Dadurch kénnen sie markierungsfrei" ein chemisches Bindungsereignis an der
Partikeloberflache oder das schlichte Verandern der gesamten Partikelumgebung detektieren,
indem sich ihre LSPR-Bande auf spezifische Weise verschiebt [34, 37-39]. Ein ahnlicher Effekt
tritt ein, wenn die Partikel in unmittelbare Nahe zueinander oder zu einem weiteren optischen
Element, wie beispielsweise ein Fluoreszenzmolekiil, kommen. Im Fall von Resonanziiberein-
stimmung kommt es zu einer Resonanzkopplung [40] untereinander oder aber zu einer Feldver-
starkung [2]. Vor allem die plasmonenverstarkte Ramanspektroskopie (Plasmon Enhanced Ra-
man Spectroscopy — PERS) [2] und Fluoreszenzeffekte, wie beispielsweise metal-enhanced
fluorescence (MEF) [41, 42], surface enhanced Raman scattering (SERS) [43, 44] und tip-
enhanced Raman spectroscopy (TERS), [3, 19, 45] profitieren von diesem Effekt. In Abbildung 3
sind die beschriebenen plasmonischen Sensorprinzipien schematisch gegenibergestellt. Um
jedoch mit plasmonischen Nanopartikeln hochempfindlich Molekile detektieren zu kdnnen, ist
neben der Spezifizitat, welche durch die fixierten Erkennungsmolekiile an der Partikeloberflache
bestimmt wird, die Sensitivitat ein entscheidendes Kriterium. Dabei bezeichnet die Sensitivitat S
die spektrale Verschiebung der Resonanzwellenléange in Abhangigkeit zur Anderung des Bre-
chungsindexes. Je hoher diese Verschiebung ist, desto sensitiver kdnnen Umgebungsanderun-
gen, entweder durch direktes Anbinden an der Partikeloberflache (Oberflachensensitivitat; Ss),
oder durch Verandern des Brechungsindex um den Nanopartikel (Bulksensitivitat; Sg) detektiert

werden [34, 37, 46]. Wie die LSPR-Bande selbst, haben die intrinsischen Faktoren auch einen

0
Raman (SERS. SERRS....)
on single particles (snpLSPR) Particle-particle coupling (Colorimetry)
e - @) =]
1D c, [T X é:
on particle layers (eLSPR) C,
©06 - €00
20 Fluorescence/Luminescence
Coupling waveguides/SPR and (MEF)
in particle solutions (Colorimetry) nanc_:aryclesg G @J
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Abbildung 3: Ubersicht von Sensorprinzipien, basierend auf plasmonischen Nano-
partikeln. [49]

h Markierungsfrei oder labelfrei bezeichnet die Detektion des nachzuweisenden Analyten, ohne diesen selbst vorher
zu markieren.
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Einfluss auf die Sensitivitat. So ist die Bulksensitivitat (Sg) fur grofRere Partikel generell hdher [47,
48]. Gleiches gilt aufgrund geringerer materialspezifischer Dampfungseigenschaften [33] fir die
Interaktion von Materie und Licht fir plasmonische Nanopartikel aus Silber im Vergleich zu de-
nen aus Gold [46]. Auch besitzen formanisotrope Nanopartikel neben mehreren LSPR-Banden,
die auf verschiedene Resonanzmoden zurlickzufiihren sind, eine hdhere Sensitivitat (vor allem
Ss) als ihr spharisches Pendant [37]. Diese Eigenschaft beruht auf der verstarkten Auspragung
und der damit einhergehenden starken Fokussierung der Oberflachenplasmonen an Spitzen und
Kanten [50, 51]. Das wiederum ist ein flr die Nahfeldkopplung entscheidender Effekt [52], da er
abermals eine Feldverstarkung, sogenannte ,Hot Spots® [53], an den beschriebenen charakteris-
tischen Strukturen, ermdglicht [40, 54, 55]. Die Herstellung formanisotroper Nanostrukturen ist
jedoch sehr komplex. Der folgende Abschnitt beschaftigt sich daher mit den Grundlagen der Na-

nopartikelsynthese.

2.2. Herstellung von metallischen Nanopartikeln

Die nasschemische Herstellung von plasmonischen Nanopartikeln ist eine kolliodale Synthese®,
gehort zu den Bottom-up-Verfahren und basiert auf der Reduktion von in Losung vorliegenden
Metallionen. Dabei wird eine Vorstufenverbindung (Prékursor), meist ein Metallsalz (z.B. Tetra-
chlorgoldsaure flir Gold und Silbernitrat fur Silber), als Ausgangsstoff verwendet. Durch Reaktion
der Metallionen mit einem Reduktionsmittel koénnen dessen Elektronen vom Metallion aufge-
nommen und das Metallion zu Atomen reduziert werden [6, 56, 57]. Als Reduktionsmittel werden
haufig Natriumborhydrid (NaBH.) [58, 59], Hydroxylamin (NH-OH) [60], Ascorbinsdure (AA,
CsHsO) [61-64], Natriumcitrat (NasCsHsO7) [11, 65, 66] oder verschiedene Alkohole [67], Aldehy-
de [68] und Saccharide [69] verwendet [56]. In der Regel sind in der Syntheselésung weiterhin

Stabilisierungsmolekile vorhanden, welche einen direkten Einfluss auf die Nanopartikel bzw.
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Abbildung 4: Vergleich der Modelle zur Nanopartikelsynthese. Beim klassischen Modells
nach LaMer werden die Anzahl der Nanopartikel durch die Anzahl der Nuclei terminiert (a).
In der korrigierten Version von Polte sind dagegen die Anzahl der Nuclei und die finale
Nanopartikelanzahl nicht identisch (b) [49].
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den Kristallisationsprozess haben. So adsorbieren diese Molekiile auf der Partikeloberflache und
stabilisieren die Nanopartikel elektrostatisch (Bsp. Citrationen) durch repulsive Krafte oder ste-
risch durch raumliche Abschottung voneinander. Fur letzteres gibt es verschiedene Moglichkei-
ten. Beispielsweise kénnen Polymere (PEG; PVA, PVP, PSSS) [70-73] DNA [74, 75], Tenside
(CTAB, CTAC, MTAB) [76-78] und organische Liganden [59, 79, 80] verwendet werden [81, 82].
Durch gezieltes Variieren der beschriebenen Zusatze kénnen diese aber auch die Kristallbil-
dung [72], das optische Ansprechverhalten und die finale Form der Nanopartikel
beeinflussen [82], was in Tabelle 1 (Kapitel 3.5) zusammengefasst ist. Bei zu starker Dezimie-
rung oder Vernachlassigung der Stabilisierungsmolekiile kommt es jedoch zur Agglomeration'
oder sogar zur Aggregation’ [1] der Nanopartikel und damit zur Prazipitation, was haufig eine
Zerstorung der kolloidalen Lésung zur Folge hat. Destabilisierung kann jedoch auch induziert
sein und wie in Abbildung 3 fiir kolorimetrisches Detektieren® verwendet werden [83, 84]. Die
eigentliche Synthese, also die gezielte Bildung von Nanopartikeln, bzw. die Erzeugung einer
neuen festen Phase lasst sich dabei in zwei Schritte einteilen: (I) die Keimbildung (Nuclei) und
dessen Entwicklung in stabile Kristallkeime (Seeds) sowie (IlI) das generelle Wachstum der Kris-
tallkeime zu den finalen Nanokristallen [6]. Abhangig von den herzustellenden Nanopartikeln,
kann das Wachstum aus mehreren einzelnen Wachstumsschritten bestehen. Dabei steht der
ursprunglich 1950 entwickelten Theorie zur Keimbildung nach LaMer [85], das derzeitig allge-
mein akzeptierte Modell entgegen (Abbildung 4). Nach LaMer kommt es zur Bildung eines Nuk-
leus aufgrund des Erreichens einer kritischen Konzentration von Metallatomen (basierend auf
der fortlaufenden Reduktion des Prakursors) und damit zur homogenen Selbstnukleation. Auf-
grund dieser kommt es jedoch zum rapiden Abfall der in der Lésung vorhandenen Metallatom-
konzentration, wodurch die Nukleation beendet und ausschlie8lich ein heterogenes Wachstum
der gebildeten Nuclei durch die noch in der Lésung vorhandenen Metallatome stattfinden kann.
Damit sind die Konzentration und die Grél3e der spateren Nanopartikel durch die Anzahl an ge-
bildeten Nuclei determiniert (Nukleationsfunktion) [86]. Diese sind wiederum abhangig von der
Dauer der kritischen Nukleationszeit, welche durch die Auswahl an verschieden starken Reduk-
tionsmitteln und der damit verbundenen Reduktionsgeschwindigkeit des Prakursors zu Metalla-

tomen kontrolliert werden kann. So ist NaBH4 zum Beispiel ein sehr starkes Reduktionsmittel und

i Unter Agglomeration versteht man eine reversible lockere Zusammenlagerung von Partikeln aufgrund Destabilisieren
der Effekte und das daraus resultierende Uberwiegen von attraktiven Kraften (Bsp. Van-der-Waals-Kréfte). Es handelt
sich um einen reversiblen Prozess, bei dem die resultierende externe Oberflache ahnlich der Summe der Einzelober-
flachen ist.

I Eine Aggregation ist eine irreversible starke Zusammenlagerung von Partikeln aufgrund kovalenter Bindungen. Die
entstehende resultierende externe Oberflache ist hierbei kleiner als die Summe der Einzeloberflachen.

k Kolorimetrie bezeichnet die Konzentrationsbestimmung einer Substanz basierend auf einen Farbumschlag der
Partikelsuspension.
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bildet sehr schnell (< 100 ms) [27, 87] viele Nuclei, die aufgrund des hohen Metallatomumsatzes
wahrend der Nukeationsphase anschlieend nur sehr wenig wachsen. Abhangig von den Zusat-
zen kénnen somit Goldnanopartikel zwischen 1,2 und 10 nm hergestellt werden [56]. Im Gegen-
satz dazu ist Natriumcitrat ein sehr schwaches Reduktionsmittel, dass Metallprakursor aus-
schlieBlich unter starker Energiezufuhr (z.B. durch Erhitzen) und langere Zeit (etwa 60 sec) zu
ihren atomaren Spezies reduzieren kann [88, 89]. Hier wird der beschriebene Vorgang, der auf
Turkevich und Frens zuriickgeht, besonders deutlich. Die einzelnen Synthesephasen und damit
die Nukleationsfunktion kdnnen durch verschiedene Verhaltnisse von Reduktionsmittel zu Me-
tallkonzentration eingestellt werden [11, 90]. Dementsprechend kénnen Goldnanopartikel von
10 nm [91] bis zu 200 nm [92] hergestellt werden, die jedoch eine relativ breite Grolenverteilung
aufweisen. So beschreibt das Modell von LaMer zwar relativ ausfiihrlich die Nukleationspase,
hat jedoch Defizite hinsichtlich der Beschreibung von Wachstums- und Reifungsprozessen'. Hier
setzt die Theorie des ,Aggregativen-Synthesprozesses” [86], basierend auf der Ausarbeitung
jungster experimenteller Ergebnisse von Polte und Kollegen, an (Abbildung 4b) [57]. Dabei ist
auch hier der Nukleationsprozess vom verwendeten Reduktionsmittel abhangig. So sind bei
Verwendung von NaBHs 0,8 nm grol3e Nuclei bereits nach etwa 100 ms erreicht [27], was fur
Natriumcitrat erst nach etwa 60 sec der Fall ist [89]. Direkt im Anschluss kommt es jedoch zum
Vereinigen (Koaleszenz™) der entstandenen Nuclei, da sie aufgrund ihrer geringen GrofRen und
der damit einhergehenden grofRen Oberflachen nicht ausreichend stabil sind [87, 93]. Das Resul-
tat ist ein vergroRerter Partikeldurchmesser bei paralleler Verringerung der Partikelanzahl. Die-
ser Prozess dauert fir NaBH4 ca 100 ms und fir Natriumcitrat etwa 20 min. Bei Verwendung von
Letzterem als Reduktionsmittel kommt es jedoch nochmals zu einem langsamen und schnellen
Wachstumsprozess, der zu beriucksichtigen ist [86, 89]. Die beschriebenen Prozesse laufen fir
Gold- und Silbernanopartikel in ahnlicher Weise ab, wobei das Wachstum bei Silbernanoparti-
keln durch einen weiteren metastabilen Zustand gepragt ist, der auf einem reaktionsbedingten
Gleichgewicht zwischen in Losung vorhandenen Kolloiden und unverbrauchtem Prakursor ba-
siert. [6] Durch die Zugabe geeigneter Liganden ist es jedoch moglich, auch diese Synthese zu
kontrollieren [72]. Dabei kann neben der anfangs beschriebenen Stabilisierung auch die Nano-

partikelgrée und deren Form Uber Liganden gesteuert werden.

I Hier ist insbesondere die Ostwald-Reifung gemeint, bei der ein Materiestrom von kleineren zu gréReren Kolloiden
vorliegt. Es kommt folglich zum Schrumpfen der kleineren und zum Wachsen der gréReren Partikel, wobei die kleinen
Partikel ab einem bestimmten Radius instabil werden und sich schlieRlich vollig auflésen. Daraus resultiert eine gene-
relle Verringerung der Kolloidanzahl und somit die Minimierung der freien Energie des kolloidalen Systems [57]

™ Koaleszenz (lat. coalescere - Zusammenwachsen) bezeichnet den Zusammenschluss/Verschmelzen von dispergie-
renden Teilchen

10
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2.3. Mikrofluidik und Mikroreaktoren

In der Mikrofluidik spielen Mikroreaktoren mit meist hierarchisch angeordneten und dem Einsatz-
gebiet angepassten Strukturelementen” die Hauptrolle gefolgt von den peripheren Elementen
(z.B. Spritzenpumpe, Spritzen, Verbindungselemente, Anschlisse, Zu- und Ableitungen
usw.) [23]. Auch wenn streng genommen Mikrotiterplatten und nanoskalige Kavitaten ebenfalls
zu den Mikroreaktoren gehoéren, haben sie in der Mikrofluidik eine eher untergeordnete Rolle, da
ein entscheidendes Kriterium gerade der manipulative Fluidtransport ist [94]. Diesbezilglich las-
sen sich mikrofluidische Verfahren in zwei Kategorien unterteilen, in (1) die kontinuierliche und (I1)
die tropfenbasierte Mikrofluidik [95]. Bei der kontinuierlichen Prozessflihrung flielien die Fluide in
der Regel als permanente Phase durch den Mikroreaktor (CF — Continuous Flow) [22, 29, 95].
Die tropfenbasierte Mikrofluidik beruht dagegen auf einem Mehrphasensystem (mindestens
zwei). Hier trennen die nicht mischbaren Phasen kleine Reaktionsraume (Segmente) auf, die
perlenschnurartig im Mikrosystem transportiert und manipuliert werden kénnen [30]. Dadurch
entsteht ein segmentierter Fluss (SF — Segmented Flow), bei dem jedes Segment eine in sich
geschlossene, einzelne Reaktionskammer darstellt [96, 97]. Abgesehen von ihrer Prozessfih-
rung lassen sich Mikroreaktoren jedoch generell durch ihre Wirkprinzipien eingliedern [23, 24].
Einen speziellen Typ stellen Mikromischer dar, die, basierend auf ihren Funktionselementen,
verschiedene Fluidspezies effektiv miteinander mischen kénnen. Dabei kann der Mischvorgang
sowohl aktiv induziert (z.B. elektrodynamisch, elektrokinetisch, dielektrophoretisch, magnetisch),
als auch passiv (ohne Zugabe externer Energie) realisiert werden [98, 99]. Unabhangig von der
zugrundeliegenden Art hat der physikalische Prozess des Mischens dabei das Ziel, eine gleich-
mafRige Verteilung verschiedener Spezies in einer Mixtur in kirzester Zeit zu erreichen [100]. Der
fundamentale Mischprozess basiert auf der molekularen Diffusion, die auf dem Fick‘'schen Ge-

setz beruht und durch die vereinfachte Abhangigkeit
t~d?/D

dargestellt wird. Die Diffusionszeit t hangt dabei antiproportional vom Diffusionskoeffizient D und
direkt vom quadrat der Diffusionslange d; ab. Dementsprechend sind Diffusionsvorgange fur klei-
ne Abstande hochst effizient, jedoch langsam und ineffektiv flr groRere Distanzen®. Die Aufgabe
von Mikromischern ist es daher, aus verhaltnismaRig grofien Volumina kleinere Volumenelemen-

te zu generieren, um somit die effektiven Diffusionswege zu verkurzen [23]. Erreicht wird dieses

" Die Mikrostrukturierung definiert dabei ein Funktionselement, welches mit der zugehdrigen Mikroperipherie eine
Reaktionseinheit bildet. Alle Reaktionseinheiten ergeben im Zusammenspiel den Mikroreaktor [24].

° Beispielsweise bendtigt ein kleines, in Wasser geldstes organisches Molekiil 5 s fur eine Diffusionstrecke von
100 pm, jedoch nur 50 ms fiir eine Strecke von 10 pm [23].

11
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Ziel entweder durch laminares oder durch turbulentes Mischen. Beim Konzept des laminaren
Mischens wird die Gesamtheit der zu mischenden Fluide sukzessive durch Teilung und Neufor-
mierung (Split-and-Recombine, SAR) zu regularen, alternierenden und parallellaufenden Lamel-
len forciert. Das dabei entstehende Multilaminationsmuster zeichnet sich, aufgrund der vielen
schmalen Lamellen und der daraus resultierenden grolen Grenzflachen, durch kurze Diffusi-
onswege aus [23]. Die Prozessparameter zur optimalen Durchmischung missen dabei jedoch
meist empirisch ermittelt werden. Beim turbulenten Mischen werden im gesamten Mischelement
strukturbedinge Verwirbelungen erzeugt, so dass lokale Unterschiede eliminiert und die Fluide
global betrachtet homogen verteilt sind. Dafir muss die Fluidgeschwindigkeit auf die vorherr-
schende Mischergeometrie abgestimmt werden, da in den kleinen Kanalen Wirbel erst ab einer
kritischen Flussrate entstehen. Unterhalb dieser Flussrate herrscht ein laminares Strémungsre-
gime, welches an dieser Stelle keine ausreichende Durchmischung erlaubt [99, 100]. Um fir die
verschiedenen Mischergeometrien den Ubergang zwischen laminarer und turbulenter Strémung
zu quantifizieren, bedient man sich verschiedener dimensionsloser Kennzahlen, die Aussagen
Uber das im Mikromischer vorherrschende Strémungsverhalten zulassen. Die Reynoldszahl (Re)
beschreibt beispielsweise das Verhaltnis zwischen Tragheits- und Zahigkeitskraften und berech-
net sich wie folgt:

_ prvxd

oo

Re

Dabei stellt p die Dichte und n die dynamische Viskositat des Mediums dar, v die Strémungsge-
schwindigkeit und d die charakteristische Lange (meist hydraulischer Durchmesser ds). Uber-
schreitet die Reynoldszahl einen kritischen Wert (Rewit), so kommt es von einem laminaren in
einen turbulenten Fluidstrom [23, 24]. Fir T-Mischer, einem klassischen Mischer bei dem das
Mischelement ein einfaches T darstellt (zwei orthogonal aufeinander stehende Kanale), ist das
zum Beispiel ab einem Wert von Re > 200 der Fall [101, 102]. Komplexere Mikromischer haben
jedoch ein anderes Verhalten, so dass fir jeden Mischertyp andere Kennzahlen berechnet wer-
den muissen [102]. Beispielsweise wird in gewundenen Kanalen neben der Reynoldszahl die
Dean-Zahl (De) angegeben, um die Existenz bzw. die Starke der durch die Umlenkung des Flu-
idstroms entstandenen Wirbel im Kanal zu quantifizieren (siehe Kapitel 3.2 Abbildung 8) [103,
104]. Fir eine ausreichende Durchmischung sollte De > 150 und Re > 100 sein, wobei die Dean-
Zahl Uber den Krimmungsradius R und den hydraulischen Durchmesser des Kanals folgender-

malfien berechnet wird:

De = Re |& [105].
2*R
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Bei allen Mikromischern ist ein einheitliches Verweilzeitverhalten entscheidend, wobei vor allem
kurze Verweilzeiten speziell fir schnelle Reaktionen gewahrleistet werden kénnen. Der Vortell,
geringe Mengen sehr prazise zu mischen, spielt vor allem bei gefahrlichen Reaktionen eine gro-
Re Rolle und unterstreicht weiterhin die dkologischen und ékonomischen Aspekte. Die Grundla-
ge dafir sind die verringerten Dimensionen und der damit einhergehenden minimierte Material-,
Chemikalien- und Energieverbrauch [23, 106]. Vor allem mit SF-Verfahren kénnen effizient
Hochdurchsatzscreenings gemacht werden [107]. Darlber hinaus erlauben Mikromischer im
Vergleich zu herkdmmlichen Durchfluss- und Batchanlagen eine schnelle Anpassung an sich
andernde Reaktionsbedingungen, wodurch sie fur online-monitoring-Prozesse pradestiniert und
daher ideal fir Automatisierungsprozesse geeignet sind. Anders als klassische Verfahren wer-
den Mikromischer nicht nach dem Prinzip des scale-up (die volumenmaRige Erhéhung des
Durchlaufs), sondern nach dem Prinzip des numbering-up (die Anzahl der parallellaufenden Mik-
romischer wird erhdht) betrieben. Durch diese einfache und glnstige parallele Replikation blei-
ben samtliche Prozessparameter bei erhohter Ertragsproduktion gleich und die Flexibilitat somit
erhalten [23, 24].

2.4. Stand der Technik

Wahrend die Arbeiten von Faraday und Turkevich sich noch auf die thermodynamisch favorisier-
te, spharische Form der plasmonischen Nanopartikel beschrankten, versuchten Wissenschaftler
in den 1990er Jahren verstarkt auch formanisotrope Nanopartikel herzustellen [108-112]. Durch
Verwendung der in Tabelle 1 (Kapitel 3.5) aufgelisteten Zusatze konnten dabei verschiedene
Kristallfacetten gezielt blockiert und damit ein gerichtetes Wachstum induziert werden. Aufgrund
der teilweise unklaren chemischen Vorgange bei der Herstellung und der damit einhergehenden,
mafigen Prozesskontrolle war der Erfolg hinsichtlich der zu erreichenden Geometrien und Aus-
beuten jedoch maRig. Erst nachdem Jana 2001 das effiziente Verfahren der mehrstufigen Syn-
these [60] fur formanisotrope Goldnanopartikel publizierte und damit einen Meilenstein setzte
[113, 114], konnte die Palette verschiedener Nanopartikelformen stets erweitert und deren Syn-
theseausbeute erhoht werden [6, 115-117]. Dabei beruht das Verfahren der keimbasierten Syn-
these (seed-mediated synthesis) auf dem strikten Trennen der Synthese (Keimbildungsprozes-
sen) von der anschlielenden heterogenen Keimbildung mit gezielten Wachstum. In diesem Zu-
sammenhang konnte Wagner 2004 erstmals zeigen, dass spharische Goldnanopartikel im Mik-
romischer effektiv wachsen kénnen [118]. Grundlage und Fundament dazu war jedoch die Syn-
these der Seeds im Batchreaktor. Ein Jahr spater konnte auch eine effiziente Synthese von
sphéarischen Goldseeds im Mikromischer gezeigt werden [119]. Gleiches gelang erstmals Lin fur

Silbernanopartikel [120]. 2010 gelang es dann Polte und Kollegen, die Reaktionen der Keimbil-
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dung, aber auch der Wachstumsschritte durch Verwendung von Mikromischern und in-situ Cha-
rakterisierung teilweise aufzuklaren [27]. Trotz Limitationen hinsichtlich Nanopartikelsynthese in
Batchreaktoren und des grofRen Potenzials der Mikrofluidik demgegeniber entwickelte sich je-
doch erst im letzten Jahrzehnt die mikrofluidische Synthese zu einer leistungsfahigen Herstel-
lungsmethode flir plasmonische Nanopartikel mit ausreichender Qualitat fur die Untersuchung
von Form-Eigenschafts-Beziehungen. In Tabelle 2 (Anhang) sind Meilensteine der mikrofluidi-
schen Synthese von plasmonischen Nanopartikeln zusammengefasst. Darlber hinaus beschaf-
tigen sich verschiedene Reviews [121, 122] bzw. deren Unterkapitel [22, 95] mit dieser Thematik.
Dabei liegt der Fokus auf verschiedenen Aspekten. Im speziellen Fall der formanisotropen Syn-
these beziehen sich die meisten aktuellen Arbeiten auf die Synthese im segmentierten Fluss
(SF). Hier stechen vor allem die Arbeiten der Forschungsgruppen der TU-limenau [107, 123-127]
und der Universitat Singapur [128-131] hervor. Die kontinuierliche Synthese mithilfe von Mikro-
mischern wurde hingegen wenig thematisiert. Meist beziehen sich diese Synthesen auf die simp-
le Miniaturisierung in ein schlichtes Durchflussrohr [120, 132-135], wobei das grof3e Potenzial
kontinuierlicher mikrofluidischer Verfahren dabei nicht ausgeschopft werden kann. Der Fokus
dieser Arbeit widmet sich hauptséachlich der Schlielung dieser Lucke und soll dazu beizutragen,
das Gesamtbild der mikrofluidischen Nanopartikelsynthese zu verstehen und zu vervollstandi-

gen.
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3. Eigene Arbeiten

In diesem Kapitel werden die Ergebnisse vorgestellt, die im Rahmen dieser Dissertation entstan-
den sind. Der erste Abschnitt bezieht sich dabei auf die Herausforderungen und die daraus re-
sultierenden Losungsstrategien mit Bezug zu mikrofluidischen Verfahren fur eine effiziente Her-
stellung von plasmonischen Nanopartikeln. In den darauffolgenden drei Abschnitten werden die
Lésungsstrategien aufgegriffen und systematisch untersucht. Neben der Keimbildung und dem
formkontrollierten Wachstum spielt die Kombinatorik verschiedener Methoden fur die jeweilig
stattfindenden Prozesse eine entscheidende Rolle. Untersucht wird dieser Zusammenhang ins-
besondere anhand der Synthese von formanisotropen metallischen Nanopartikeln. Der letzte
Abschnitt beschaftigt sich mit der postsynthetischen Prozessierung (Stabilisierung) der herge-

stellten Nanopartikel und ihrem Potenzial flir sensorische Applikationen.

3.1. Herausforderungen bei der Herstellung metallischer Nanopartikel und deren

weiterer Prozessierung [MT1]

Bei der Arbeit mit metallischen Nanopartikeln, insbesondere bestehend aus Gold, Silber, Platin
und Palladium, sieht man sich haufig mit dem Vorurteil der hohen Chemikalienkosten konfron-
tiert. Dabei werden bei der schrittweisen chemischen Reduktion von Metallionen im wassrigen
Medium nur wenige mg des Metallsalzes bendtigt’. Die kolloidale Synthese bendtigt hierfir ein
Metallsalz, einen Elektronendonator (Reduktionsmittel), sowie Stabilisierungsmolekile. Das Zu-
sammenspiel dieser Faktoren hat einen imminenten Einfluss auf die herzustellenden plasmoni-
schen Nanopartikel, wobei die genau ablaufenden Prozesse bereits unter 2.2 beschrieben sind.
Die sich daraus ergebende Vielseitigkeit bei der Synthese erlaubt ein genaues Einstellen der
Partikelparameter und dabei insbesondere der Plasmonenresonanz. In Abbildung 5 sind ver-
schiedene Nanopartikelarten mit der dazugehorigen Lage ihrer LSPR-Banden im elektromagne-
tischen Spektrum dargestellt. FUr diese Arbeit sind dabei vor allem plasmonische Nanopartikel
interessant, deren LSPR-Maximum im Bereich des sichtbaren Lichts liegt. Diesbezuglich konn-
ten mallgeschneiderte Partikel hergestellt werden, wovon einige in Abbildung 6 dargestellt sind.
Neben unterschiedlichen PartikelgroRen (siehe Abbildung 1 fur Gold) konnten verschiedene
formisotrope und -anisotrope Nanopartikel als auch unterschiedliche Materialzusammensetzun-
gen realisiert werden. Wobei die Vielseitigkeit der kolloidalen Synthese ein genaues Verstandnis

und Kontrolle der ablaufenden sensiblen Prozesse nach sich zieht, da besonders die Herstellung

P Fur die Herstellung von 100 ml einer 10 nm Goldnanopartikelsuspension mit 10 nm grofRen Partikeln und einer OD
von etwa 1,5 wird 1 mg Goldsaure bendtigt. Bei einem Kaufpreis von 634 € / 5 g [136] entstehen Goldkosten von etwa
0,13 € fiur die Partikelsuspension. Der Preis fiir eine vergleichbare kommerziell erhaltliche kolloidale Lésung von Gold-
nanopartikeln liegt dagegen bei etwa 190 € (100 ml; OD = 1) [137].
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Abbildung 5: Ubersicht der spektralen Bandbreite der lokalisierten Plasmonenreso-
nanz fiir verschiedene metallische Nanopartikel im UV-Vis und NIR-Bereich. [MT1]

formanisotroper Nanopartikel unter geringer Ausbeute und Reproduzierbarkeit leidet. Dabei un-
terliegt ihre Herstellung generell demselben Mechanismus wie spharischen Nanopartikeln (siehe
Kapitel 2.2). Jedoch miissen hier neben mehreren aufeinander folgenden Prozessschritten noch
weitere Additive zugegeben werden, die ein anisotropes Wachsen, also eine gerichtete Auspra-
gung der Dimensionen ermdglichen bzw. unterstitzen. Beide Faktoren sind neben der ohnehin
nicht trivialen Herstellung von plasmonischen Nanopartikeln abermals potenzielle Fehlerquellen.
Da bei einer mehrstufigen Herstellung jeder Prozessschritt auf den vorangegangenen aufbaut,
ist es entscheidend, dass jeder einzelne Schritt optimal verlauft. Aus Seeds mit einer breiten
GroRenverteilung lassen sich weder qualitativ hochwertige plasmonische Nanopartikel erzeugen,
noch kann von einem reproduzierbaren Vorgang gesprochen werden. Erschwerend kommt hin-
zu, dass jeder Prozessschritt andere Bedingungen und teilweise verschiedene Zusatze erfordert,
zum einem zur Stabilisierung der Nanopartikel, zum anderen auch zur Erzeugung definierter
geometrischer Strukturen mit den gewtlinschten optischen Eigenschaften. Zur Herstellung aniso-
troper Nanopartikel sind Additive (Tabelle 1 in Kapitel 3.5) obligatorisch, wobei vor allem
Surfaktanten® eine grof3e Bedeutung spielen. Sie bilden zwar einen Komplex mit dem Metallion
und kontrollieren dabei dessen Reduktion [140], fungieren aber hauptsachlich als Kristallfacet-
tenblocker, die sich bevorzugt an bestimmte Facetten anlagern und diese wahrend des Wachs-
tums blockieren. Die blockierten Facetten entwickeln sich langsamer als die freien und es kommt
so zum gerichteten Wachstum. Dieser Vorgang basiert entweder darauf, dass dichter besetzte
Oberflachen starker gegenuber Metallatomanlagerung abgeschirmt sind als weniger dichtbesetz-

te Facetten [141, 142], oder auf der lokalen Verschiebung des Oberflachenpotenzial durch die

a Surfaktant (engl. surfactant - surfface active agent) sind Tensid ahnliche, grenzflachenaktive Stoffe, die sich an die
Oberflache der Nanopartikel (Phasengrenze fest-fliissig) anlagern und diese hinsichtlich physikochemischer Eigen-
schaften verandern. Ab einer bestimmten Konzentration (CMC — critical micelle concentration) bilden sich durch
Selbstassemblierungsprozesse Mizellen aus. Die CMC gilt dabei als Mindestanforderung zur Stabilisierung von Nano-
partikeln und betragt fiir CTAB zwischen 0,9 und 1 mM. [138] und fiir CTAC etwa 1,4 mM [139].

16



EIGENE ARBEITEN

Besetzung und der damit einhergehenden facettenabhangigen elektrostatischen Abschirmung
[57, 87]. In jedem Fall hat der Vorgang einen starken Einfluss auf den Syntheseablauf und er
bedarf einer genauen Kontrolle, da sich die Reaktionskinetik andert und sich das thermodynami-
sche Gleichgewicht verschiebt. Ein Losungsansatz ist die erwahnte Aufspaltung der Gesamtsyn-
these in mehrere Schritte (keimbasierte Synthese) und die gezielte Optimierung jedes Prozess-
schrittes. Das optimale Verfahren beruht auf der Herstellung von Seedpartikeln, die stufenweise
zum Wachstum gebracht werden. Dabei wird die Wachstumslésung immer wieder mit den aus
der vorherigen Reaktion resultierenden Partikeln okuliert. Somit kann die gesamte Synthese
mehrere Wachstumsschritte mit jeweils spezifischen und unterschiedlichen Zusatzen und Kineti-
ken aufweisen. Dabei sind der Zeitpunkt der Additivzugabe und deren Konzentration entschei-
dend. Nach der Nanopartikelherstellung tritt die postsynthetische Prozessierung in den Vorder-
grund. Hier spielen vor allem die Langzeitstabilisierung, der Ligandenaustausch und die biolo-
gisch-chemische Modifizierung, beispielsweise fur die optische Sensorik, eine zentrale Rolle
(siehe Tabelle 1 in Kapitel 3.5). In den folgenden Abschnitten wird darauf eingegangen, ob und
wie mikrofluidische Verfahren die genannten Herausforderungen der Herstellung I6sen und wie

die Nanopartikel stabilisiert werden kénnen, um sie fir biosensorische Anwendungen zu nutzen.

EPA, T
ki

e
o —. ~ Yol

Ba -

Abbildung 6: Elektronenmikroskopieaufnahmen (REM: a - j und TEM: k - o) von Nanopartikeln verschiede-
ner Morphologie und Zusammensetzungen, die im Rahmen der Promotion hergestellt wurden. Silberdreicke
(a, k), Platinpartikel (b), Palladiumpartikel (c), Titanoxidpartikel mit Stickstoffdotierung (d), Silicapartikel (e),
Goldrahmen (f), Goldwiirfel (g), Goldstdbchen (G), Goldsterne (i, |} Goldinseln auf Silicapartikeln (j), und
Kernhtille-Partikel: Goldkerne ummantelt von Silikat (m) und Silber (n) sowie Silberkerne mit Silikathiille (o).
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3.2. Mikrofluidik als effizientes Werkzeug zur Kontrolle der Keimbildung [MT2,
MT3, MT4]

Um mikrofluidische Verfahren flir die Synthese plasmonischer Nanopartikel zu verwenden, ist ein
generelles Umdenken notig. Die konventionelle Batchsynthese, bei der die Chemikalien nachei-
nander zugegeben werden, muss in einen kontinuierlichen Prozess Uberfihrt werden. Schema-
tisch ist das in Abbildung 7 zur Herstellung kleiner Goldkeime dargestellt. Durch die kontinuierli-
che Prozessfuhrung kommt es zu keiner Limitierung der Reaktanden mehr, so dass (theoretisch)
durchgehend Nanopartikel synthetisiert werden kénnen. Die Volumina mussen daflr in Flussra-
ten Uberflhrt werden, so dass sich die Endkonzentrationen der eingesetzten Chemikalien aus-
schlielllich aus ihren Flussratenverhaltnissen ergeben. Dabei muss die verwendete Mikrofluidik
zum Vorhaben exakt angepasst werden. Der Mikromischer (im Fall von CF-Verfahren) muss
geeignete Fluidanschlisse (Anzahl Zu- und Abgange) besitzen und die Wirkungsweise sowie
der Arbeitsbereich mussen zu der ablaufenden Reaktion passen (siehe Kapitel 2.3). Dement-
sprechend kommen fir verschiedene Reaktionen unterschiedliche Mikromischer zum Einsatz. Im
Hinblick auf die Synthese von plasmonischen Nanopartikeln ist die Keimbildungsphase unter
Verwendung von Natriumborhydrid als Reduktionsmittel ein kritischer Schritt. Wie bereits erldu-
tert, verlauft diese Reaktion fir Gold in 100 ms ab [27]. Fir ein optimales und effizientes Mischen
unter diesen Bedingungen eignet sich der Dean-Flow-Mischer (DFM), dessen geometrische und
fluidtechnische Parameter in Abbildung 8 zusammengefasst sind. Der Simulation zufolge stellen
sich ab einer Flussrate von 23 pl/s, einer Reynoldszahl von Re = 150 und einer Dean-Zahl von
De = 156 ausreichend sekundare Verwirbelungen ein, um die beiden Edukte zu mischen. Ab
dieser Gesamtflussrate kommt es demnach zu Turbulenzen im Kanal, die auf der rotationsarti-
gen Trajektion des schnelleren Kernfluids an den Kanalkrimmungen (Maander) basieren und
damit das langsamere Aulenfluid verdrangen. Die Mischeffizienz konnte dabei mit Erhdhung der
Flussrate noch gesteigert und die Ergebnisse experimentell validiert werden, so dass der Ar-

beitspunkt des Mikromischers ab einer Gesamtflussrate von mindestens 30 ul/s und einer Fluid-

|
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Abbildung 7: Ubersicht der Synthesemethoden mit dem diskontinuierlichen Batchverfahren (a) und den
beiden mikrofluidischen Methoden der kontinuierlichen Phase (b) und dem segmentierten Flussverfahren
(c) zur Herstellung von kleinen Goldnanopartikeln (AuSeeds). S1, S2 und S3 steht fiir die jeweilige Sprit-
ze 1, 2 oder 3 [MT3].
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Re=35,De=5.2,Q=0.77 uls, U=37 mm/s
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Abbildung 8: Charakterisierung des Dean-Flow-Mikromischers (DFM). Im oberen Teil sind die
CFD Simulationen dargestellt, wobei links die gesamte Mischzone und in der Mitte der Fluidaus-
gangsbereich dargestellt ist. Im rechten Teil ist der gesamte simulierte Mischprozess entlang des
Kanals (der gelbe Pfeil markiert die genaue Position) fiir verschiedene Flussraten dargestellt. Im
unteren Teil sind die experimentellen Ergebnisse, beginnend mit den geometrischen Parametern,
einer Aufnahme des Mikromischers und Bildern des vorherrschenden Laminationsmusters bei stei-
gender Flussrate (Q), gezeigt. [MT4]

geschwindigkeit (im Maander) von etwa 1450 mm/s festgemacht werden konnte. Die effektive
Mischzeit liegt dementsprechend im Bereich von 4 ms. Diesbezilglich eignet sich der DFM als
Mikromischer fiir die komplexen Anforderungen der Nukleation und wurde zur Herstellung von
definierten Gold und Silberkeimen verwendet. Fir beide Metalle konnte hinsichtlich Partikelgréfze
und Partikelgrof3enverteilung eine Verbesserung erreicht werden. Die Seedsynthese hat als all-
gemeines Ziel, moglichst kleine Partikel mit schmaler GroRenverteilung herzustellen. In Abbil-
dung 9 sind die Ergebnisse der Partikelsynthese unter Verwendung des DFMs dargestellt. Als
Referenz wurde eine Batchsynthese mit demselben Protokoll und Chemikalien durchgefihrt. Im
direkten Vergleich wird deutlich, dass die mikrofluidisch hergestellten Nanopartikel zum einen
kleiner und zum anderen homogener in ihrer GroRenverteilung sind. Fur Silber wurden mikroflui-
disch 4,7 (+ 0,6) nm grofe Seeds anstelle von 6,1 (+ 2,5) nm erreicht und fur Gold konnten mit-
tels DFM 2,91 (£ 0,7)" nm grof3e Seeds anstelle von 3,56 (£ 0,9)" nm grof3en aus dem Batchver-
fahren synthetisiert werden. Darlber hinaus konnte gezeigt werden, dass sich auch die SF-
Methode als weiteres mikrofluidisches Verfahren zur Partikelsynthese eignet. Mit
2,55 (£ 0,6)" nm konnten auch hier sehr kleine und homogene Seedpartikel aus Gold hergestellt

werden. Dabei hat der mikrofluidische Ansatz des SF Vor- und Nachteile. Beispielsweise werden

" Die Halbwertbreite (FWHM) wurde Uber die folgende Beziehung in die Standardabweichung (o) umgerechnet:
FWHM =2vy2xiIn2 o
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Abbildung 9: Vergleich mikrofluidisch (uWSEED) und nach klassischem Batchverfah-
ren (bSEED)) hergestellter Seedpartikel. Fiir Gold (a) wurden die Gré8en mittels
Dichtegradientenzentrifuge (DCS) ermittelt und fiir Silber (b) wurden TEM-Bilder
ausgewertet. [MT2 & MT3]

durch das Mehrphasensystem kleine Reaktionskammern im Bereich von 200 nl erzeugt, so dass
eine grofRere Produktion langwierig ist und die aufgesammelten Phasen nach der Synthese noch
separiert werden mussen. Vorteilig ist jedoch, dass die in sich geschlossenen wassrigen Seg-
mente dabei vollstandig von der organischen Phase abgeschirmt werden, so dass es nicht zum
Ablagern von Material an den Kanalwanden und damit zum Zusetzen des Kanals (Reaktorfou-
ling [143]) kommen kann. Beim Verwenden des DFM hingegen kommen, aufgrund der negativen
Oberflachenladung der Kanalwande, samtliche in der Losung enthaltenen Spezies mit ihr in Be-
rihrung, wodurch diese fiur die positiv geladenen Metallionen als Kristallisationskeim
fungiert [119, 144]. Folglich kommt es, wie in Abbildung 10b fur die Herstellung von Goldkeimen
gezeigt, zu Ablagerung an den Kanalwanden. Dabei tritt jedoch keine vollstandige Blockierung
des Kanals auf, sondern lediglich eine Verengung des Kanalquerschnitts. Fir die Herstellung
von Silberseeds konnte so eine 10-%-ige Verringerung des Durchmessers nach 12 min Synthe-
se und 50 ml hergestellten Silberkeimen festgemacht werden. Die Kanalverkleinerung fordert
dabei zwar aufgrund der erhdhten Fluidgeschwindigkeit die Durchmischung (Ansteigen von Re-
und De-Zahl) und kann mit Aqua Regia regeneriert werden, jedoch bleiben der Materialverlust
und die damit einhergehende Minimierung der Partikelausbeute. Der Prozess des Reaktorfou-
lings konnte jedoch erfolgreich unterbunden werden, indem den Reaktionslésungen Tenside, wie
CTAB oder CTAC, zugegeben wurden. Beide Tenside bestehen aus einer Alkylgruppe mit 16
Kohlenstoffatomen (hydrophober Teil) sowie einer quartaren Ammoniumverbindung (hydrophiler
Teil), die als Gegenion Bromid (CTAB) oder Chlorid (CTAC) hat. Die hydrophilen Koépfe des
Surfaktants lagern sich an der Glasoberflache an und passivieren die Kanalwandungen. Das
Resultat ist in Abbildung 10 a dargestellt, wo auch nach mehr als 10-minutiger kontinuierlicher
Synthese die Mischzone transparent und folglich ohne Ablagerungen bleibt. Dartiber hinaus hat
der Einsatz von Surfaktanten neben der Passivierung der Kanaloberflache das Potenzial zur

Herstellung formanisotroper Nanopartikel, worauf im folgenden Kapitel naher eingegangen wird.
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Abbildung 10: Mischzone des Dean-Flow-Mischers nach (ber 10-mindtiger Syn-
these von Goldkeimen. Die Flussraten und die verwendeten Chemikalien sind bis
auf die Verwendung von 100 mM CTAC (a) und dessen Substitution mit Wasser
(b) identisch. CTAC als Surfactant passiviert die Kanaloberflichen, so dass es
nicht zu Goldablagerungen (schwarz geférbter Bereich) im Kanal kommt. [MT3]

3.3. Kombination verschiedener Synthesemethoden zur Herstellung formaniso-
troper plasmonischer Nanopartikel [MT2; MT3; MT4]

Bei der Synthese formanisotroper Metallnanopartikel laufen verschiedene Reaktionen ab. Neben
der beschriebenen zeitlichen Trennung von Keimbildungs- und Wachstumsphase sind sowohl
die Reihenfolge der Chemikalien, als auch ihre zeitliche Abfolge entscheidend. Trotz ihrer einge-
schrankten Mischeffizienzen lasst sich bei klassischen Batchansatzen zumindest die Reihenfol-
ge der Chemikalienzugabe durch schrittweises Pipettieren einfach realisieren. Aufgrund des kon-
tinuierlichen Verfahrens muss flr mikrofluidische Ansatze jedoch anders vorgegangen werden.
Wie in den Abbildungen 7b und 7c dargestellt, ist es moglich einige Reaktanden bereits als Mas-
termix vorzumischen und damit die Spritzen zu beflllen. Generell entscheidend ist jedoch, dass
die jeweilige Metallvorstufenverbindung und das Reduktionsmittel (fur Seedpartikel Natrium-
borhydrid) rdumlich voneinander getrennt sind und erst im Mischelement des Mikromischers mit-
einander in Kontakt kommen. Fir die Herstellung von Silbernanoprismen, bzw. deren postsyn-
thetische Prozessierung zu Goldnanorahmen, stellte sich jedoch heraus, dass diese Trennung
nicht ausreicht. Zwar konnten, wie im vorherigen Kapitel beschrieben, mikrofluidisch kleine und
homogene Seedpartikel hergestellt werden, jedoch ist hier flir das weitere Wachstum entschei-
dend, dass die Keime bereits wahrend der Synthese mit PSSS (Poly sodium 4-styrenesulfonat)
als Facettenblocker inkubiert werden. Dabei ist zum einem wichtig, dass PSSS mit NaBH. rea-
gieren kann, bevor Silberkeime gebildet werden und zum anderem, dass Citrat als Stabilisie-
rungsreagenz vorliegt, sobald Nanopartikel entstanden sind. Die Chemikalienreihenfolge ist
dementsprechend dulerst kritisch. Hinzu kommt, dass sich die zu verwendenden Volumina und

Konzentrationen um eine Dimension, sowie die einzelnen Reaktionsgeschwindigkeiten drastisch
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SAR-Mischer Flussrichtung (Que= 2 pil 1)

ME =3 ME =4
N =8 N =16 N =64 N =256
d =18,75um d =9375pm d =2344pm d =0,586um

Abbildung 11: Aufnahme des Split and Recombine (SAR) ROSAR-Mikromischers mit zugehérigen fort-
laufenden Multilaminationsmustern fiir die Gesamtflussrate Quwtar = 2 ul/ s. Nach jedem Mischelement
(ME) wird die Lamellenzahl (N) verdoppelt und die Lamellenstérke (d) halbiert.

unterscheiden. Um die Synthese jedoch in einen kontinuierlichen mikrofluidischen Prozess zu
UberfUhren war es nétig, den Syntheseprozess um einen Schritt zu erweitern. Dementsprechend
wurde ein Vormischprozess initiiert, der die im Sekundenbereich liegende schnelle Reaktion von
PSSS mit NaBH.4 bei geringer Flussrate effizient mischt, sowie die mafig schnelle Reaktion von
TSC (Trinatriumcitrat) und AgNOs (Silbernitrat) unter hoher Gesamtflussrate vermischt und damit
reaktive Zwischenprodukte erzeugt (eine Ubersicht der Edukte und Flussraten befindet sich in
Tabelle 2 aus der Publikation [MT2]). Weil die Mischung von TSC mit AgNO3 als verhaltnismaRig
unkritischer Prozess angesehen werden kann, konnte hier ein einfacher T-Mischer verwendet
werden, dessen Reynoldszahl mit ca. Re = 190 ausreicht, um die beiden Edukte zu mischen.
Anders verhalt es sich dagegen beim Mischen von PSSS und NaBH., wo aufgrund der geringen
Flussraten ein T-Mischer oder ein DFM ineffizient ist. Hier eignet sich ein Multilaminationsmi-
scher, dessen Vorteil im effektiven Mischen von Chemikalien mit langsamen Flussraten liegt
(siehe Kapitel 2.3). Die Ergebnisse der empirischen Ermittlung in Abbildung 11 zeigen, dass der
SAR ROSAR-Mikromischer bereits bei einer Gesamtflussrate von 2 ul/s zwei Substanzen effek-
tiv miteinander mischt. Erkennbar ist diese Mischung am Ausbleiben der charakteristischen La-
minationsmuster und der damit einhergehenden homogenen Chemikalienverteilung nach
8 Mischelementen. Nach der Erzeugung der beiden reaktiven Zwischenprodukte ist der nachste
Schritt die eigentliche Synthese der Silberseedpartikel. Dabei besteht die Herausforderung darin,
die unterschiedlichen Flussraten der beiden Intermediate (das Flussratenverhaltnis betragt etwa
18) zu handhaben und somit NaBHs und AgNO3 effektiv miteinander zu mischen, ohne dass es
zur Transportlimitierung® kommt. Hier eignet sich wiederum der DFM, bei dem eine Gesamtfluss-
rate von mindestens 30 pl/s anliegen muss (Abbildung 8). Im Vergleich zu anderen Mischern hat
der DFM dabei den Vorteil, dass lediglich eine der beiden zulaufenden Flussraten hoch sein
muss, um die sekundaren Wirbel auszubilden, wahrend die andere wesentlich geringer

sein kann. Mit dem beschriebenen mikrofluidischen System, bestehend aus drei verschiedenen

s Bei der Transportlimitierung lauft die chemische Reaktion schneller ab, als neues Material zur Verfliigung gestellt
werden kann. Der limitierende Faktor des Umsatzes ist nicht die Reaktion, sondern der Transport.
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Abbildung 12: Das Gesamtsystem zur Herstellung von Silberprismen besteht aus zwei Stu-
fen: 1. Die kontinuierliche mikrofluidische Synthese der Seeds teilt sich dabei erneut in einen
Vormischprozess, bestehend aus zwei Mikromischern (SAR und T-Mischer) und den eigentli-
chen Syntheseprozess unter Verwendung des Dean-Flow-Mischer (DFM) auf. 2. Bei der an-
schlieBenden Wachstumsstufe im Becherglas (Batch) wachsen die Seeds zu Silberprismen
(a). Durch Verwendung unterschiedlicher Seedkonzentrationen kann die Gré3e und damit
auch die spektrale Lage (bzw. die Farbe) der kolloidalen Lésung systematisch eingestellt wer-
den. Dabei gilt, je weniger Seeds eingesetzt werden, desto Langer wird die Kantenldnge der
Silberprismen, was zu einer Rotverschiebung der LSPR-Bande fiihrt (b).

Mikromischern, ist es moglich, definierte und kleine Silberseedpartikel, mikrofluidisch zu erzeu-
gen (Abbildung 9b) und diese anschlieBend zu Silberprismen mit definierten Kantenlangen und
definierter LSPR-Bande wachsen zu lassen. Anders als die Synthese der Seeds ist das Wachs-
tum zu Prismen ein reaktionslimitierter' Prozess (>30 s), der lediglich eine moderate Mischung
erfordert, weil hier ein recht mildes Reduktionsmittel (Ascorbinsdure) verwendet wird. Daher ist
es sinnvoll und ausreichend, diesen Prozess im Batchreaktor durchzufihren. Mit den mikroflui-
disch hergestellten Seedpartikeln lassen sich verschieden grofe Silberprismen reproduzierbar
herstellen, deren spektrale Lage und damit auch GréfRe mit der zum Wachstum verwendeten
Seedpartikelmenge korreliert (Abbildung 12). Fur seedbasierte Wachstumsprozesse gilt dabei
generell, je kleiner die Menge der verwendeten Seeds bzw. deren Konzentration bei sonst glei-
chen Bedingungen ist, desto gréfRer werden die aus ihnen resultierenden Nanopartikel. Auffallig
ist jedoch, dass die Ausbeute von Silberprismen, die mittels WSEEDs hergestellt wurden,
wesentlich hoher ist (93%) als jene mittels bSEEDs (70%). Das Gesamtsystem zur Silberpris-
menherstellung ist schematisch in Abbildung 12a dargestellt und beruht letztendlich auf dem
Zusammenspiel von CF betriebenen mikrofluidischen Prozessen (drei verschiedene Mikromi-
scher) und dem klassisch chemischen Ansatz im Batchreaktor. Aus diesem Resultat ergibt sich

die Annahme, dass eine Kombination verschiedener Verfahren besonders fiir die Herstellung

t Als reaktionslimitiert wird ein Prozess bezeichnet, bei dem ein stindiges Uberangebot an Material zur Verfiigung
steht. Der chemische Umsatz hangt nicht von Transport- oder Mischprozessen ab, sondern von der Reaktionskinetik.
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Abbildung 13: Schema der Seed-basierten-Synthese von anisotropen Goldnanopartikeln.
Da die Mischzeiten fiir die Seedsynthese sowie den ersten Wachstumsschritt (GS 1) im Be-
reich von Millisekunden liegen, sind mikrofluidische Verfahren dem klassischen Batchansatz
vorzuziehen. Dariiber hinaus erlauben diese eine genaue Einstellung der Verweilzeit liber das
Verhéltnis Flussrate : Kanallange und kénnen somit reproduzierbare Inkubationszeiten frei
von subjektiven Einfliissen gewéhrleisten. Das akkurate Einhalten der Inkubationszeiten in
Kombination mit NaBr (blaue Box) stellte sich als kritischer Parameter fiir die Herstellung defi-
nierter anisotroper Nanopartikel heraus. Bei Nichtbeachten der Inkubationszeit (gestrichelte
Pfeile) kommt es zu undefinierten Partikelformen, wobei das Auslassen von NaBr im zweiten
Wachstumsschritt zu quasisphédrischen Nanopatrtikeln fiihrt (orange Box). Der zweite Wachs-
tumsschritt umfasst indes mehrere Minuten und kann effizient im Batch realisiert werden.

formanisotroper Nanopartikel wesentlich effizienter ist als die strikte Prozessierung der Schritte
mit dem gleichen Verfahren. Deutlich wird dieser Effekt weiterhin anhand der logarithmischen
Zeitskala in Abbildung 13 flr die komplexe Herstellung von Goldnanowirfeln (und anderen
anisotropen Goldnanopartikeln, siehe Kapitel 3.4). Das Schema fasst anschaulich zusammen,
dass sich die einzelnen Reaktionsschritte fur die Herstellung der Goldnanowurfell hinsichtlich
Inkubationszeit um mehrere Dimensionen unterscheiden. Da Mikromischer jedoch fir die effizi-
ente Durchmischung und Kontrolle von schnellen Reaktionen konzipiert werden, konnen sie ihre
Vorteile bei Reaktionen im Minutenbereich nicht ausspielen. Beispielsweise sollte die Seedsyn-
these, wie in Kapitel 3.2 beschrieben, innerhalb von 100 ms erfolgen und konnte effizient mikro-
fluidisch (mittels DFM und SF) umgesetzt werden. Das anschlieRende Mischen der Seeds mit
der ersten Wachstumsldsung (GS 1) erzeugt angereicherte Seeds, von denen ein kleiner Teil
nach einigen Sekunden in einen zweiten Wachstumsansatz (GS 2) ubertragen wird [145]. Dabei
wird fur den Transfer der angereicherten Seeds in GS 2 das gleiche Volumen genutzt, welches
urspringlich auch fir die Seeds verwendet wurde. Da es sich hierbei um nur wenige Mikroliter
handelt (25 pl bis 100 yl abhangig von der zu erreichenden PartikelgrofRe), kann jedoch nahezu
der gesamte 10 ml GS 1-Ansatz (beinhaltet HAuCls) aufgrund der Uberschreitung der Inkubati-
onszeit nicht zur weiteren Prozessierung verwendet werden. Allein aus 6konomischer Sicht sind
mikrofluidische Verfahren flir diesen Schritt besonders geeignet, weil das aktivierte Volumen

(Mischung aus Seeds, Reduktionsmittel und HAuCls) von GS 1 durch die miniaturisierten Kanale
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Abbildung 14: Die Kinetik des zweiten Wachstumsschrittes (b) ist schwer
zu verifizieren ist, sodass aus den Einzelspektren ein Bewertungsfaktor
(FOM) erzeugt wurde (a). Dessen Korrelation mit den zugehdérigen REM-
Bildern (c) erlaubt zukiinftig eine rein spektroskopische Einschétzung der
auszubildenden Wiirfelform. Fiir einzelne diskrete Werte der FOM sind die
Spektren extrahiert im Insert dargestellt (farbliche Zuordnung), wobei an den
Positionen | bis IV die jeweiligen REM-Bilder (MaBstabskala entspricht
50 nm) die Entwicklung der Goldnanopartikel darstellen. [MT3]

wesentlich geringer ist und besser kontrolliert werden kann als beim Batchprozess. Beim SF-
Verfahren verhalt sich jedes Segment wie ein einzelner, aber miniaturisierter Batchreaktor mit
einem Volumen von etwa 200 nl. Der Aufbau ist dabei dhnlich wie flr die Seedsynthese (Abbil-
dung 7c), jedoch unter Verwendung anderer Chemikalien (siehe Tabelle 1 in [MT3]). Beim CF-
Verfahren unter Verwendung des DFM als Mikromischer (Abbildung 16a) mit einem etwa 100 nl
grolen Volumen des Maanders kann eine effiziente Initialmischung realisiert werden, wodurch
GS 1 aktiviert wird. Bei beiden mikrofluidischen Verfahren kann die Verweilzeit" Uber die Kanal-
ldnge mit Bezug zur Flussrate sehr genau eingestellt werden. Dadurch sind sowohl CF als auch
SF frei von subjektiven Einflissen und zeichnen sich durch hohe Reproduzierbarkeit aus.
Dadurch konnte wiederum fir den zweiten Wachstumsschritt gezeigt werden, dass es, nachdem
GS 2 mit den angereicherten Seeds aus GS 1 okuliert wurde, lediglich eine Initialmischung er-
fordert um die Goldnanowiirfel herzustellen. Entscheidend ist dabei die Gewahrleistung der idea-
len Inkubationszeit von 8 - 10 min. Wie in Abbildung 14 dargestellt ist, konnte die optimale Inku-

bationszeit aus der Korrelation der Kinetik fur GS 2 (alle 35 s Aufnahme eines Spektrums) mit

U Die Verweilzeit gibt die Dauer eines definierten Flissigkeitsvolumens in einer Anlage (z.B. Mikromischer, miniaturi-
sierter Kanal) an.
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den zugehodrigen REM-Bildern ermittelt werden. Um die Qualitdtsaussagen hinsichtlich For-
mauspragung zu vereinfachen, wurde aus den Einzelspekiren ein Bewertungsfaktor' ermittelt,
der eine rein spektroskopische Abschatzung der idealen Wdirfelform ermdoglicht. Anhand der
TEM-Aufnahmen ist ersichtlich, dass bei Nichteinhalten der Inkubationszeit die Formauspragung
leidet, indem es entweder zu unvollstandigen oder tberwachsenen Goldnanowurfeln kommt. Der
exakte Abbruch der Wachstumsreaktion von GS 2 ist somit essentiell und kann durch Zentrifu-
gieren realisiert werden. Sowohl die Inkubationszeit von mehreren Minuten, was die Verwendung
von Mikromischern unrentabel macht, als auch der Fakt der Zentrifugation sprechen an dieser
Stelle fur ein Batchverfahren. Somit kdnnen direkt einige Mikroliter des GS 1-Ansatzes in die mit
GS 2 vorbereiteten Zentrifugenrdhrchen Uberfihrt und die Zentrifuge auf die optimierten Zeiten
programmiert werden. Das Gesamtsystem ist beispielhaft fur das CF-Verfahren mittels DFM in
Abbildung 16 a dargestellt. Mit beiden Kombinationen konnten erfolgreich und reproduzierbar
Goldnanowturfel erzeugt werden was in Abbildung 15 fir die Kombination SF und Batch sowie in
Abbildung 18 fir CF und Batch dargestellt ist. Damit konnte anhand von zwei Beispielen (Silber-
prismen und Goldnanowdrfel) belegt werden, dass sich die postulierte Kombination verschiede-
ner Methoden zur optimalen Synthese anisotroper Nanopartikel flr deren Herstellung eignet. Im
folgenden Kapitel wird naher auf die Vorteile und neuen Mdglichkeiten eingegangen, die sich im
Besonderen durch das Verwenden von Mikromischern flr die Synthese plasmonischer Nanopar-

tikel ergeben.

-
Vi 100 pl 75l 50 pl 25l

Am“ 558 nm 566 nm 584 nm 608 nm

FWHM 91nm 99 nm 131 nm 181 nm

Stokes Diam. 67 £ 5nm T7+6nm 85+ 8nm 94+ 8nm

Edge Length 54 £+ 4 nm 62+ 5nm 68 £ 6 nm 76 £ 6 nm

Abbildung 15: LSPR-Spektrum (a), Gré3enverteilung basierend auf Dichtegradientenzentrifugati-
on (DCS) (b) und deren Korrelation mit Bezug zu den eingesetzten Volumina der angereicherten
Seeds von GS 1 (c) zur Herstellung verschieden groBer Goldnanowtirfel (d) mittels des Segmen-
tierten Fluss-Verfahrens. [MT3]

v Der Bewertungsfaktor (Figure-Of-Merit, FOM) ergibt sich aus der Extinktion am Maximum der LSPR-Bande, dividiert
durch die Extinktion beim Mittelwert der LSPR-Bande.
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3.4. Effizienzsteigerung durch Mikrofluidik [MT3]; [MT4]

Die Verwendung von CTAB bzw. CTAC hat eine entscheidende Rolle bei der mikrofluidischen
Prozessierung (siehe Kapitel 3.2). Dartber hinaus ist die Nutzung von Surfaktanten essentiell
zur Herstellung von formanisotropen Metallnanopartikeln (siehe Kapitel 3.1 sowie Tabelle 1 in
Kapitel 3.5). Weitere Parameter haben jedoch ebenfalls einen entscheidenden Einfluss, sowohl
auf die Ausbildung der finalen Nanopartikelmorphologie als auch auf deren Ausbeute und GréRe.
Aufgrund der hohen Reproduzierbarkeit, der grofden Flexibilitdt und der einfachen Bedienung ist
das im Kapitel 3.3 etablierte und in Abbildung 16a dargestellte mikrofluidische System fir die-
Analyse essentieller Parameter zur anisotropen Nanopartikelherstellung pradestiniert. Zur Ver-
deutlichung sind die entsprechenden Parameter sowie ihr jeweiliger Einfluss durch grau hinter-
legte Textfelder in Abbildung 16 hervorgehoben. Sie beziehen sich auf (1) die Inkubationszeit von
GS 1 (Kanallange), (I1) die Konzentration der angereicherten Seeds hinsichtlich der finalen Parti-
kelgroRe (Tropfenanzahl) und (Ill) der Zusatze bezuglich der auszubildenden Partikelmorpholo-

gie (insbesondere NaBr). Durch die mikrofluidische Mischung der Edukte im DFM lassen sich

1. Wachstum (GS1)
(beinhaltet seeds)

DFM; Vereilkanal

2. Wachstum (GS 2)

(beinhaltet angereicherte seeds)

Seeds »

Vieess =25 pl

Reduktionsmittel (schwach)
Seeds

Qseoas=S0ul/s

Qas 1=50ul/s

Metallprecursor

(Halogene) .

ca. 15 nm

0 um 10 uM 40 uM 70 uMm 150 pM

Endkonzentration von NaBr in GS 2

Abbildung 16: Ubersicht des vollsténdigen Aufbaus zur Synthese anisotroper Goldnanopartikel in-
klusive der zu untersuchenden Parameter (grau hinterlegte Textfelder). Die Herstellung ist in drei
aufeinander aufbauende Stufen untergliedert, wobei die Synthese wie auch der erste Wachstums-
schritt effizient mittels DFM realisiert wird. Die Kombination aus DFM und anschlieBendem Verweil-
kanal erlaubt fiir die erste Wachstumsphase ein reproduzierbares Einstellen verschiedener Inkubati-
onszeiten, bevor die angereicherten Seeds in die zweite Wachstumslésung getropft werden. Dabei
kann (ber die Tropfenanzahl die resultierende Gré3e der Nanopartikel kontinuierlich variiert werden
(a). Uber die NaBr-Konzentration in der zweiten Wachstumslésung Idsst sich weiterhin die Partikel-
morphologie (quasisphérisch, Kubus, Stdbchen) einstellen, so dass sich sowohl die Form wie auch
die GréBe der Nanopartikel parallel durchstimmen lassen. Die Mal3stabskala in den REM-Bildern be-
trdgt 100 nm (b).
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gezielt geringe Volumina angereicherter Seeds herstellen (wenige Mikroliter), die, entgegen dem
Batchansatz (einige Milliliter), fast vollstandig fir das weitere Wachsen aufgebraucht werden und
dariber hinaus frei von subjektiven Befindlichkeiten direkt in GS 2 getropft werden kénnen. Da
es sich um eine optimale Mischung handelt (siehe Kapitel 3.2), ist die Einstellung der Inkubati-
onszeit der angereicherten Seeds einfach, effizient und sehr genau mit Hilfe eines Verweilkanals
nach dem eigentlichen Mischelement (Maander) moglich. Bei konstanter Gesamtflussrate lasst
sich somit durch Langenveranderung des Verweilkanals die Durchflusszeit der aktivierten GS 1
und damit auch die Inkubationszeit der angereicherten Seeds systematisch variieren. Der stetige
Abbruch der Reaktion wird schlieRlich durch den Transfer der angereicherten Seeds in den GS 2
Ansatz realisiert. Unter Verwendung mehrerer GS 2 Mastermixansatze wird somit aufgrund der
kontinuierlichen Herstellung angereicherter Seeds und der systematisch mikrofluidisch bedingten
Einhaltung ihrer Inkubationszeiten eine hohe Effizienz bei maximaler Reproduzierbarkeit erreicht.
In Abbildung 17 ist der zeitliche Verlauf und damit die Entwicklung der angereicherten Seeds
(aktivierte GS 1) bezlglich der Formausbeute zu Goldnanowdirfel dargestellt. Ohne Transfer in
GS 2 resultiert dieser Zwischenschritt in 15 nm groRe GS 1 Nanopartikel, wobei deren Kinetik
(gemessen am LSPR-Maximum bei 523 nm) auf einen exponentiellen Verlauf deutet, der nach
ca. 60 min in ein Plateau Ubergeht. Durch die beschriebene Langenanderung des Verweilkanals
konnten diskrete Inkubationszeiten realisiert und mittels REM-Bildern beziglich der resultieren-
den Wirfelform und -ausbeute korreliert werden. Anders als in der Literatur beschrieben [145],
stellt sich dabei heraus, dass der optimale Zeitpunkt des Transfers in GS 2 nach ca. 7 Sekunden
erfolgen sollte. Kurzere Inkubationen fuhren zum unvollstdndigen Wachsen, was sich in Goldna-
nowurfeln mit abgerundeten Ecken wiederspiegelt. Zu lange Inkubationszeiten resultieren dage-
gen in ein Uberwachsene Goldnanopartikel. Fiir das Erreichen der optimalen Wirfelform mit
maximaler Ausbeute muss der Transfer demzufolge genau nach dem exponentiellen Anstieg der
Extinktion (Abbildung 17) erfolgen. Reproduzierbar und damit frei von methodischen und subjek-
tiven Einflissen ist dieses Ziel nur mikrofluidisch zu erreichen und fliel3t als zentrales Resultat in
den mikrofluidische Aufbau ein, indem der Verweilkanal auf 180 cm Lange eingestellt und somit
eine Durchlaufzeit von 7,2 Sekunden erreicht wird. Die Effizienz und die Méglichkeiten des opti-
mierten Aufbaus werden demonstriert, indem Goldnanowdrfel mit verschiedenen Kantenlangen
erzeugt werden. Im urspriunglichen Batchprotokoll mussten daflr beide Transferprozesse (Seeds
in GS 1 und von dort erneut in GS 2) gleichermalRen geadndert werden [145]. Das hat zur Folge,
dass fur jede WurfelgroRe eine separate GS 1 hergestellt werden muss. Demzufolge mussen
laut Protokoll fUr vier verschiedene WiirfelgroRen insgesamt 40 ml GS 1 (4 Ansatze) bereitge-
stellt werden, wovon aber nur wenige ul gebraucht wiirden. Somit sind mehr als 99 % des GS 1-

Ansatzes Uberschuss und kénnen aufgrund unkontrollierter Inkubationszeit nicht weiter verwertet
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Abbildung 17: Kinetik des Maximums der LSPR-Bande (523 nm) der ersten
Wachstumsphase (GS 1) zur Herstellung von Goldnanowdirfeln. Das Insert stellt die
ersten 20 s vergréRert dar und markiert einzelne, durch den mikrofluidischen Auf-
bau exakt und reproduzierbar einstellbare Inkubationszeiten, nach denen die ange-
reicherten Seeds in GS 2 (liberfiihrt wurden, mit zugehérigen REM-Bildern (Mal3-
stab entspricht 100 nm) nach 15s, 11s, 7 s, 4 s, und 2 s Inkubation. [MT4]

werden. Mithilfe der mikrofluidischen Verfahren ist es jedoch mdéglich, dass ausschlieBlich der
zweite Transfer variiert werden muss, um die GroRRe der zu erhaltenden Nanowurfel einzustellen
(Abbildung 15 flr SF-Verfahren). Es wird immer dieselbe Seedmenge (25 ul im Ansatz) verwen-
det, um GS 1 zu aktivieren, jedoch das Volumen der entstandenen angereicherten Seeds nach
GS 2 verandert, indem die Tropfenanzahl (9 ul pro Tropfen beim CF-Verfahren) variiert wird.
Dieses Resultat ist nicht in einen Batchansatz Ubertragbar, da man zur exakt gleichen Zeit alle
vier verschiedenen Volumina aus der einen GS 1 in die vier GS 2 transferieren musste, um die
Inkubationszeit konstant zu halten. Darlber hinaus wurde es bei dem beschriebenen hohen
Chemikalienausschuss von GS 1 bleiben, wobei insbesondere die Ressource Gold (in Form von
HAuCls) fir weitere Prozesse unverwertbar ist. Allein dieser 6konomische wie auch 6kologische
Aspekt spricht fir die Effizienz des in Abbildung 16 beschriebenen mikrofluidischen Aufbaus, bei
dem in lediglich einem Prozessdurchlauf die Kantenlangen und damit die LSPR-Position der
entstehenden Goldnanowdirfel durchgestimmt werden kann (Abbildung 20), ohne das uberflissi-

ge GS 1-Anséatze entstehen.

Weiterhin spielen Additive eine entscheidende Rolle bei der Auspragung anisotroper Formen der
Nanopartikel (siehe Tabelle 1 in Kapitel 3.5). So konnte bei dem Versuch, ausschlief3lich CTAC
fur die Goldnanowdurfelsynthese zu verwenden, ausnahmslos Goldspharen hergestellt werden,
die sich bezlglich ihrer GréReneinstellung jedoch exakt so verhielten wie die Nanowtrfel. CTAC
spielt zwar eine entscheidende Rolle hinsichtlich mikrofluidischer Prozessierung, jedoch scheint
es allein nicht auszureichen, um anisotropes Wachstum zu erzeugen. Durch die Herstellung der

Goldspharen und der Goldwurfel kann das mikrofluidische System generell als Plattform zur
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Herstellung verschiedener plasmonischer Nanopartikel validiert werden. Dartber hinaus eréffnet
es jedoch eine effiziente Mdoglichkeit zur Parameteruntersuchung (Screening) bezlglich der
Formkontrolle von Nanopartikeln. Die Kombination aus CTA" basierter Nanopartikelsynthese und
der mikrofluidischen Plattform stellt ein ideales Modelsystem fur die gezielte Analyse verschie-
dener Gegenionen hinsichtlich Partikelmorphologie dar. Bei sonst identischen Prozessbedingun-
gen wurden daflr vier verschiedene Halogenide (NaF; NaCl; NaBr; Nal) der zweiten Wachs-
tumslosung (GS 2) zugegeben. Die Ergebnisse in Abbildung 18a verdeutlichen, dass weder Flu-
orid noch Chlorid oder lodid anisotropes Wachstum induzieren kénnen, selbst wenn die Konzent-
ration erhdht wird. lodid adsorbiert unspezifisch, Chlorid bindet zu schwach und lodid wiederum
zu stark auf der Goldoberflache. Ausschlief3lich durch Bromid als Gegenion konnte dadurch die
Wirfelform erreicht werden. Durch zu hohe NaBr-Konzentration kommt es jedoch zu weiteren,
teilweise undefinierten Partikelpopulationen. Um den Effekt von Br- auf die Formanisotropie wei-
ter zu untersuchen, wurden sowohl der ersten Wachstumslosung (GS 1) wie auch der zweiten
Wachstumslésung (GS 2) verschiedene NaBr-Konzentrationen zugefiihrt und die Ergebnisse in
Abbildung 18b gegeneinander aufgetragen. Wie zu erwarten war, kommt es ganz ohne NaBr
ausschlie8lich zu sphéarischen Goldnanopartikeln. Doch entgegen der Inkubationszeit von GS 1
spielt die NaBr Konzentration hier fir die Ausbildung von Goldnanowdrfeln eine untergeordnete
Rolle. Deutlich wird das daran, dass sich selbst bei hdheren NaBr-Konzentrationen keine Wurfel
erzeugen lassen, sofern nicht wenigstens geringe Bromidmengen in GS 2 vorhanden sind. An-
dersherum lassen sich jedoch auch Goldnanowiirfel erzeugen, wenn NaBr ausschlieBlich in
GS 2 vorhanden ist. Dadurch ist NaBr in GS 1 scheinbar Uberflissig, wodurch wiederum die ge-
samte Synthese vereinfacht wird. Daruber hinaus lasst sich durch die NaBr-Konzentration in der
zweiten Wachstumsldsung (GS 2) die Kantenscharfe der Goldnanowdirfel sehr fein einstellen.
Bei zu hoher Konzentrationen (50 uM) treten jedoch neue, undefinierte Partikelpopulationen auf.
Durch die sukzessive weitere Steigerung von NaBr bis 150 uM in GS 2 kommt es schlief3lich zur
Ausbildung von Goldnanostébchen. Ahnliches konnten bereits Garg und Kollegen 2010 fiir Na-
nostabchen zeigen, als sie den Zusammenhang zwischen dem Aspektverhaltnis der Stabchen
und der NaBr-Konzentration untersuchten. In ihrer Studie, die sich auf lediglich einen Wachs-
tumsschritt bezieht, waren jedoch Bromidkonzentrationen von mindestens 20 mM und geringe
Konzentrationen von Sibernitrat erforderlich um Uberhaupt Nanostabchen zu erzeugen [146].
Anders als bei Garg und in der weiteren Literatur beschrieben, erfolgt die Stabchenbildung in der
vorliegenden Arbeit, ganz ohne die als essentiell bezeichnete, aber bis dato unklare Bedeutung
von Silberionen [147]. Damit ist gezeigt, dass NaBr nicht nur das Aspektverhaltnis von Nano-
stdbchen, sondern generell die Partikelmorphologie effizient steuert und dass durch dessen Va-

riation prazise zwischen der spharischen, der kubischen und der Stabchenform gewechselt wer-
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den kann. Voraussetzung ist jedoch die stabile und reproduzierbare Prozessfuihrung, die durch
die mikrofluidische Plattform realisiert wird. Mit einem Prozessdurchlauf kbnnen somit drei ver-
schiedene Partikelspezies innerhalb weniger Minuten erzeugt werden (Zusammengefasst in Ab-
bildung 16b), ohne dass Uberschussige und unbrauchbare Goldlésung entsteht. Dabei ist die
Verwendung von CTAC anstelle von CTAB entscheidend. CTA" ist zur Kanalpassivierung hin-
sichtlich mikrofluidischer Prozessierung essentiell und Chlorid als dessen Gegenion hat keinen
Einfluss auf die Formauspragung. Nur dadurch kann die Bromidkonzentration in GS 2 sehr fein
eingestellt und damit die entstehende Nanopartikelmorphologie sensibel justiert werden. Damit
profitieren sowohl die Herstellung der Gold- wie auch der Silbernanopartikel durch die sinnvolle
Kombination der Verfahren. Deutlich wird das an der wesentlich erhohten Ausbeute an Silber-
prismen sowie an der vereinfachten und parallelen Synthese verschiedener Goldnanopartikel
mittels der mikrofluidischen Plattform. Beides kann mit rein klassischen Batchverfahren nicht
erreicht werden. Besonders jene Prozessschritte, die in ein mikrofluidisches Verfahren Gberfuhrt
wurden, oder direkt davon abhangen, konnten auf die Vorteile der Mikrofluidik aufbauen und
somit die gesamte Nanopartikelherstellung verbessern. Die Parallelversuche ausschlielich im
Batch zeigen dabei die Limitationen des klassischen Verfahrens, wobei der direkte Vergleich
wiederum die Leistungsfahigkeit der mikrofluidischen, bzw. kombinatorischen Ansatze verdeut-
licht. Im folgenden Kapitel wird schlieBlich auf die optischen Eigenschaften der plasmonischen

Nanopartikel, deren Modifikation und das Potenzial in der Sensorik eingegangen.
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Abbildung 18: Ubersicht von REM-Aufnahmen zum Einfluss von Halogeniden in GS 2 beziiglich der resultierenden
Form von Goldnanopartikeln (a). Gegeniiberstellung verschiedener NaBr-Konzentrationen in GS 1 sowie GS 2. Der
MaBstab entspricht 100 nm (b). [MT4]
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3.5. Postsynthetische Stabilisierung und Anwendung formanisotroper meNP hin-
sichtlich sensorischer Applikationen [MT1 - MT7]

Neben dem Einfluss der Liganden auf die Partikelmorphologie wirken sich diese und weitere
Zusatze auch auf die Stabilitdt der Partikelsuspensionen und besonders auf die optischen Ei-
genschaften der Nanopartikel aus. In Tabelle 1 sind die Effekte verschiedener Liganden auf die
intrinsischen Faktoren sowie auf die Zusammenhange bezuglich optischer Resonanz (LSPR)
und Stabilitat zusammengefasst. Die postsynthetische Prozessierung der entstandenen Nano-
partikel ist dabei abhéngig vom jeweiligen Einsatzgebiet und kann vom galvanischen Atzen bis
zur gezielten Oberflachenmodifizierung reichen. Unter anderem konnten in dieser Arbeit die in
Tabelle 1 grin markierten Verfahren und Chemikalien fur postsynthetische Prozesse verwendet
werden. Vor allem der Ligandenaustausch spielt bei anisotropen Nanopartikeln eine entschei-
dende und kritische Rolle. Die Partikeloberflache muss frei von Surfaktanten sein, damit die Na-
nopartikel auf Oberflachen immobilisiert und chemische Ereignisse oder Molekile detektiert wer-
den kénnen. Dabei kdnnen Liganden oder Moleklle, die das optische Verhalten der plasmoni-
schen Nanopartikel verandern, umgekehrt durch eben diesen Prozess auch detektiert werden.
Solange es zur Verschiebung des LSPR-Signals kommt, ist es dabei egal, ob die Liganden die
Nanopartikel lediglich umgeben (Ss) oder sich direkt an deren Oberflache anlagern bzw. anbin-
den (Sg). Fur biosensorische Anwendungen steht dabei die Funktionalisierung der Nanopartikel
mit biologischen Molekllen (z.B. DNA, RNA, Proteine, Aptamere) im Vordergrund, wobei ver-
schiedene Strategien angewendet wurden (siehe Tabelle 1 und 2 in [MT1]). Dadurch kénnen
unter anderem einfache Vor-Ort-Analysen (Point-of-Care, POC) etabliert werden, die das chemi-
sches Event (z.B. eine Nachweisreaktion) aufgrund der Farbanderung der Partikelsuspension
(Kolorimetrie) detektieren. Die plasmonischen Nanopartikel fungieren dabei generell als opti-
scher Transducer, indem sie extrem sensibel auf Brechungsindexanderungen in der Partikelum-
gebung durch Verschieben des LSPR-Signals reagieren. Neben kolorimetrischen Sensoren in
Wellplatten und anderen Reaktionsgefalien, konnte dieses Sensorprinzip erfolgreich in Lichtwel-
lenleiter Uberflhrt werden. Dafir wurden die plasmonischen Nanopartikel an getaperten (ver-
jungten) optischen Fasern (Abbildung 19a) sowie auf die Kerne von suspended-core-fibers
(SCF, kernfreihangende optische Faser, Abbildung 19b) immobilisiert. Durch die kernumgeben-
den freien Kanale der SCF kdnnen, wie in Abbildung 19b skizziert, Fluide entlang des lichtleiten-
den Kerns gepumpt werden, so dass eine integrierte neuartige optofluidische Sensorplattform
entsteht. Generell entscheidend fur das sensorische Potenzial ist dabei die Sensitivitat S der
jeweiligen Nanopartikel (siehe Kapitel 2.1). Goldspharen mit einem Durchmesser von 80 nm ha-
ben eine Bulk-sensitivitat (Sg) von 104 nm/RIU. Dagegen weisen Goldnanowdirfel mit einer Kan-

tenlange von ebenfalls etwa 80 nm eine Sg von ca. 200 nm/RIU auf (siehe Abbildung 8 in [MT3]).
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Tabelle 1: Ubersicht zu Stabilisierungs- und Beschichtungsmaterialien fiir plasmonische Nanopartikel und deren Effekte.
In Griin die in der Promotion verwendeten Materialien

Beschichtungs-/
Ligandenmaterial

Effekt auf die Nanopartikel bzw. die Suspension:

Form, GréBe & Zusammensetzung

Optisch & Stabilisierung

ORGANISCH

Monomer

Kleine geladene Molekiile

e Penicillamin

Surfactant

e SDS

e Oleyamine

Polymere

nicht lonisch

e PNIPAM; POEGMA

ionisch

o PDDA (Polyolmetho-
de)

GroRe sehr gut, Form bedingt
einstellbar

geringer GroReneinfluss

Formauspragung; GroRe;
Aspektverhaltnis

Grole
Formauspragung

Formauspragung, Aspektverhaltnis

Formauspragung

Formauspragung

Formauspragung

Formauspragung

Ladungsstabilisierung

Interpartikelabstand pH-Wert abhangig
reversibel

Stabilisierung; Monolayerbildung; Orientie-
rung (bei Immobilisation)

Orientierung, Assemblierung

Stabilisierung; Ligandenaustausch

Interpartikelabstand Temperatur-/ pH-
abhangig reversibel

LBL-Sensorik, Interpartikelabstand ist
pH-Wert abhangig

Stabilisierung

Interpartikelabstand pH-Wert abhangig
reversibel, Erkennungselement fir LSPR-
Sensorik

Interpartikelabstand, Erkennungselement
fur LSPR-Sensorik

ANORGANISCH
Dielektrisch

e Halbleiter
Metalle

e Ni/NiO

Metalloxide; -halide
und -sulfide

Legierung, Kern-Hulle Strukturen

Galvanischer Austausch - neue Form,
Legierung

Legierung = magnetische Eigenschaf-
ten

Legierung-> neue katalytische Effekte

Anderung der chemischen Zusammen-
setzung

*fir Nanopartikel des jeweiligen anderen Metalls

Stabilisierung und Anderung des RI
-> Verschiebung und Dampfung von LSPR

LSPR-Verstarkung, hypsochrome Ver-
schiebung, multiple LSPR-Banden

Stabilisierung, bathochrome Verschiebung

LSPR-Dampfung

LSPR-Dampfung

LSPR-Dampfung und
Bandenverschiebung
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Abbildung 19: Plasmonische Nanopartikel als optische Sensoren in Lichtwellenleitern. Bei getaperten (verjling-
ten) optischen Fasern wurden goldstabilisierte Sibernanoprismen immobilisiert (a). In SCF wurden entlang der
freien Kanéle des lichtleitenden Faserkerns Goldnanopartikeln immobilisiert. Durch Spliilen der freien Kanéle mit
Fluiden konnte somit eine optofiuidische Plattform realisiert werden (b). [MT6; MT7]

Daran wird deutlich, dass die Nanopartikelform einen entscheidenden Einfluss auf die Sensitivi-
tat hat. Insbesondere anisotrope plasmonische Nanopartikel zeichnen sich an ihren Spitzen,
Ecken und Kanten durch eine starke Fokussierung der Plasmonen aus, wodurch es zu einer
hohen Feldverstarkung kommt, was zu einer gro3en Sensitivitat fuhrt. So ist selbst die Sensitivi-
tat von volumen- und flachenmaRig kleineren Goldnanowurfeln mit der Kantenlange von 53 nm,
mit 126 nm/RIU groRer als die der spharischen 80 nm Goldpartikel. Die Abbildung 20 zeigt dar-
Uber hinaus die Sensitivitdten verschieden groRRer, mikrofluidisch hergestellter Goldnanowdrfel
(siehe Kapitel 3.4). Je groRRer die Goldnanowdurfel sind, desto hoher ist auch ihre Sensitivitat.
Gleiches gilt auch fiur Silbernanopartikel, die aufgrund des geringeren materialspezifischen

Dampfungsfaktors jedoch ohnehin eine hdhere Sensitivitdt aufweisen als Nanopartikel aus Gold.
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Abbildung 20: Mittels mikrofluidischer Plattform (CF-Verfahren) hergestellte Goldnanowdirfel verschie-
dener Kantenldngen (REM-Aufnahmen von links nach rechts: 53 nm, 58 nm, 70 nm und 75 nm). und
deren Spektrale Charakterisierung sowie zugehérige Bulksensitivitdt (Ss). Der Malstab entspricht
100 nm. [MT4]
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Die Abbildung 21b zeigt, dass sphéarische Silbernanopartikel mit einem Durchmesser von 8 nm
eine Sensitivitat von 90 nm/RIU erreichen. Dagegen zeigen anisotrope Silberpartikel, wie die in
Kapitel 3.3 synthetisierten Silberprismen mit Kantenlangen von 12 nm bis 70 nm, Bulksensitivita-
ten (Sg) von 160 nm/RIU bis zu 475 nm/RIU. Silbernanopartikel und speziell ihr anisotropes
Pendant sind somit ideale Kandidaten fir die Verwendung als optische Transducer. Entgegen
dem chemisch inerten Gold ist Silber jedoch sehr reaktiv, wodurch es besonders an Luft zur Alte-
rung (z.B. Korrosion) von Nanopartikeln kommt. Vor allem anisotrope Silberpartikeln sind von
unkontrollierten Umformeffekten (reshaping Effect, [MT5]) betroffen, die signifikante chemische
sowie strukturelle und damit auch optische Eigenschaftsdnderungen hervorrufen. Das Ziel der
postsynthetischen Prozessierung ist daher die Stabilisierung der Silbernanopartikel, ohne dass
dabei die optischen Eigenschaften verloren gehen. Durch gezielte Oberflachenpassivierung
konnten Silbernanopartikel in eine Silikatschicht eingekapselt werden (Abbildung 6o in Kapi-
tel 3.1). Gleiches konnte mit den forminstabilen Silberprismen durchgefihrt werden, die darauf-
hin eine hohere Bestandigkeit bei vergleichbaren optischen Eigenschaften aufwiesen. Wie in
Abbildung 21b dargestellt ist, verringert sich zwar die Bulksensitivitat von 555 nm/RIU auf ca.
280 nm/RIU bei einer Silikathulle mit einem Durchmesser von etwa 83 nm, jedoch ist die Sensiti-
vitdt noch erheblich héher als fiir spharische Gold- und Silbernanopartikel. Darlber hinaus kon-
nen Standartanbindungsprotokolle aus der Glas- und Silikatchemie angewandt werden. Dennoch
geht durch die Abschottung der Silberoberflache die Mdglichkeit der Molekilanbindung und der
Detektion an den Spitzen, dem Ort mit der maximalen Feldverstarkung, verloren. Um jedoch
auch dieses Kriterium zu erfillen, wurden die Silberprismen durch epitaktisches Aufwachsen
einer dinnen (<2 nm) Goldschicht stabilisiert. Dabei handelt es sich um einen chemischen
Wachstumsschritt in Lésung, bei dem es zur katalytischen Abscheidung von Gold ausschlieflich
auf den Kanten der Silberprismen kommt. Da der Prozess sehr sensibel ist, entsteht bei zu ho-

hen Goldkonzentrationen galvanic replacement (galvanischer Austausch) Reaktionen [148], bei
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Abbildung 21: Bulksensivitdten (Sg) von Silbernanoprismen in Lésung mit unterschiedlicher Kan-
tenldnge (a). Vergleich der Sensitivitdten von sphérischen, silikatumhiillten sowie nativen prismen-
férmigen Silbernanopartikeln [MT5]
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denen dem jeweiligen Nanopartikel das Silber entzogen wird, so dass ausschlief3lich ein Gold-
rahmen Ubrigbleibt (Abbildung 6f in Kapitel 3.1). Die goldstabilisierten Silbernanoprismen haben
im Vergleich zu den nativen Nanoprismen aus Silber eine geringfugig rotverschobene LSPR-
Bande. Das groRe sensorische Potenzial dieser Nanopartikel kann anhand des in Abbildung 19a
dargestellten Aufbaus der getaperten optischen Faser demonstriert werden. Auf den Faserkern
immobilisiert erreichen die goldstabilisierten Sibernanoprismen bei einer Belegungsdichte von
ca. 210 NP/um? eine Sensitivitdt von nahezu 900 nm/RIU. Daran wird deutlich, dass vor allem
anisotrope Nanopartikel bei gezielter postsynthetischer Prozessierung ein grolRes Leistungsver-
mogen bezuglich sensorischer Anwendungen besitzen. Dabei kdnnen sie insbesondere in Kom-
bination mit anderen Technologien, wie optischen Lichtwellenleitern, neue Einsatzgebiete er-

schliefRen.
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4. Zusammenfassung und Ausblick /Summary and Outlook

In der vorliegenden Arbeit wurde das Potenzial mikrofluidischer Verfahren untersucht, um defi-
nierte plasmonische Nanopartikel mit exakt spezifischen optischen Eigenschaften herzustellen.
Beginnend mit den Herausforderungen bezlglich der generellen Nanopartikelsynthese und im
Speziellen mit der Keimbildung sowie dem anisotropen Wachstum konnten Ansatzpunkte zur
Optimierung definiert werden. Mit dem Vergleich verschiedener mikrofluidischer Verfahren wur-

den schlieBlich die Optimierungsstrategien untersucht.

Im ersten Abschnitt konnte die mikrofluidische Synthese von kleinen Gold- und Silberseedparti-
keln mit schmalen PartikelgroRenverteilungen realisiert werden. Die Keimbildung konnte somit
von einem schrittweisen Prozess in einen kontinuierlichen Prozess Uberflhrt werden. Vor allem
Synthesen mit starken Reduktionsmitteln, wie NaBHas, profitieren von den Verfahren, da der ver-
wendete Mikromischer (DFM) die schnellen Reaktionskinetiken durch eine sehr kurze und effizi-
ente Mischzeit von 4 ms bedienen kann, so dass kleinere Seedpartikel mit geringerer Groen-
verteilung erzeugt werden konnten. In diesem Zusammenhang zeigte auch die Synthese von
Goldseeds im segmenierten Fluss (SF) grol3es Potenzial, da es hier nicht zum Reaktorfouling
kam. Dagegen kam es beim kontinuierlichen Verfahren (CF) zum Materialverlust als Folge der
Ablagerungen von Gold und Silber an den Kanalwanden, die jedoch durch Verwendung von
Saure wieder regeneriert werden konnten. Indem die amphiphilen Moleklle die Kanaloberflache
passivieren, konnte durch Verwendung von Tensiden (CTAB und CTAC) als Additive das Reak-

torfouling schlieflich auch beim CF-Verfahren ganz unterbunden werden.

In diesem Zusammenhang wurden auch Additive zum anisotropen Wachsen der Seedpartikel
genutzt. Es konnte gezeigt werden, dass die optimale Kombination verschiedener Syntheseme-
thoden sinnvoll ist, um von den jeweiligen Vorteilen zu profitieren, die Nachteile jedoch zu mini-
mieren. Fir Silberprismen konnte ein zweistufiges System etabliert werden, dass aus Seedsyn-
these und Seedwachstum besteht. Die Seedsynthese basiert auf einem kontinuierlichen mikro-
fluidischen Verfahren, bestehend aus verschiedenen, an die jeweiligen Reaktionsgeschwindig-
keiten und -bedirfnisse adaptierten Mikromischern. Dadurch wurden ein Vormischprozess und
der eigentliche Syntheseprozess realisiert. Im anschlie@enden Batchverfahren konnten die mik-
rofluidisch erzeugten Seeds mit hoher Ausbeute in Silberprismen wachsen und die geometri-
schen und optischen Eigenschaften gezielt eingestellt werden. Gleiches wurde bei der dreistufi-
gen Herstellung von Goldnanowirfeln realisiert. Nachdem die optimalen Parameter der kriti-
schen Reaktionskinetiken identifiziert wurden, konnten die Methoden an die jeweiligen zeitkriti-
schen Prozesse angepasst werden. Seedsynthese und erster Wachstumsschritt (GS1) wurden

mikrofluidisch (sowohl SF als auch CF) realisiert und der zweite Wachstumsschritt (GS2) erfolgte
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im Batchverfahren. Die somit erzeugten Goldnanowdurfel zeichnen sich durch eine hohe Repro-
duzierbarkeit sowie Formausbeute aus und lielRen sich in ihrer GroRe und damit auch ihrer
LSPR-Bande kontrolliert einstellen.

Darauf aufbauend konnte eine mikrofluidische Plattform etabliert werden, die ein effizientes Mo-
dellsystem fur Parameterstudien hinsichtlich anisotropen Nanopartikelwachstums darstellt, da sie
frei von subjektiven Einschatzungen und Einflissen ist. Es wurden Screeningverfahren bezuglich
des Inkubationsverhaltens der angereicherten Seeds, deren ausschliel3licher Konzentration hin-
sichtlich PartikelgréfRe und des Einflusses von Additiven (F-, CI', Br,, I') auf die Nanopartikelmor-
phologie durchgefiihrt. Im Ergebnis konnte das mikrofluidische Verfahren reproduzierbare Inku-
bationen und dadurch hohe Partikelausbeuten sowie die Moglichkeit der Feineinstellung der Na-
nopartikelgroRe ermdglichen. Hinsichtlich der Additive zeigte sich, dass ausschlieRlich Bromid
die Partikelmorphologie stark beeinflussen kann und sich somit durch dessen Manipulation ex-
plizit im zweiten Wachstumsschritt parallel spharische, kubische und stabchenférmige Goldna-
nopartikel herstellen lassen. Damit konnte gezeigt werden, dass die mikrofluidische Plattform
eine kostenglinstige (6konomisch und 6kologisch) und vielseitige Nanopartikelsynthese ermég-
licht, die sich durch ihr hohes Mal} an Prozesskontrolle auszeichnet und auf diese Weise nicht im

herkommlichen Batchverfahren realisiert werden kann.

DarlUber hinaus zeigten die synthetisierten plasmonischen Nanopartikel ein groRes Potenzial fir
biosensorische Applikationen. Als optischer Transducer konnten sie in ein neuartiges, optofluidi-
sches Fasersystem integriert werden und zeichnen sich durch hohe Sensitivitaten aus. Vor allem
anisotrope Nanopartikel, wie Goldwurfel und Silberprismen, Uberzeugten dabei durch ihre hohe
Sensitivitdt. Um Alterungseffekten vorzubeugen konnten die Silberprismen erfolgreich mit einer
Silikathulle oder einem diinnen Goldrahmen auf den Kanten stabilisiert werden, wobei fiir beide
Verfahren weiterhin eine hohe Sensitivitdt gewahrleistet werden konnte. Dadurch wurde fur ge-
taperte optische Fasern ermdglicht, goldstabilisierte Silberprismen mit extrem hohen Sensitivita-

ten als Transducer zu verwendet.

Zusammenfassend lass sich schlussfolgern, dass anisotrope plasmonische Nanopartikel fir
neuartige sensorische Applikationen gut geeignet sind und durch den dadurch entstehenden
hohen Bedarf an diesen Nanopartikeln wiederum mikrofluidische Verfahren gefragt sind. Diesen
eroffnet es dadurch die Méglichkeit, ihre Vorteile hinsichtlich Partikelausbeute, Prozesskontrolle
und Reproduzierbarkeit konsequent auszuspielen. Darlber hinaus erlauben die mikrofluidischen
Strategien vollig neue Ansatze der Partikelherstellung und kénnten daher die Realisierung neuer
oder bis dato ungenutzter Reaktionsparameter und -raume zur Erzeugung neuartiger und un-
konventioneller plasmonsicher Nanopartikel ermdglichen. Es ist daher gut mdglich, dass sie so-

mit die nachste Generation der Nanopartikelherstellung einlauten.
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The presented work investigated the potential of microfluidic methods to produce well defined
plasmonic nanoparticles with accurate optical properties. Starting with the challenge of the gen-
eral synthesis of nanoparticles especially with the nucleation as well as the anisotropic growth,
starting points for their optimization were specified. By comparing different microfluidic methods,

optimization strategies were analyzed.

In the first part of the study, a microfluidic synthesis of small gold and silver seeds with narrow
particle size distribution could be realized. The nucleation was therefore transferred from a step-
wise process into a continuous process. Most of all, the synthesis reactions with strong reducing
agents like NaBH4 benefit from these methods, since the used micromixer (DFM) can handle the
fast reaction kinetics with short and efficient mixing times in the millisecond range and therefore
produce smaller seed particles with decreased size distributions. In this context, also the synthe-
sis of gold seeds with the segmented flow (SF) approach depicted a high potential, since it pre-
cludes reactor fouling. In contrast, the continuous flow (CF) method suffered from a loss of mate-
rial as the consequence of unwanted deposition of gold and silver at the channel walls. However,
the channel walls could be regenerated with acid afterwards. By passivating the channel surfac-
es with amphiphilic molecules, the as additive utilized tensides (CTAB and CTAC) were able to

entirely prohibit the reactor fouling also for the CF-method.

Within this relation, additives were further used to initiate an anisotropic growth of the seed parti-
cles. It could be demonstrated that an ideal combination of different synthesis strategies is rea-
sonable to benefit from the advantages of the methods but also minimize the disadvantages. In
order to produce silver prisms, a two-step system could be arranged that consists of seed syn-
thesis and the later growth of them. The synthesis of the seeds is based on a continuous micro-
fluidic process containing different micromixers which were adopted to the velocity and require-
ments for the reaction. Thus, a premixing part and a real synthesis part were realized. In the
subsequent batch process, the microfluidically synthesized seeds could be grown to highly yield-
ed silver prisms with adjustable geometric and optical properties. The same was done for the
three-step production of gold nanocubes. After identifying the optimal parameters for the critical
reaction kinetics, the methods could be adopted to the respective time critical processes. Seed
synthesis and the first growth step (GS1) could be realized with microfluidic methods (both SF
and CF) and the second growth step (GS2) was done in a batch approach. The gold nanocbues
produced with this protocol benefit from the high reproducibility as well as the high yield in shape.

It was also possible to tune and control their edge lengths and hence the LSPR-peak position.

Based on these results, a microfluidic platform could be established, which represents an effi-

cient model system for parameter studies concerning anisotropic nanoparticle growth and is free
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of subjective influences and evaluations. Thus, screening processes regarding the incubation
behavior of the reinforced seeds, their used concentration with respect to the final nanoparticle
size and the influence of additives on the morphology of nanoparticles were done. The results
showed that microfluidic methods enable reproducible incubation and therefore high particle
yields concerning the desired shape, as well as the possibility of fine tuning the nanoparticle siz-
es. In terms of the additives, it was shown that solely bromid can strongly influence the morphol-
ogy of the nanoparticles. By modifying bromid only in the second growth step, spherical, cubed-
and rod-shaped nanoparticles can be produced in a parallel manner. Therefore, it could be
demonstrated that the microfluidic platform allows a cost-efficient (economically and ecologically)
and versatile nanoparticle synthesis, which enables a high mass of process control that cannot

be reached in conventional batch approaches.

Furthermore, the synthesized plasmonic nanoparticles offer a great potential for biosensorics
applications. By acting as optical transducers, they could be integrated into an innovative opto-
fluidic fiber system and displayed high sensitivities. Notably, anisotropic nanoparticles like gold
cubes and silver prisms persuaded with their high sensitivities. In order to prevent aging effects,
silver prisms could be successfully stabilized with a silica shell or a thin gold frame only at the
particle edges, by maintaining for both methods still a high sensitivity. Thus, gold stabilized silver

prisms could be used for tapered optical fibers.

The results clearly depict the suitability of anisotropic plasmonic nanoparticles for innovative
sensor applications, whereby based on the need of these nanoparticles, microfluidic methods are
demanded. In turn, this allows microfluidic methods consistently utilize their advantages concern-
ing nanoparticle yield, process control and reproducibility. In addition, microfluidic strategies en-
able entire new concepts of nanoparticle synthesis and could therefore realize new or until now
unused reaction parameters and spaces for the creation of novel plasmonic nanoparticles. Thus,

it is possible that they herald the next generation of nanoparticle production.
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Plasmonic nanoparticle synthesis and
bioconjugation for bioanalytical sensing

Plasmonic nanoparticles, e.g. nanoscale particles consisting of noble metals, show
high potential as transducer elements in novel optical sensors. Their optical prop-

erties are based on collective and coherent oscillation of the conduction electrons

Leibniz Institute of Photonic
Technology, Jena, Germany

by irradiating electromagnetic waves. The resulting resonance band (localized sur-
face plasmon resonance [LSPR]) is adjustable in the UV- to near-infrared spectral

range and can be defined by the chemical synthesis. The synthesis conditions can
determine dimension, material and particle shape, and these parameters represent
the main factors for the position of the LSPR and the bulk sensitivity. Therefore,
a reproducible synthesis of nanoparticles with defined LSPR is of importance. The
sensing principle is based on the strong influence of the surrounding medium’s
refractive index. Especially, anisotropically shaped particles are especially sensitive
to small changes in the medium; therefore, their defined synthesis is in the focus of
current developments. In this review, we give an overview of the different synthesis
techniques for nanoparticles, including miniaturized fluid devices. For sensoric ap-
plications, the conjugation of nanoparticles with biomolecules represents a key step;
thus, typical functionalization approaches are considered. In the following sections,
different LSPR sensing strategies are introduced, and possible applications, especially
in DNA analytics, are demonstrated.

Keywords: Biofunctionalization [ Localized surface plasmon resonance sensor | Metal
nanoparticles / Nanoparticle synthesis / Plasmonics
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1 Introduction

Plasmonic nanoparticles—nanoparticles consisting of noble
metals such as gold, silver, platinum and palladium—exhibit a
large potential as optical labels. The optical signal, the scattered
light, of a single particle is five orders of magnitude higher com-
pared to the optical response generated by a typical fluorescence
dye molecule [1,2]. These extraordinary optical properties allow
versatile sensor applications for future (bio)analytics. The origin
of this optical potential is based on the collective oscillation of
free conduction electrons in the nanoscale particles [3,4]. This
oscillation leads to the occurrence of localized surface plasmon
resonance (LSPR) that depends on intrinsic factors such as ma-
terial composition, size and shape of the particles (Fig. 1). In
addition, the refractive index of the surrounding medium influ-
ences the LSPR position. This is the base for the sensoric potential

Correspondence: Dr. Andrea Csaki (csaki@ipht-jena.de), Leibniz
Institute of Photonic Technology, A.-Einstein-Str. 9, 07745 Jena,
Germany

Abbreviations: eLSPR, LSPR on ensemble; LSPR, localized surface plas-
mon resonance; snpLSPR, single-particle LSPR
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of plasmonic nanoparticles. The intrinsic factors determine the
main sensitivity of the particles [5]. Because these factors can be
adjusted during the synthesis, it represents a critical step for the
development of sensitive optical transducers. In this review, gen-
eral strategies of nanoparticle synthesis are presented in relation
to the proposed sensing techniques. For this purpose, different
functionalization methods of the particles with biomolecules will
be shown. Different LSPR sensing concepts will be introduced,
and their sensoric potential is demonstrated.

2 Synthesis of metal nanoparticles

2.1 General strategies

Metal nanoparticles and clusters can be formed by assembly of
atoms as a kind of bottom-up approach [5, 6], or top-down by
dispersion of bulk materials [4]. The main strategy for nanoparti-
cle synthesis is based on the chemical reduction in liquids. By this
so-called colloidal synthesis, metal ions in solution are reduced
by using an electron donor molecule. Here we can distinguish be-
tween a direct reduction with a reducing agent and the reduction

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Overview over the spectral range of localized surface resonances for various plasmonic nanoparticles between the UV- and the

near-infrared spectral ranges.

in presence of organic ligands. The latter particles represent the
so-called monolayer protected clusters or particles, also Brust-
particles [7-10]. Possible reducing agents are phosphor [11,12],
formaldehyde [13], acetone [14], citrate [10, 15, 16], ascorbic
acid [17], tannic acid [ 18-20], salicylic acid [20], oxalicacid [15],
ethyl alcohol [21], hydroxylamine [22,23] or sodium borohy-
dride. In general, the strength and the amount of the used re-
ducing agent have a key effect to the resulting particle size.

An alternative for the large-scale synthesis of plasmonic
nanoparticles is the nature-analogous bioreduction, where the
metal salt reduction occurs in organisms or uses organic ma-
terial as reducing agent. Different kind of microorganisms, like
bacteria [24], fungi [25,26] and marine algae [27] can act as
direct producer for intra- or extracellular synthesis supporter.
Also lichen or their metabolites can mediate nanoparticle syn-
thesis [28].

Another possibility to prepare plasmonic nanoparticles is
based on the dispersion of atoms from the bulk materials. These
methods often require a high-energy source, and do additionally
waste large part of the often precious materials. High voltage [29],
laser beam [30], microwave or sonochemical forces [31,32] al-
low the generation of plasmonic nanoparticles in high amount.
Unfortunately, without additional and cumbersome structuring
steps (like electron beam lithography); these methods usually
result in only spherical-shaped nanoparticles. A shape-defining
synthesis including exact particle dimension is best realized us-
ing the colloidal synthesis. An overview from current theories
for mechanisms of the synthesis is described in Subsection 2.2.

2.2 Mechanisms of colloidal synthesis

The classical model for colloidal synthesis of nanoparticles
(Fig. 2A) distinguishes between two subsequent reaction steps, a

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fast nucleation and a slower growing step [15, 16, 33]. Initiation
of the reaction is the reduction of metal ions to atoms. The in-
creasing amount of atoms leads to a crossing of the nucleation
concentration threshold, and first nuclei are formed. Then, the
nuclei will grow until the metal ions are consumed. The final
size and the size distribution of the nanoparticles depend on the
nucleation function. According to this, the number of the nuclei
should be the same as that of the nanoparticles at the end of the
synthesis reaction. This is not the case in practice [34]; there-
fore, new theoretical models were developed recently, proposing
anovel view on the particle formation: Multiple nucleation and
growth steps occur successively or with overlaps [35, 36]. The
earlier nuclei may aggregate and thereby form new nuclei for the
growth (Fig. 2B). This so-called “aggregative synthesis process”
is divided in four steps. A first nucleation process depends on
the used reducing agent: in the case of Au nanoparticles, citrate
reduction yields a nucleation time of ~60 s, by sodium boro-
hydrate <200 ms. After this fast nucleation, a coalescence of
the nuclei follows (Au/citrate ~20 min; Au/NaBH, = 200 ms).
Subsequently, slow and fast growth steps occur. In the case of sil-
ver nanoparticles, the reaction kinetic is more complex [36,37].
The nucleation function for the aggregative nucleation process
depends on the used solvent, the concentration of the precur-
sors and the reaction temperature. These three factors determine
the density of the primary nuclei. The kind and the concentra-
tion of the reducing agents, the ionic strength, polymer stabiliz-
ers, ligands and surfactants represent additional factors for the
nanoparticle-forming kinetics and the resulting particle sizes.
Especially, anisotropically shaped nanoparticles exhibit excel-
lent optical properties. Their synthesis is divided in several steps
and requires surface detergents [38,39]. Therefore, for a better
process control, exact parameters and homogeneous fast local
mixing are required. All this is ideally realized in microfluidic
reactors.
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2012 American Chemical Society.

2.3 Microfluidic synthesis of nanoparticles is hard. This need motivated the development of novel microflu-

idic technologies [40,41] (Fig. 3). The microfluidic synthesis
The synthesis of plasmonic nanoparticles can be realized on dif- of nanoparticles can be realized in segmented- or in continu-
ferent scales. The main used technology is the batch synthesis, ous flow [42,43]. In both cases, material requirements are low
usually on mL scale. Here, an exact control of the mixing process and the diffusion distances are very short. This allows a fast
268 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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mixing of the reactants and an optimal temperature distribu-
tion in the reactor. In addition, microfluidic channels also allow
online monitoring and therefore a better reaction control. The
exact control over particle size and distribution allows a better
adjustment of the desired optical properties. Especially for the
synthesis of anisotropic nanoparticles, an exact process control
is of utmost importance [44]. In this two-step synthesis, the first
step can generate well-defined and extremely small, monocrys-
talline seed particles, whereas the second step allows adjustment
of the final dimension, shaped and size distribution. Silver tri-
angles, in particular, can be synthesized only, if the first step
guarantees all criteria [45]. The use of segmented flow allows the
high-yield synthesis of such seed particles. Therefore, the LSPR
position can be controlled exactly by adjusting the dimension of
the triangles in the second step of this synthesis [46].

As an extension of this continuous-flow technique, another
method combines different microreactor units for synthesis con-
trol. In the case of silver seeds, three steps for the mixing of reac-
tants by different flow rates are needed. For a slow reaction (reac-
tion half-life: Ts; = several seconds) with low flow rates, LASAR
or ROSAR (multilamination) micromixers are suitable [47,48],
whereas slow reactions (Ts; = several seconds) with high flow
rates, T-shaped micromixer [49] are suitable; for an ultrafast
reaction (Ts; < 1 ms) with a high flow rate for at least one
component, a Dean-flow mixer is adequate [50-52]. Using com-
binations of these three mixers, the quality of the seeds can be
optimized. Consequently, the synthesis yield can be increased
from <70 up to ~90% for triangles, accompanied by a better
tuning of the optical properties.

3 Biofunctionalization of plasmonic
nanoparticles

Bioanalytical applications of metal nanoparticles have been es-
tablished in the early 1980s [53], especially for electron mi-
croscopic techniques. Later they were also used as optical
label in biochip techniques [54], and for light-induced ma-
nipulation of small biomolecules [55,56], chromosomes [57]
and cells [58]. Current developments are focused on the use
of these particles for drug delivery [59] and modern sensing
approaches [60,61]. For all these techniques, a specific function-
alization of the nanoparticles with biomolecules is necessary.
The main problem is the stability of the colloidal nanoparti-
cles. Most particles are only charge-stabilized after the synthesis.
The particles are usually negatively charged by the presence of
reducing ligands. In-between the particles, an electrostatic re-
pulsion stabilize against aggregation. Small changes in the pH
of the solvent or ionic conditions can partially deprotect the
surface charges and decrease the repulsion. This can induce an
irreversible coalescence (aggregation), rendering the colloidal
solution unusable for applications. Most biofunctionalization
processes are based on a strong interaction of specifically func-
tionalized biomolecules with the metal particle surface in form
of self-assembly monolayers.

The biomolecules replace the primary attached, reducing
ligands. This ligand exchange reaction can be very hazardous
for the particle stability, especially if the salt concentration is
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increased. The bioconjugation is mostly divided in two steps.
First, the charged biomolecules bind electrostatically to the par-
ticle surface. In a second step, a self-organization process, the
molecules build a statistically ordered layer around the particle.
For biosensing, the recognition elements—which are comple-
mentary to the desired target—have to be attached at the surface
of the nanoparticles. Table 1 lists the main strategies for the
bioconjugation of plasmonic nanoparticles. For silver nanopar-
ticles the same principles are adaptable, with some differences in
the binding strength or the kinetics [62]. For biofunctionaliza-
tion of anisotropically shaped nanoparticles, surface-blocking
ligands (often detergents) should be removed first. The most
used detergents are CTAB/CTAC, PVP, SDS or bis(2-ethylhexyl)
sulfosuccinate. They are applied to induce the defined crys-
talline growth [39, 63, 64]. Their removal is usually quite labori-
ous. On the one hand, the ligands can be exchanged or used
as charged starting layer in layer-by-layer assembly [65-67].
For gold nanorods for example, CTAB results in a positively
charged layer around the particles. Using a layer-by-layer step,
poly(styrenesulfonate) can be utilized as negatively charged layer
for the binding of antibodies on nanorods [65,68]. On the other
hand, ligand exchanging with thiol-modified polyethylenglycol
is also a successful method for the conjugation of nanorods. This
biocompatible layer allows direct in vivo applications [69].

The specific conjugation of metal nanoparticles allows their
implementation in biosensoric devices as a transducer. Biorecog-
nition strategies are based on the key-and-lock principle of the
biomolecule-biomolecule interaction, which usually is extremely
specific. In Table 2 various recognition elements (and their tar-
gets) are listed.

4 Application potential of plasmonic
nanoparticles—LSPR sensing

Plasmonic nanoparticles are sensitive to changes of the refrac-
tive index in the surrounding media. This is the main principle
of LSPR sensing (Fig. 4). The position of the resonance peak
shifts to longer wavelengths upon binding of molecules onto
the particle surface (see Fig. 4C and D). This shift is related
to the bulk and surface sensitivity of the nanoparticles (deter-
mined by the intrinsic factors and given by the synthesis) as well
as to the amount of the bound molecules [70]. In addition to
this shift, the plasmonic effect induces a local field-enhancement
around the nanoparticles. This is useful for Raman-related tech-
niques and for metal-enhanced fluorescence. A classification of
different LSPR sensing types is possible by the dimension and
the principle of signal generation [71]. Generally, we can dis-
tinguish between refractive index sensing, resonance coupling
effects and field-enhancement [72] (Fig. 4A). The main field of
the LSPR sensing is the refractive index sensing. This is realizable
in 1D, 2D or 3D particle arrangement, as single nanoparticles
(snpLSPR), particle-layer ensembles (eLSPR) or article solutions
(colorimetry).

The refractive index sensing at the single-particle level, the
snpLSPR, was pioneered by the groups of Feldman, Schultz and
van Duyne [73-76]. The main principle of this technique is
based on the measurement of the single nanoparticle’s response
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Interaction Ligand functionality Examples References
Metal nanoparticles
Covalent interaction Thiol group (primary, dithiols) DNNA, proteins, peptides [85,92-94]
Thiol group + click-chemistry or
NHS/EDC
Amino group DNA, proteins, antibodies, peptides [62,94]
Hydrophobic interaction tryptophan Proteins/“protein corona® [95]
Electrostatic interaction Charge, layer-by-layer assembly DNA, proteins/“protein corona®, e.g. [66]
(LbL) enzymes, antibodies, other
biopolymers—poly electrolyte
layers (PEL)
Monolayer protected particles
Ligand exchange reaction Thiol group [96]
Metal nanoparticles with silica shell
Covalent interaction Silane DMNA, antibodies [97,98]

Silane and NHS/EDC-chemistry

DMNA, antibodies [99]

Silane and click-chemistry DNA, antibodies, . .. [100,101]
Table 2. Biorecognition strategies for bioanalytical sensings.
Recognition element Interaction Target Reference
DNA/RNA Hybridization (hydrogen bonds) DNA/RNA (85]
Peptide nucleic acids Hybridization (hydrogen bonds) DNA/RNA [102,103]
Aptamers Lock-key molecule-molecule Proteins, amino acids, sugars, [104)
interaction steroids, pesticides
Antibodies Antigen-antibody interaction Antigens, cells, microorganism, (12, 105]
proteins
Molecularly Molecule-molecule interaction Amino acids, sugars, steroids, [106]
imprinted polymers pesticides, small biomolecules
Streptavidin Biotin-streptavidin interaction Biotin-modified target, e.g. DNA [107,108]

in form of resonance peak shift during the bioanalytical process
(Fig. 4C). The optical response is measured as scattering infor-
mation of only one single nanoparticle. In the experimental setup
of snpLSPR, two different main concepts are possible. The scat-
tering signal of the single nanoparticles can be measured using a
signal output coupling by a mirror and the use of entrance slits to
a grating-based spectrometer [77]. Otherwise, scattering signals
of the single particle are selected from the field of view of immo-
bilized and statistically distributed nanoparticles using a pinhole
(Fig. 4B) [61,76,78]. Both methods allow the measurement of
whole scattering information for just one nanoparticle at a time.
Compared to near-field techniques such as SNOM, the measure-
ment time here is much lower (few seconds compared to some
10 min) but with a lower topographically resolution [79]. The
snpLSPR measurement of only one nanoparticle allows measure-
ment of plasmon resonances before and after analytical sensing
steps, or the real-time detection of bioanalytes. In case of DNA
analytics, the capture DNA acts as a recognition element [61].
Their binding to the nanoparticle surface induces a first shift
in the plasmon resonance (compared to the bare nanoparticle
resonance). The binding of the analyte DNA (e.g. PCR frag-
ment), which triggers a second shift, represents the actual sensor
response.

Current developments show a detection limit comparable
to other sensing concepts. The full width at half maximum of
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single nanoparticle compared to the peak from a whole popula-
tion of nanoparticles is much smaller and so simpler to detect.
Therefore, the measurement of single-particle spectra results
in a narrower peak width compared to the measurements on
nanoparticle ensemble, allowing more precise detection of the
LSPR shift [77]. One limitation of the single-particle technique is
the used rather sophisticated optical system (microspectroscopy)
with a signal stability around one nanometer. In addition, this
principle is hampered by the high costs of the devices and time-
consuming data analysis for a statistical relevantamount of single
nanoparticle. An extension of this technique, the imaging spec-
trometer allows a parallel readout of several nanoparticle signals
in one-step and in a much shorter time [80,81].
Ensemble-based eLSPR utilizes a cost-efficient measurement
principle. By this method, the extinction of the whole parti-
cle layer is the basis of the optical signal. In its simplest form,
the nanoparticles are immobilized as a layer on an optically
transparent substrate which will be implemented in microflu-
idic channels. The optical signal is generated in transmission
mode. The optical readout system can be realized using a low-
cost spectrometer and it allows a measurement of LSPR shift with
a resolution of around 10 pm (depending on the light source and
detector). A main drawback of this method is that the signal is
generated by the nanoparticle layer and only generic statements
about the binding events can be made, whereas with snpLSPR

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

46



VEROFFENTLICHTE ARBEITEN

Engineering
T inLifeSciences
www.els-journal.com

HRETTHCHVENIIEEX: RESONANEE

11l¢)
on single particles (snpLSPR)

e - @

on particle layers (eLSPR) [~

=

Eng. Life Sci. 2015, 15, 266-275

COURNNG Flalel =i ie sz

Particle-particle coupling (Colorimetry)

&
o fr

www.biotecvisions.com

Raman (SERS, SERRS,...)

©0o x — ¥

606 ~-€00

in particle solutions (Colorimetry)

e.n‘]
"
1/

Coupling waveguides/SPR and
nanoparticles

Fluorescence/Luminescence

ee :
22 | %

.

J =

Nanoparticle

Glass substrate

Immersion oil

Scattering Intensity [a.u.]

Darkfield
condensor

Figure 4. (A) Classification of LSPR sensing types by the transducer dimension and the signal development. (B) Dark-field microscopic
device and (C, D) scheme ofthe snpLSPR for DNA-analytics: A single nanoparticle (D, left) is covered with a layer of single-stranded capture

DNA (D, center) that is complementary to the target DNA. If this target DNA is present, their binding leads to another resonance shift
(D, right). Dark-field images with a dimension of 5 um.

distinctive correlation is possible. However, due to the low re-
quirements regarding equipment, this concept is well-suited for
the development of devices for point-of-care applications. A
special kind of the eLSPR works with plasmonic particle layers
inside of optical fibers. Using the nanoparticle layer deposition
method, a homogeneous coverage with selected particles inside
of microstructured optical fiber (MOF) channels is possible for
fibers several meters in length [82]. This method combines for

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

I

500 550 600 650
Wavelength [nm]

ﬂ

the immobilization of nanoparticles a self-assembly monolayer
techniques with microfluidic coupling of microstructured opti-
cal fibers, and allows the exact optical tuning of the fibers, their
use for LSPR sensing and for controlled microfluidic manage-
ment. In addition, it enables multiplexed bioanalytics where the
different channels of the fiber provide individual signals [83].

Moreover, the combination of eLSPR sensing with the cavity
ring-down readout principle enables a realization of sensitive
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Figure 5. Comparison of the bulk sensitivities for different plasmonic nanoparticles.

bioanalytical sensors [84]. In this case, the measurement of the
photon lifetime is extremely fast and sensitive. The principle is
based on the light-trapping inside of high-quality optical cav-
ity with a signal-enhancement. This powerful tool for low-loss
optical spectroscopy represents a 2-3 orders of magnitude in-
creased detection limit compared to the conventional spectro-
metric measurements.

The typically used concept for LSPR sensing, the colorimetry,
is based on the spectral measurement of nanoparticle solutions.
In this case, the refractive index changes and/or the optical cou-
pling of the particle resonances induce a shift in the particle
LSPR [85, 86]. This method allows simple assays for bioana-
Iytical applications, for example, the detection of pathogens or
other contaminants [87-89]. Colorimetry is also usable for an
estimation of the sensitivities of different plasmonic nanopar-
ticles. Especially, anisotropically shaped nanoparticles and par-
ticles with defined core-shell ratio show high bulk sensitivity
(Fig. 5) [90,91].

5 Concluding remarks

Plasmonic nanoparticles exhibit a high potential for future bio-
analytical applications based on their characteristic optical prop-
erties. These particles can be prepared using simple chemical re-
actions based on colloidal chemistry. The reaction kinetic needs
well-defined conditions for reproducible synthesis of nanoparti-
cles. Therefore, microfluidic devices are a preferred technique
for the synthesis. In a subsequent biofunctionalization step,
plasmonic nanoparticles can be modified with various kinds
of biomolecules. These conjugated nanoparticles can act as a
transducer in optical sensing devices. The binding of analytes on
recognition elements (biomolecules on a particle surface) using
a specific biomolecule-biomolecule interaction represents the
actual sensing step. Plasmonic particles allow different sensing
concepts. LSPR sensing in different arrangement of the particles
are usable for refractive index sensing. In addition, nanopar-
ticles can induce a high field-enhancement for Raman-related
techniques or metal-enhanced fluorescence. In general, plas-
monic nanoparticles offer a large potential of future bioanalytical
applications.

272

Practical application

Colloidal synthesis of plasmonic nanoparticles allows the
development of novel cost-efficient optical biosensors. The
particles act as optical transducers. The readout of the op-
tical signal of the localized surface plasmon resonances—
which lies usually in the visible range—can be realized by a
simple technology. Different biorecognition strategies are
possible by biofunctionalization of plasmonic nanoparti-
cles. Therefore, various classes of molecules can be de-
tected using this technigue.
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High-Throughput Synthesis of Uniform
Silver Seed Particles by a Continuous
Microfluidic Synthesis Platform

Controlled silver particle geometries require at least a synthesis in two steps which
strongly differ in their reaction kinetics. For the first step, the very fast seed forma-
tion, chaotic advection-based micromixers are tested in combination with a batch
reactor for the growth step. Nanoparticles with narrow size distribution and excel-
lent shape uniformity can be prepared in large batches. To achieve a highly repro-
ducible and homogeneous particle solution, a microfluidic system containing
three different micromixers for optimal mixing of the chemical precursors is es-
tablished, allowing stringent control of every synthesis step. The produced silver
particles can be used as seeds for forming anisotropic particles. Their further po-
tential is demonstrated by preparation of anisotropic silver triangles. The thus
generated seed particles are better suited for growing to triangles than those from
conventional batch synthesis.
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nanoparticles, Silver nanoprisms
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1 Introduction

Metal nanoparticles are becoming favorite objects in current
plasmonics [1]. Their extraordinary optical properties in form
of sharp optical resonances, i.e., localized surface plasmon reso-
nances (LSPR), are based on coherent oscillations of free con-
ductive electrons upon irradiating electromagnetic waves [2].
The position of the LSPR and, therefore, the potential applica-
tion strongly depends on the material, size, and shape of the
nanoparticles [3]. These factors can be adjusted by the chemi-
cal synthesis. Different applications as biochip- or cell-label
[4,5], as optical antenna for manipulation of biomolecules
[6,7], or as sensor transducer [8] are based on this potential.
The application of gold spheres (LSPR by 520 nm) in bioana-
lytics is widely spread [8-10]. These particles are chemically
relative stable, their synthesis and biofunctionalization is well-
established, and they are well biocompatible. Unfortunately,
these particles are limited by their LSPR wavelength range
above 520nm. Triangular-shaped silver nanoparticles offer
much higher scattering and absorption efficiency and addition-
ally a spectral range tunable over the whole visible and infrared
spectral range from 400 to 1200 nm [11] but the chemical syn-
thesis of silver triangles is more complex compared to spheres
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Germany.
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[12-14]. In classical batch synthesis, the resulting nanoparticles
are often polydisperse and their plasmonic properties, based on
their geometry, are difficult to control. The critical part in the
two-step synthesis is the first step, ie., generation of small crys-
talline seed nanoparticles. In general, miniaturization in the
synthesis can be helpful to optimize this step [15].

Different strategies of microfluidics starting from a small
capillary up to a complex network of different fluid units have
been proposed [16,17]. The main advantage of microfluidic
systems is the small dimension of the channels and structures
which results in shorter diffusion lengths and a higher surface-
to-volume-ratio. Consequently, microsystems allow for a fast
exchange of material and energy (5,13, 18, 19]. For an optimal
synthesis, the mixing parameters are of key importance.
Changes in mixing conditions can result in uncontrollable col-
loid morphologies and/or various sizes. Therefore, with in-
creasing complexity of the particle shape, more control during
the synthesis is needed. Direct control of the synthesis parame-
ters allows the immediate control during the synthesis to reach
a homogeneous composition of the mixture [14]. This is the
basis for the synthesis of nanoparticles with homogeneous par-
ticle size distribution and well-defined particle geometry.

A novel system is described with a combination of different
microfluidic units to create small and monodisperse silver seed
particles utilizing a rather fast reducing agent (NaBH,). Three
different micromixers allow optimal mixing conditions of the
reaction adducts and overcome diffusion limitations of classical
methods and, therefore, variations in particle size and crystal-

linity. The resulting defined seed particles enable a defined
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synthesis of silver triangles in the subsequent growing step.
The exact tuning of the optical properties of the resulting silver
triangles is the basis of enhanced future bioanalytical applica-
tions.

2  Experimental

2.1 Experimental Setup

All mixers and units were prepared under cleanroom condi-
tions by photolithography and subsequent wet-chemical etch
processes. The Dean flow mixer (DFM, Fig. 1¢) and T-mixer
(Fig. 1a) were prepared with two glass (borofloat) layers with a
half-channel in each layer. The T-mixer served as a single
T-mixer (2x in, 1x out, 1x closed). Therefore, one channel was
blocked with paraffin. The split-and-recombine-mixer (SAR
mixer, Fig. 1b) consists of three layers (glass-silicon-glass). All
layers of the individual mixer were connected by an anodic
bonding process.

The geometrical and channel parameters of the mixers are
summarized in Tab.1. All mixers were aligned in special
mounts which were also prepared at the IPHT, enabling a pre-
cise connection of the chip-integrated fluid ports by polytetra-
fluoroethylene (PTFE) tubes with an inner diameter of 0.5 mm
(Jasco Germany GmbH, Gross-Umstadt, Germany). For carry-
ing the fluids, the pump Cedosis (cetoni GmbH,
Korbuflen Germany) was employed which allows
the parallel use of four individual channels.

10 mm

2.2 Experimental Procedure

The preparation of silver nanotriangles is a modi-
fied method based on the work of Aherne et al
[13]. Tt is split in a two-step synthesis part. First,
the silver seed particles are prepared. In a second,
the growing step, the prepared seeds are used to
start a 2D growth that results in silver triangles.

2.2.1 Batch Synthesis of Silver Seed Particles
(bSEED)

The standard protocol for the synthesis of small sil-
ver seed particles is a discontinuous batch ap-
proach at room temperature as illustrated in Fig. 2.
Under vigorous stirring, 250 pL poly(sodium 4-sty-
renesulfonate (PSSS; U.SgL"; Sigma-Aldrich Che-
mie GmbH Munich, Germany) as a facet blocking
reagent and 300 uL of ice-cooled NaBH,4 (10 mM;
Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
as reducing agent were added to 5mL of a sodium

Stirrer

Figure 1.
T-mixer (one channel is closed for use as single T-mixer), (b) glass/Si/glass split-
and-recombine (SAR) mixer, (c) glass/glass Dean flow mixer.

Technology

2.2.2 Continuous Microfluidic Synthesis of Silver Seed
Particles (LSEED)

In order to allow a better comparison, the chemicals and con-
centrations utilized for the continuous synthesis in the micro-
fluidic setup and the batch approach were the same. An excep-
tion is NaBH,, which was used in the same concentration but
diluted in 10 mM NaOH (Carl Roth) instead of water. This
small change results in a higher stability of the species at room
temperature that minimizes the need for cooling the NaBH,
solution [20]. Instead of adding the chemical into the flask,
glass syringes (ILS GmbH, Stiitzerbach, Germany) were taken,
arranged in the syringe pump and connected with the micro-
mixers (Fig. 3).

2.2.3 Selective Growth of Silver Seed Particles to Silver
Nanoprisms

The possibility for an anisotropic growth of the as-prepared
seeds is used as a proof of their quality and for a direct compar-
ison of microfluidic- and batch-prepared seeds. Before growing
silver seeds to prisms, [BH,]™ has to be fully consumed. To pre-
vent any influence of borohydride to the growing step, the
seeds were incubated for at least 15h at room temperature
(23°C) prior to further use. Under strict stirring, 75uL of a

© ©

10 mm

Microreactors used in the synthesis device. (a) Glass/glass double

2.5mM TSC

500 mgr‘l PSss 10 mM NaBH: 0.5 mM AgNO:

l?lllln’mln

EEmEm

Figure 2. Steps of the batch seed synthesis. The sequence of the chemical steps
is crucial.

Table 1. Comparison of the parameters for the different micromixers.

citrate solution (2.5 mM; Carl Roth). Following the

drop-wise addition of silver nitrate (0.5 mM, Merck
KgaA, Darmstadt, Germany), a color change from
transparent to bright yellow was observed pointing
out the formation of small silver nanoparticles.

T-mixer SAR mixer DEM
Mask width [mm] 0.3 0075 0.05
Etch depth [mm)] 0.13 0075 0.13
Material Glass Glass/silica/glass Glass
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Figure 3. Continuous-flow synthesis of silver seed particles: scheme (a) and image (b) of the complete synthesis setup.

freshly prepared ascorbic acid solution (10 mM; Carl Roth) was
added to 5mL ultrapure water. Next, a varying amount
(10-650 uL) of seed particles was added. The concentration, or
in this case the volume, of the used seeds in the growing solu-
tion correlates with the final prisms size, i.e., edge length, and
therefore also with the position of the LSPR peak and the color
of the particle solution [13].

A higher concentration of seeds gives smaller prisms and
shorter wavelengths for the LSPR peak positions, whereas a
lower concentration results in larger edge lengths and higher
plasmon wavelengths. The next step was the drop-wise addi-
tion of 3mL AgNO; (0.5mM) under permanent stirring. By
adding the silver ions, the growing is initiated and becomes
visible by a change in the solution color depending on the used
amount of seeds as mentioned above. For charge stabilizing the
prisms, 500 uL of sodium citrate (25mM) was added to the
suspension after ~ 2 min of finishing the AgNO; addition.

2.3 Characterization of Nanoparticles

The prepared particles were stored in the dark at 8 °C until they
were characterized by transmission electron microscopy (TEM;
Zeiss DSM 960, Jena, Germany), high-resolution TEM (HR-
TEM; JEM-3010, Jeol, Tokyo, Japan), scanning electron mi-
croscopy (SEM; JSM 6700F, Jeol, Tokyo, Japan), and scanning
force microscopy (AFM; Nanoscope I1la, Bruker Corp., Billeri-
ca, MA, USA). The synthesis yield for the triangle-shaped
particles was quantified by AFM. The resulting plasmon peaks
were measured with a UV-VIS spectrometer Jasco V-630
(JASCO Germany GmbH, Gross-Umstadt, Germany).

Chem. Eng. Technol. 2015, 38, No. 7, 1131-1137
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3  Results and Discussion
3.1 Synthesis of Silver Seed Particles Using a Batch
Reactor and the Continuous Microfluidic Device

The steps of a classical batch synthesis are presented in Fig.2.
In this stepwise method, one reactant after another is added in-
to the flask, while the chemicals have to be well stirred. It is
highly important to keep the order of chemicals, but it is obvi-
ously problematical to do it in a perfectly reproducible way
since the time between adding of several chemicals as well as
the exact mixing state are difficult to control. Due to differences
between each run, the resulting silver seed particles are slightly
different each time.

This problem can be solved using micromixers by which an
efficient mixing can be realized without any actuator or other
active mixing parts (passive mixing). Since there is no active
mixing in the microreactor, there has to be an applied flow that
generates the mixing. This fact can be seen as an advantage
since it predestines the microfluidic synthesis approach for a
continuous process. However, since four different fluids with
various velocities have to be matched, a special arrangement of
three different micromixers and a syringe pump are needed to
create a microfluidic setup that allows an efficient mixing of all
fluids in adequate manner. The complete device is presented in
Fig. 3. This setup is an arrangement of a synchronized system
of mixers with different fluid behaviors and mixing characteris-
tics to handle the several flow regimes in one complex device.

In general, the system can be divided into two parts, the pre-
mixing part and the silver seed synthesis part. In the first one,
all four fluids have to be merged to create two active intermedi-
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ates which will be mixed in the second part to start the nuclea-
tion. An overview of the different fluid regimes in the several
micromixers is presented in Tab. 2.

However, to characterize and understand the need for differ-
ent mixers, some fluid and mixing parameters have to be intro-
duced. The Reynolds number (Re) has no dimension and de-
scribes the ratio of inertial forces and viscous forces. It is used
to characterize whether a flow regime is either laminar or
turbulent, and on this basis causes either an enhanced or worse
mixing of the fluids in the channel. The Dean number
(De=Re (Dh/Rc)"™) is also a dimensionless quantity that is as-
sociated with the magnitude of the secondary flow field which
can be utilized for improving fluid mixing, The De-number
depends on the Re-number, the characteristic dimension of the
microchannel (Dh), and the radius of curvature (Rc) of the
channel bend. Around De >150, secondary vortices appear,
with even more complex flow fields for increasing De-number.

By transferring the synthesis process into microfluidics, the
volumes of the batch approach were also transmitted into flow
rates while keeping the several concentrations. This results in
completely different flow rates of the single fluids and, there-
fore, requires different mixers. For mixing NaBH, with PSSS, a
SAR mixer is employed since it creates optimal mixing by slow
flow rates and small Re [21,22]. The advantage of an SAR
mixer is the cascade structure of basis elements to reach a mul-
tilamination flow in order to realize a larger surface for materi-
al exchange and to shorten the diffusion ways. The used SAR
mixer consists of eight basis units that generate 256 parallel
laminations, whereby one element includes splitting, reshaping,
and a recombination process (Fig. 1 b) [21].

The application of different micromixers like T-mixers for this
approach did not produce convincing results, e.g., seed particles
with low quality or no functionality of a later anisotropic growing
since the blocking agent PSSS was not effidiently mixed, and
implicates the necessity for an SAR mixer. For mixing of sodium
citrate and silver nitrate, a standard T-shaped mixer was used
since both fluids were transported with high flow rates close to
the working point of the T-mixer ata Re of 188 [23].

As indicated in Fig. 2, the two mixers represent the first steps
of the synthesis part, whereas there will be no synthesis at that
point. This premixing creates active intermediates and provides
the required chemicals for the continuous process. Therefore,
the reaction in this step is slow and in the time range of
seconds. The real synthesis starts in the next step of merging
the two active intermediates in which the silver ion donator

Technology

and the reducing agent NaBH, come together. This is the criti-
cal step since the two intermediates have totally different flow
rates, but still have to be mixed in a high-efficiency order since
the reaction of nucleation and synthesis is an ultrafast reaction
in the lower millisecond regime. For this purpose, a Dean flow
mixer (DMF) was employed which can handle two dissimilar
flow rates by utilizing the so-called Dean effect [24,25]. The
Dean effect is based on a rotation movement of the fluids
caused by the curved channels (meander) and results in a swirl-
ing/turbulence that supports the convection of molecules. In
each meander, the fast core-fluid replaces the slow outer-wall
fluid by centrifugal force [26]. The mixer consists of five mean-
ders and needs at least one high working flow rate. In particu-
lar, one flow rate can be slow while the other one has to be
high. This is the case in the utilized setup, as seen in Tab.2.

In contrast to the conventional batch approach where mix-
ing is hard to control, the DFM eliminates local differences in
concentrations and achieves optimal mixing conditions. Both
the T-mixer and the DFM depend on secondary flow fields for
efficient fluid mixing [26] but only by using the glass DFM it is
possible to handle fast reaction (< milliseconds [27]) and there-
fore control the synthesis of uniform silver seed particles by ap-
plying the strong reducing agent NaBH,.

Borohydride is often taken for the synthesis of gold and sil-
ver nanoparticles since it is a strong reducing agent and can
lead to different nanoparticle sizes. The size variation of gold
nanoparticles can be contributed to the fact that NaBH, is gen-
erally used in ice-cooled water to slow down the reaction rate
of water molecules and borohydride and thereby increases the
reproducibility [15]. It was shown that it is difficult to control
the temperature and cooling of one chemical by performing
the synthesis at room temperature. So the method of NaBH,
dissolved in the same concentration of NaOH was introduced
that guarantees a stability/reactivity over several hours at room
temperature [20]. However, since this is of high interest for a
continuous synthesis over hours, another main advantage was
figured out by using it generally in microreaction technique
processes. During normal use of NaBH, in water, hydrogen
gases out after some minutes. The hydrogen in the fluid system
hinders an optimal control of flow rates and velocities since the
system is now compressible and uncontrolled energy dissipa-
tion can occur. By using NaBH, diluted in NaOH, the borohy-
dride is stabilized and no gas hinders the fluid control. This ob-
servation is crucial since it predestinates the general use of
NaBH, for microfluidic applications.

Table 2. Fluidic parameters for the microfluidic setup for continuous silver seed (USEED) particle synthesis.

Micromixer Chemical Flow rate [uLs™]  Flow velocity in each mixing unit [m sl Re De

SAR mixer NaBH4 2 0253 27 65
PSSS L.67

T-mixer TSC 33 0509 188 216
AgNO, 3

DFM Intermediate 1 3.67 1.698 457 671
Intermediate 2 66
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During the synthesis process, some kind of reactor fouling
by deposition of silver at the channel walls can be observed
(Fig. 4) starting after some minutes. The fouling in microfluidic
reactors represents a well-known problem in microfluidics
[28]. The fluid behavior of the mixers was characterized before
and after a synthesis with the result that the influence of the re-
actor fouling on the fluidic behavior is limited. As depicted in
Fig. 4, the channel shrinking was recalculated by measuring the
pressure. After 12 min with 50 mL of prepared pSEED solution,
the radius decreases only by 10%. Additionally, a cleaning pro-
cess with concentrated nitric acid regenerates the mixer struc-
ture completely (Fig.4).

3.2 Comparison of Batch and Microfluidic
Synthesis of Silver Seeds

For a direct comparison of the two methods, all chemicals were
freshly prepared and used immediately. Moreover, exactly the

same chemicals were employed and the synthesis was done at
exactly the same time. Since the batch approach is a stepwise
method, a maximal volume of around 10 mL can be prepared
per batch. In contrast, the microfluidic approach allows a con-
tinuous synthesis theoretically without limitation except that
given by the syringes. By means of 25-mL syringes, a volume of
50 mL of puSEEDs was prepared. The main differences of the re-
sulting seed particles are obvious in the particle dimension and
size distribution as indicated in Fig, 5.

While the resulting seeds in batch show a diameter of
6.1 £2.5 nm, the pSEEDs are much smaller with 4.7 £0.6 nm.
With the sizes of the prepared seed particles, a theoretical con-
centration of around 8 x10™ mol L™ for the microfluidic seeds
and 3.2x10 " mol L™ for the batch seeds will be prepared. Even
if the differences in the spectra and by the full width at half
maximum (FWHM) firstly are not clearly visible, the pSEEDs
are qualitatively better as demonstrated in the subsequent
growing step. Smaller seed particles are a basic requirement for
the synthesis of anisotropic nanoparticles. The comparison of
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Figure 4. Fluidic behavior (a) and image of the DFM device before (b) and after (c) the

fouling.
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Figure 5. Direct comparison of the UV-VIS spectrum (a) and the particle diameter distribution from TEM as boxplot diagram (b). The LSPR
band of the batch seeds is broader (FWHM = 112 nm) than the fluidic prepared ones (FWHM = 90 nm). (b) The fluidic ones exhibit a much

narrower size distribution (6.1 £2.5nm vs.4.7 £ 0.6 nm).
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the particle size distribution is shown in Fig.5b. The main
consequence of the higher-quality seeds can be explained by an
improved yield of the silver triangles compared to spherical
ones in the second synthesis step from less than 70 % with
bSEEDs up to 93% using pSEEDs. The resulting triangles
exhibit nearly the same dimensions and are crystalline as dis-
played in Fig. 6.

20
=5 — Profile 1
] @ — Profile 2
B Profile 3
153 — Profile 4
= — Profile 5
£ 4 — Profie 6
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Figure 6. Silver nanoprisms (triangular-shaped nanoparticles)
based on pSEEDS. (a) TEM image, (b) AFM image of silver na-
noprisms, (c) corresponding high profile of different prisms in
(b).
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With both, the bSEEDs and the uSEEDs, it is possible to pre-
pare silver nanoprisms. But using uSEEDs, a rather exact ad-
justment of the particle dimension, here edge length and thick-
ness, and therefore the position of the plasmon band is possible
(Fig. 7). Compared to triangle synthesis with bSEEDs, the edge
length by pSEEDs is much smaller: 75 uL — 81 nm (batch) and
60 nm (fluidic); 200 uL — 46 nm (batch) and 44 nm (fluidic);
400 uL — 31 nm (batch) and 27 nm (fluidic), at a thickness of
11 nm. The resulting silver triangles are excellent optical trans-
ducers for LSPR sensing with exactly adjustable spectral prop-
erties for future life science applications.

4 Summary and Conclusions

A novel microfluidic device is presented for the defined synthe-
sis of silver triangular-shaped nanoparticles with a high-
throughput continuous seed particle synthesis in the first step.
Instead of ~ 10 mL seed particles solution for the batch ap-
proach, the microfluidic setup allows a continued synthesis
of tens of milliliters and a seed particle concentration of
~8x10*molL™". The device combines three different micro-
mixers, namely, a split-and-recombine-mixer, a T-shaped
mixer, and a Dean-flow-mixer, in one platform for a defined
fluid manipulation. This is necessary for the synthesis of silver
seed particles in a two-step synthesis process. The chemical
adducts were optimally mixed, and the resulting seed particles
are well-defined and sufficiently small for the subsequent syn-
thesis step, ie., the growth in triangular-shaped geometry in
batch. Future work will be focused on the complete automation
of the synthesis with real-time reaction control and testing of
the resulting plasmonic nanoparticles for biosensing applica-
tions.
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Figure 7. Spectral comparison of grown silver prisms from bSEEDs and nSEEDs.
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Abbreviations

WSEED microfluidic device-generated silver seed particles

AFM scanning force microscopy (atomic force
microscopy)

bSEED batch reactor-generated silver seed particles

De Dean-number

DFM Dean flow mixer

FWHM  full width at half maximum

HR-TEM high-resolution TEM

LSPR localized surface plasmon resonances

PSSS poly(sodium 4-styrenesulfonate)

PTFE polytetrafluoroethylene

Re Reynolds-number

SAR split-and-recombine(-mixer)

SEM scanning electron microscopy

TEM transmission electron microscopy

TSC trisodium citrate

UV-VIS  ultraviolet and visible
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GRAPHICAL ABSTRACT

ABSTRACT

The production of non-spherical gold nanoparticles is a rather complex process and requires a multistep
synthesis including surface blocking detergents such as CTAC and CTAB (cetyltimethylammonium chlo-
ride; -bromide). Especially gold nanocubes are difficult to realize since they have six close packed 100-
planes and they need at least three separate, highly controlled production steps: the synthesis step,
where the seed particles will be formed, followed by two inde pendent growing steps. One main challenge
is to find the optimal conditions for the different steps, since the incubation times differs in several mag-
nitudes for each step (seeds: ms, growing solution 1: sec, growing solution 2: min ). Based on this discrep-
ancy we present a study and comparison of different synthetic methods for each step. Starting with a
classical batch approach we also transferred the synthesis into microfluidics and therefore compare con-
tinuous (one-phase) as well as segmented flow technigues, and discusses the benefits of each method.
We present the additional advantage of CTAC in microfluidics since it passivates the channel surfaces
and thereby inhibits clogging A further detailed kinetic study of the two growing steps identifies the
incubation time as critical parameter for a defined (cubed-like) geometry and facilitates the use of
microfluidic methods for the first growing step, since it eliminates subjective decisions. Due to the kinetic
study in combination with electron-microscopic characterization we propose a Figure Of Merit (FOM) for
the second growth step that simplifies the evaluation of the point in time when to terminate the reaction
to obtain perfectly shaped Au nanocubes. We also demonstrate the sensitivity (comparison of Au

Abbreviations: meNP, metal nanoparticle; 5PR, surface plasmon resonance; LSPR, localized surface plasmon resonance; G5 1, growth solution 1; G5 2, growth solution 2;

DCS, differential centrifugal sedimentation; 5F, segmented flow; FOM, Figure OF Merit; RI, refractive index; RIU, refractive index unit; FWHM, full wide at half maximum.
# Corresponding author. Tel.: +49 3641 206 360.
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nanocube and Au nanosphere) and the possibility of tuning the cube edge length (and so the plasmon
peak position) and highlight their correlation as a fundament for an automated microfluidic synthesis
and versatile applications, like biosensing.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Noble metal - such as gold (Au) and silver (Ag) - nanoparticles
(meNP) exhibit unique physical and chemical properties attributed
to their intermediate sizes between bulk and molecular com-
pounds. Especially the optical behavior is characteristic, since the
conductive electrons of nano scaled noble metals behave like an
oscillate dipole while exciting with coherent light and resulting
in a surface plasmon. In the case of planar metal (layers) this pro-
cess is known as surface plasmon resonances (SPR), for meNP it is
termed localized surface plasmon resonance (LSPR). The plasmon
resonance is the base for different kinds of optical labels and sen-
sors in biology, chemistry and medicine [1-5]. Changes in the sur-
rounding medium - in detail the change of the refractive index (RI)
around the particle - such as induced by the binding of molecular
layers result in a shift of the LSPR signal and can be measured with-
out any previous labeling [6]. Indeed the meNP acts as a mediator,
known as optical transducer [3]. Based on this principle, it is pos-
sible to realize different arrangements of LSPR-sensors like meNP
solutions or immobilized meNP (ensembles or single particles)
[7] to detect various kinds of analytes like small molecules, DNA,
proteins, or even whole cells [2,8-14]. Depending on composition,
size, and shape, different resonance regimes and sensitivities can
be realized [15,16]. Furthermore, the use of anisotropic meNPs like
cubes, prisms, bipyramids and rods enables amplified signals based
on the local field enhancement at tips and corners [16,17]. Espe-
cially surface enhanced Raman spectroscopy (SERS) benefits from
these features. However, based on the different aim and the need
of defined meNP, a lot of effort was done in new NP-designs [18
21], whereas for many applications a fine tuning is still needed
regarding yield, quality, reproducibility and simplicity. One exam-
ple is the synthesis of gold nanocubes [17,22,23] which is widely
considered as difficult since the cubes are confined by six closed
100-planes, requiring for their formation exact growth conditions.
Xia et al. [24] also described how small changes in temperature,
mixing conditions, precursor composition, impurity and reaction-
time can lead to different results and further discusses microfluidic
platforms as a strategy to fulfill these requirements [25]. In this
work we describe a reproducible protocol that is based on the
micro fluid technique and leads to the generation of homogeneous
gold nanocubes with adjustable geometrical dimensions, high
yields of the desired shape, and narrow particle size distributions.

conventional synthesis

15ml  CTAC [200mM)]

225 i
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52
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The synthesis method is based on a protocol published in 2010 by
Wu et al. [26] in conventional flask based laboratory batch-type
(discontinuous, Fig. 1a) reaction. The synthesis consists of three
steps (depicted in Fig. 2) and is transferred into microfluidic tech-
niques, whereat continuously (the mixed fluid streams and there-
fore also the resulting solution have the same phase Fig. 1b) and
segmented flow (a fluid stream consisting of two phases, that cre-
ates in-line small separated droplets as single reactors Fig. 1c)
approaches will be used and compared directly. Compared to the
poor mixing qualities of conventional batch methods, we show
that with microfluidic approaches a precise control and mass
transfer for the nucleation and the grow processes is possible. That
allows us to control the different requirements for the several syn-
thesis steps (Fig. 2) and yields ideal homogeneity of Au seed parti-
cles based on the good mixing opportunities. We will further show
that the success of the protocol depends on a strict schedule of
time-critical process steps. This again will be supported by using
microfluidics with well-defined residence times that enables a sig-
nificantly increased reproducibility of optimal shaped Au nano-
cubes and a simple tuning of particle sizes, since the micro flow-
through based protocol is much less prone to random errors during
the synthesis. The segmented flow technique also realizes a
decreased reactor volume down to segment volumes of some pl
and nl by keeping the mixing conditions and therefore minimizes
material consumption [27]. Regarding this, we will discuss the
benefit of microfluidics at each step. At the end we will shortly
compare the sensitivity (shift of the plasmon peak by changing
the RI) of classical spherical and cubed Au nanoparticles, to high-
light the potential of Au nanocubes for sensor applications.

2. Experiments

The synthesis of Au cubes is based on the procedure of Wu et al.
[26] that includes three steps. Fig. 2 provides the chronology of the
three synthetic steps and lists the appropriate method, that is used
for this step. At the beginning of synthesis, Au seeds are produced
by reduction of gold ions with sodium borohydride in the presence
of CTAC. The formation of gold cubes is achieved by growing the Au
seeds through a metal-catalyzed deposition of gold atoms upon the
reduction of gold salt solution with ascorbic acid. For all steps,
the conventional synthesis procedure (batch) is done by following

microfluidic syntheses
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0225 ml NaBH, [20 mM]

:
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Fig. 1. Comparison of different synthesis methods for Au seed particles and experimental arrangement, including the used chemical and fluidic parameters. For the
conventional synthesis a discontinuous batch approach (a) is used whereas two microfluidic approaches based on continuous (b) and segmented flow (c) technigque are used.
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Fig 2. Hierarchical order of the three-step synthesis for Au cubes with the corresponding reaction time on logarithmic scale and the realized experimental method for each

step. (GS - grow solution; Centrif - centrifugation).

the published protocol as a reference to compare the results
obtained by microfluidic synthesis. As described in Fig. 2 the seeds
where synthesized using batch, segmented flow and continuous
microfluidics procedures, whereat for the first growth step (GS 1)
segmented flow and batch methods were used. The final second
growth (GS 2) was realized by using the batch approach respec-
tively. Fig. 1 gives an overview of all synthetic methods (batch,
continuous microfluidics and segmented flow) that are used for
this work.

2.1. Chemicals and materials

All chemicals were used as received from the suppliers without
further purification. For the synthesis of seed particles, the chemi-
cals were hydrogen tetrachloroaurate trihydrate (HAuCly.3H20,
99.9%, Carl Roth GmbH, Karlsruhe, Germany), cetyltrimethylam-
monium chloride (CTAC, 98%, Merck KgaA, Darmstadt, Germany)
and sodium borohydride (NaBH4, 98%, Merck KGaA, Darmstadt,
Germany). For growth of nanocubes, in addition to chemicals pre-
viously stated, ascorbic acid (AA, 99.7%, Merck KGaA, Darmstadt,
Germany) and sodium bromide (NaBr, >99%, Sigma Aldrich Chemie
GmbH, Munich. Germany) were used. Ultrapure water was used
for preparation of all solutions and D-glucose (Sigma Aldrich Che-
mie GmbH, Munich. Germany) was used for sensitivity measure-
ments. Perfluoromethyldecalin (PP9, F2 Chemicals Ltd., Lea Town,
UK)was used as the carrier medium to implement segmented flow.
For the microfluidic experiments, syringes (2.5 ml ILS, ILS Innova-
tive Laborsysteme GmbH, Stiitzerbach, Germany) mounted on a
multiaxial, electronically controlled syringe pump system (Cetoni
NeMESYS and Cetoni Cedosis, Cetoni GmbH, Korbussen, Germany)
with independently controllable axes were used. The syringes and
the manifold were connected to standard available PEEK fluid con-
nectors using PTFE tubing (Jasco Germany GmbH, Gross-Umstadt,
Germany) with an inner diameter of 0.5 mm. The Dean-Flow-
Mixer (DFM) and corresponding mount were fabricated in-house
at the IPHT and connected via PTFE tubing as well.

2.2. Experimental procedure and setup

2.2.1. Synthesis of Au seed particles

Following to the standard protocol for the conventional synthe-
sis of Au seeds (Fig. 1a), 2.5 ml of HAuCl4 [0.5 mM] were continu-
ously stirred (at 700 RPM; stir bar 12mm long and 6 mm in
diameter) in a 15 ml glass vial (neoLab Migge GmbH, Heidelberg,
Germany) while 2.275 ml CTAC [220 mM] and 0.225 ml NaBH4
[20 mM] is added. The solution turns brown after a few seconds,
thereby indicating the formation of Au seed particles. For the con-
tinuous microfluidic (one phase-) synthesis of Au seeds (Fig. 1b) a

Dean-Flow-Mixer (DFM) made of glass is used [28]. The mixer has
two inlets, which will merge at the mixing structure (meander
with 5 bends) and a single outlet (Fig. 4). Each inlet is connected
with a 2.5 ml syringe, whereby the first syringe (S1) is filled with
1.5ml CTAC [200 mM], 0.516 ml NaBH, [20mM] and 0.984 ml
H-0. The second syringe (S2) contains 1.5ml CTAC [200 mM],
0.3 ml HAuCl4 [5 mM] and 1.2 ml H20. On each syringe channel a
flow of 16.7 pl s~' is applied, resulting in a flow of around 33 pls™'
at the mixing channel. The Volume of the micro structured mean-
der is around 140 nl. The prepared, brown colored seed solution is
collected in a glass vial.

For the segmented flow (SF) synthesis of Au seeds (Fig. 1c),
three syringes are needed. The first syringe contains a solution of
2275 ml CTAC [220 mM] and 0.225 ml NaBH,4 [20 mM], a second
syringe holds a solution of 2.5 ml HAuCl4 [0.5 mM]. Each channel
has a flow of 25 ul s~'. The individual aqueous reactant solutions
are continuously injected into a constant stream of 50 uls~' of
an immiscible carrier medium (PP9) made by a third syringe to
generate a segmented flow within the micro channel. All three
channels are connected at a four port manifold where the seg-
ments will be created. With this setup the segments have a volume
of ca. 200 nl and a length of 1 mm. After passing a knot mixer [29]
and finally the outlet, both phases separate immediately from each
other. The organic phase collects at the bottom of the vessel since it
has a higher density, the colloidal solution on top of the carrier
fluid can be taken out and processed further without any purifica-
tion [27].

2.2.2. Growing of seed particles into Au nanocubes

As shown in Fig. 2, there will be a two-step growth process of
the as-prepared seed particles, whereby the batch growth solution
1 (GS 1) and growth solution 2 (GS 2) includes in general the same
chemicals and were each prepared in 50 ml disposable tubes.
0.25 ml HAuCL, [10 mM] were added to 9.625 ml CTAC [105 mM)]
followed by the addition of 0.01 ml NaBr [10 mM] and 0.09 ml of
AA [40 mM]. A correct amount of ascorbic acid and Bromide-ions
is crucial for the shape of the product [5,19]. At a temperature of
30 °C and under vigorous mixing a certain amount of seed particles
(0.025 ml, 0.05 ml 0,75ml and 0.1 ml) that determines the final
cube size was added to the wvial and shaken. Next, the resulting
intermediate of GS 1 was added into GS 2 after approximately 10
s (see time axis in Fig. 2) when the color of the reaction solution
changes from transparent to light pink. However, instead of the
seed-particles in the GS 1, includes the GS 2 the same amount of
as prepared intermediate GS 1 nanoparticles (0.025 ml, 0.05 ml
0.75 ml and 0.1 ml). As shown in Fig. 2 the GS 2 growing process
is relatively long and requires to be left undisturbed for about
8 min after an initial shake. The produced particle solution had
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to be centrifuged at 5000 rpm~' for 3 min and re-dispersed in
water. The kinetic measurements were done by adding one-third
of the volumes of the previous explained grow solutions into a
3ml glass cuvette while continuous stirring the solution
(700 rpm).

For the SF grow process of GS 1 stage, the setup is similar to the
one for the seed synthesis in Fig. 1c. Again, three syringes are uti-
lized and the respective reactant concentrations and flow rates are
summarized in Table 1. For achieving the optimal growth temper-
ature of 30 °C, the mixer tubing was inserted into a resistive heat-
ing plate. After the first growing step, the resulting solution (single
droplets) was directly added to GS 2 as described above.

2.2.3. Sensitivity measurements of the particle solutions

For sensitivity measurements, the particle solutions were incu-
bated with various concentrations of glucose to change the refrac-
tive index of the solution in a controlled way, and then measure to
the respective LSPR-peak position. Different glucose concentration
like 0%; 5%; 10% and 20% were mixed in the ratio 1:1 (v/v) with the
particular particle solution.

2.3. Characterization of nanoparticles

The prepared particles were visualized using scanning electron
microscopy (SEM, Hitachi $-4800 FE-SEM, Hitachi High Technolo-
gies America, Inc, Schaumburg, Illinois) to confirm shape and size
of the nanoparticles and differential centrifugal sedimentation
spectroscopy (DCS, DC 20000, CPS Instruments Inc., Newtown,
PA) for determination of the size and size-distribution (in case of
DCS the stokes equivalent sedimentation diameter is used). The
resulting plasmon peaks were measured using UV-Vis spectropho-
tometry (V-630, JASCO Germany GmbH, Gross-Umstadt, Germany
and Specord 200, Analytik Jena AG, Germany). The crystallographic
characterizations were done by diffraction XRD (X'PERT MPD Pro;
PANalytical, Almelo, NL) to measure the rocking curves.

3. Results and discussion

3.1. Hierarchical order and seed particles synthesis

The synthesis of anisotropic noble-metal nanoparticles is usu-
ally a multiple-step process including the synthesis of small and
uniform seed particles. Wu et al. [26] described a well working
three step approach for the synthesis of Au nanocubes. In the first
step, small gold seed crystals with diameters in the range of 2-
3nm are formed by reducing tetrachloroauric acid by sodium
borohydride in the presence of a 0.1 M CTAC (cetyltrimethylam-
monium chloride) matrix. The seed nanoparticle synthesis is

Table 1

Arrangement of the chemicals in the syringes for the segmented flow growing of GS 1.
The colored fields in the column of the syringes belong to the similar colored syringes
in the setup in Fig. 1c, since the setup is the same for seeds and GS 1, and just the
parameters are changing.

Syringe  Flow rate Substance  Concentration Volume [ml]
[uls '] |mM]
#1 417 PP9 - 2.5 (full
syringe)
#2 133 CTAC 105 475
HAuCl, 10 025
#3 133 CTAC 105 4 875
NaBr 10 0.01
A 40 0.09
Au Seeds - 0.01; 0.025;
0.04

followed by two growth steps. If one looks at the timescale of
the entire procedure in Fig. 2, it is obvious, that each stage requires
a different duration. Each step duration differs in at least one order
of magnitude, starting from the really fast synthesis part, where
the nucleation starts within the first 100 ms [30,31]. In contrast,
the first growth stage of seed particles in the GS 1 requires much
longer time (some seconds), followed by the last growing step of
GS 2 in the minute range (for a detailed time discussion of the
two growing stages see below). The different optimal reaction
times depicted in Fig. 2 are the motivation to look for novel, more
appropriate approaches instead of the conventional one. Since the
nucleation is hard to control in conventional batch approaches
(caused on the fast reaction compared to the insufficient mixing
opportunities), two microfluidic approaches (continuously and
segmented flow) were developed to manage the fast reaction.
The transfer from a beaker method into microfluidics was realized
using the experimental arrangement in Fig. 1b and ¢, where the
chemicals where portioned into two syringes. As the seed generat-
ing reaction takes place immediately, it is crucial that the reducing
agent NaBH, and the gold ions are each placed in separate syringes.
The influence of the final NaBH, concentration can be found in the
supporting information. A high total flow rate is applied to achieve
optimal mixing conditions and keep the nucleation time interval
low to form homogeneous and small seed nanoparticles. In the
one (homogeneous) phase microfluidic setup, the nucleation takes
place in the mixing structure (“meander”) of the DFM, at the fluid-
interface, at which the two streams converge (see Fig. 4). Caused by
the “Dean-Effect”, a rotational movement of the fluids is intro-
duced by the curved channels and results in a swirling, that sup-
ports the convection of molecules and realizes a fast mixing [32].

A comparison of the various size distribution of conventionally
and microfluidically processed Au seed nanoparticles as measured
by DSC is given in Fig. 3a. Under similar chemical conditions it
could be shown that the microfluidic preparation methods lead
to the formation of smaller seed particles with narrower size distri-
bution (half widths) compared to the produced particles of the
conventional synthesis strategy. The result is a seed particles solu-
tion with a mean particle diameter of 2.9 nm and a FWHM (full
width at half maximum) of 1.6 nm, whereas the seeds in the batch
approach have a size of 3.6 nm and a FWHM of 2.0 nm. This large
difference in the seed performance can be attributed to the precise
control over the mixing and rapid mass transfer for the nucleation
and growth process within a micromixer in contrast to the poor
mixing qualities of the conventional batch method. It is also worth
to note that the retention time after the continuous microfluidic
synthesis has no observable influence on the fabricated seeds,
since different channel-lengths after the micro mixer/nucleation
spot results in the same quality and homogeneity of particles
(Fig. 4 SI). Again this supports the fast mixing conditions of the pre-
cursors within 81 ps, which leads to a rapid and complete nucle-
ation process, even suppresses polydispersity and is in good
agreement with synthesis-mechanism described in the literature
[31]. In contrast to synthesis in batch, in the DFM the reaction
takes place after mixing is completed. In Fig. 4c the mixing charac-
teristics of the DFM have been assessed using the instantaneous
formation of a dark red ferric rhodanide complex from the two
nearly colorless aqueous solutions containing FeCl; and NH4SCN.
Mixing is completed, if no lamination pattern between the two
phases remains visible and the color intensity becomes constant.
However, by using the DFM with the total internal flow rate (Q)
of 33 pls™', a sufficient mixing occurs, that is further supported
by the high Reynolds (Re) and Dean (De) number of 214 and 223
and prevents concentration discrepancies of classical batch reac-
tors [32]. In a beaker, a local high concentration of gold ions cannot
be well distributed at this timescale and results in more heteroge-
neous particle sizes and a broader size distribution compared to

64



VEROFFENTLICHTE ARBEITEN

436

®

©

M. Thiele et al / Chemical Engineering Journal 288 (2016) 432-440

1.0 T T T T
12 1
- \ Seed method ~ Dfav) FWHM | 5
. [nm]  fom] |
R ‘-}'"“*—«slagmented flow 255 138 z =
— L Cont. flow 291 155 o
x g ] '—Faamh 35 203 | G Segmented flow
o .
_é : Y g 0.5 % Cont. flow 1
E - w S Baich
z
2 4 1%
B E
o S
z
0 0.0 - i : |
0 g 400 500 600 700 800

Particle Diameter / nm

Wavelength / nm

Fig 3. Comparison of the different methods for seed particle synthesis characterized by (a) differential centrifugal sedimentation spectroscopy (DCS) and (b) UV-VIS based

data.

1mm

o
Q=20 ul/s

T ———

Fig 4. Microfluidic DFM-reactor after the synthesis of Au seeds with (a) and without 100 mM CTAC (b). CTAC as detergent apparently passivates the channel walls and
suppresses thereby any channel clogging (region implied by the dotted area) due to gold deposition (dark regions in b). An efficient tracer mixing for total internal flow rates

Q higher than 20 pls

synthesis in the microfluidic approach. However, as it also can be
seen in Fig. 3, the seed particles in the SF are with 2.51 nm in diam-
eter and a FWHM at 1.36 nm even smaller than the ones prepared
in the continuous flow process. In the SF the nucleation takes part
in the aqueous segments and Mirz et al. [33] already showed, that
very fast reactions (Tsp < ms) similar to the nucleation can be han-
dled. In contrast to the one-phase microfluidic system, the seg-
ments will be generated by using an immiscible organic fluid
(PP9)ina third syringe (Fig. 1c), to separates the aqueous segments
from each other. Thereby each segment serves as a single, separate
reactor for the synthesis. The mixing characteristic in the segments
is determined by the segment velocity (flow rates and -ratio of
each channel) and the channel arrangement (in detail: linear or
winding channels). In our setup, the knot mixer and a velocity of
more than 60 mm s~! results in efficient mixing, with an even bet-
ter complex internal flow (due to the higher velocity) than demon-
strated previously [34]. Since the micro reactors control reactions
more precisely than classical batch reactors, both microfluidic
approaches for the synthesis of seed particles are better suited than
the conventional method. In Fig. 3b the extinction spectra of seed
particles from the conventional and the microfluidic synthesis
approaches are compared. All spectra show a shoulder instead of
a significant peak at around 500 nm. The average particle diameter

' is implied by stationary Dean flow pattern induced at the bends of the reactor (c).

is too small for the formation of a plasmon mode. Only for sizes lar-
ger than 4 nm, the collective oscillation of the free electron gas in
the conductive band of the nanoparticles leads to clearly observ-
able plasmon resonance bands in optical spectroscopy [35]. The
shoulders at 500 nm are therefore attributed to seed particle, that
have sizes above the average particle diameter, which again indi-
cates smaller Au seed particles for the microfluidic approaches,
since they have no or a much less distinct shoulder. A typical prob-
lem often observed in micro reactor synthesis of metal nanoparti-
cles is the adsorption and accumulation of particles at the channel
walls. This can finally end up with a clogging of the channels (reac-
tor fouling) [36,37], that makes the reactor unusable. In the case of
the studied synthesis, this effect could be avoided. This important
result can be explained by the presence of CTAC in the solution.
Fig. 4 shows the microfluidic reactor after the synthesis of Au seed
particles with and without CTAC in a direct comparison (instead of
CTAC the same volumes of water was used, to keep the process-
and chemical conditions comparable). As a detergent, the hydro-
philic heads of CTAC blocks the glass surface of the channel walls
and prevents reactor fouling, so that there is no need for any prior
channel passivation or reactor regeneration. A simple cleaning
with water is sufficient to allow further synthesis. That effect could
have a big impact on micro reactor NP synthesis, since it simplifies
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the use of microfluidics and predestinates micromixers in general
for a CTAC and CTAB associated particle synthesis.

3.2. First grow step (GS 1): seed to intermediates

After the seed synthesis, a subsequent growing step is needed
(see Fig. 2). Different as described by Wu et al. [26], we used the
as prepared seed particles directly after the synthesis without
any aging or purification process, since the used volume of seed
solution is negligible in contrast to the total volume of the GS 1
(as the ratio is 1:400). For the preparation of gold nanocubes with
edge lengths of about 80 nm, 25 pl of the previously synthesized
gold seed NPs were added to the reactant premixture of the first
growth solution. The empirically found synthesis protocol of Wu
and co-workers [26] predicts that the reinforced seed nanoparti-
cles are picked up at an early stage of development and added
quickly to the second growth solution (GS 2). At this point, the pro-
tocol asks for a subjective decision at which time the removal of
grown seed particles should take place. With the addition of the
gold seed particles into the growing solution, the reaction of the
gold deposition is initiated. After about 15 s the initially colorless
clear GS 1 turns pale pink due to the progress of the gold particle
growth. The slightly reinforced gold seeds should be added into
the second growth solution immediately after the first manifesta-
tion of the plasmon absorption. The remaining sample volume of
the first growth step turns finally red and cannot be used for fur-
ther syntheses after completion of particle growth, as SEM images
show irregular particle geometries (Fig. 5 SI). While the small gold
seed particles are stable for hours and aliquots can be taken contin-
uously for subsequent syntheses, the first growth step has to be
repeated for each single experiment (in detail for each nanocube
population). The conventional method requires a total volume of
10 ml for both growth solutions (GS 1 and GS 2). For the synthesis
of gold nanocubes, only 25 pl of GS1 are transferred to GS 2. For
economic reasons alone, it is advisable to convert the first growth
step in a microfluidic method, since the volume of product solution
to be produced can be precisely regulated by the microfluidic syn-
thesis. In the case of the segmented flow approach each droplet
behaves as a single reactor and enables thereby a parallelization
of the Au cube growth. The reinforcement of the Au seed nanopar-
ticles was carried out under the chemical and fluidic conditions
that are given in Table 1. Respective reactant premixing helps to
reduce the complexity of the SF reactor. A Stokes equivalent aver-
age sphere diameter of the microfluidically produced GS1 NP of
14.3 nm was determined by DCS analysis (Fig. 5¢). UV-vis analysis
showed a narrow plasmon absorption mode at 522 nm and is sim-
ilar to the batch approach given in Fig. 5b.

437
3.3. Second growth step (GS2): intermediates to Au nanocubes

For further growth into nanocubes, the GS1 product was col-
lected in an Eppendorf®-tube and 25 pl of the reinforced seed par-
ticles were immediately transferred into the second growth
solution. For this growth step, which leads to the formation of
nanocubes, the reaction solution should remain motionless after
a short turning over. Therefore a realization of the third synthesis
step in a micro flow-through system is not useful. In all experi-
ments, the second growth step was carried out in batch. The addi-
tion of 25ul particle solution produced in the previous
experimental step leads for both synthesis methods of GS 1 (batch
and SF) to the formation of gold nanocubes with edge lengths of
about 80nm. As also described in the literature, the sizes of
multi-step growing particles depend strongly on the number of
seeds in the several growth solutions. Less seeds results in bigger
particles by an equal metal salt concentration. If one in contrast
increases the volume of seeds, the particle sizes will decrease
[26,27,38]. However, with the SF method of growth step one (GS
1), the edge length of the nanocubes could be easier and faster
tuned compared to a classical batch method, since each segment
acts as a single batch. Therefore a continuous production of GS 1
segments with the SF is possible, whereby the consumed material
could be reduced. It is further possible to change the cube edge
lengths by using only ones 25 ul of seeds into the segmented flow
GS 1 and add afterwards different volumes (25 pl; 50 pl; 75 pl and
100 pl) of the as prepared segmented flow GS 1 into GS 2. The cube
sizes where tuned therefor in a range between 55 and 80 nm with
a corresponding plasmon peak between 556 and 608 nm (Fig. 6).

The transfer of the necessary amount of seed particles at the third
experimental step remained as described above. In Fig. 6b, the aver-
age Stokes equivalent sphere diameters of the nanocube samples
with different edge lengths are shown. As expected, a higher volume
of seed nanoparticles leads to the formation of smaller Au nano-
cubes. The DCSdatainFig. 6b specify the Stokes equivalent spherical
diameter of the cubes. From these values, the edge lengths x can be
estimated according Eq. (1), by using the radius r

[

X = \:I;"%*R*Ié (1)

The inset in Fig. 6¢c shows the correlation between used
amounts of seed particles and the corresponding stokes equivalent
diameter as well as the edge length of the resulting cubes. We
found almost linear correlation of —0.287 nm ul~! for the cube
edges regarding the used seed volume. For a tailored fabrication
of uniform seeds, the correlation between seed amounts and edge
length concerning the plasmon maxima are plotted by using the SF
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Fig 5. Results of the intermediate state of GS1. (a) The kinetics of G51 induces a sigmoidal grow of the GS1-particles and was measured for 3 min at a fix wavelength of
523 nm, since (b) the spectra of the resulting GS1 solutions (batch & SF) have their peak around 523 nm. The resulting particles have a diameter of 14.7 + 1.7 nm (c).
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Fig 6. UV-vis spectra(a), DCS spectra (b), their correlation including the amount of reinforced Au seeds taken from GS 1 (by using only ones 25 pl of seeds into G52 (c) and

SEM images (d) of Au nanocubes prepared with the SF approach.

approach for the GS 1. With respect to the data in Fig. 6 and regard-
ing to the microfluidic method, an automated and customized syn-
thesis of Au nanocubes seems possible. However, as implied in
Fig. 2, timescales and kinetics of the diverse steps are truly differ-
ent from each other. By disregarding this feature, it is impossible to
reach a perfect cube, since an overgrowing of the cubes will appear
and result in uncontrolled shapes of dodecahedrons, trisoctahe-
drons, bipyramides and so on.

3.4. Kinetic control of the particle grow to form precisely shaped Au
nanocubes

The process of overgrowing can arise at two points during the
Au cube fabrication: during the grow process 1 (GS 1) and 2 (GS
2). As described above and by Wu et al. [26] the intermediates
(reinforced seeds) from GS1 had to be transferred into GS2 when
the color of GS 1 becomes pale pink. To determine the effective
reaction time, we measured the kinetics of GS 1 by recording the
intensity change at the peak maximum of 522 nm for 3 min. As
can be seen in Fig. 5a, the resulting plot has a sigmoidal trend that
indicates 3 phases, namely an exponential increase, a turning point
and a stationery phase. The inlet in Fig. 5a gives a further magnifi-
cation of the first 30 s in which the transfer should be completed.
As can be seen further in Fig. 2 of the SI, the GS 1-particles are uni-
form in size, but differ in shape, since no regular geometries can be
observed. However, the best results for the transfer were reached
after exact 10 s, which again could be reached reproducible only
with the SF-approach, since a transfer by using a pipette allows
not really sub-second precision. Thus, the flow rate of GS 1 was
accurate adjusted so that the reinforced particles were collected
after exact 10 s of incubating by directly adding them to the second
grow solution. Although the timescale for the second growth stage
is more than one order of magnitude longer compared to the first
one, the illustration in Fig. 7 highlights also for this step the crucial
time dependency. Equal to the data for the GS 1 solution, the
kinetic for the GS 2 solution was measured at a time interval of

355 for 22 min. Since the plasmon peak for 80 nm sized cubes
was expected around 600 nm (Fig. 6a), the interval for wavelength
was set between 450 and 700 nm. As can be seen in Fig. 7b, after a
slight increase of the extinction for the whole range at the begin-
ning, a peak appears after 8 min at about 580 nm and red shifts
slightly, whereat the extinction is continuous increasing until it
starts to fall after about 20 min. The inset in Fig. 7a shows some
discrete spectra and highlights the changes in the form of the
curves over the time. In addition to the indicated plasmon band
shift and intensity increase, a broadening of the peak appears, that
makes it hard to identify optimal growth conditions. However, to
overcome these problems and classify the results of the time
resolved spectral characterization, a Figure of Merit (FOM) was
determined for each single time interval (Fig. 7a). The FOM is
defined as the intensity at the peak maximum divided by the
intensity of the peak average and depicts the best conditions for
growing. For example, if there would be no change during the time,
the FOM would show just a line at 1. If there is a change, different
values arise, whereas the maximum gives the best relation
between intensity and peak wide compared to all curves of the
dataset. The maximum value in Fig. 7a is at 1.66 and occurs after
490 s, although one would expect it later, since the corresponding
spectra in Fig. 7b has not reached the maximum of intensity of the
plasmon peak. The result denotes that the incubation of GS 2
should be finished after about 490 s. To further prove the conclu-
sion, different GS 2 were stopped after different times of incuba-
tion by centrifugation, and SEM images of the particular samples
were made to compare the spectral behavior and the correspond-
ing shapes (Fig. 7c). The GS 2 was stopped after (I) 490s; (II)
595 s; (1) 1190 s and (IV) 1368 s, these times are also highlighted
in the graphs in Fig. 7a and b for a better understanding. The SEM
images in Fig. 7c shows for all Au cube populations a good homo-
geneity, that indicates in general the high quality of the synthesis
method (seeds and GS 1 in SF), but to reach also a high shape qual-
ity, the GS 2 has to be stopped after 8-10 min. Shorter incubation
results in not yet finished cubes, as indicated by rounded corners,
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Fig. 8. Direct comparison of bulk sensitivities of Au cubes and Au spheres of
comparable dimensions.

whereat longer incubation results in an overgrowing. A further
detailed discussion concerning the crystal structure can be found
in the SL The results are in good agreement with the FOM in
Fig. 7a and with this confirm the theory for the need for an inter-
ruption during the second growth process to Au nanocubes. Since
the growing time to Au cubes in Fig. 7c includes the centrifugation
of 3 min, the initially discussion of different steps of the synthesis

can be extended to a fourth phase, namely a centrifugation step as
introduced in Fig. 2. This is due to the fact, that the grow solution
contains residual gold ions and reducing agent that supports the
further growing if it will not be removed.

3.5. Sensoric potential of Au nanocubes

Since the shape of the nanocrystal strongly affects the RI-
sensitivity [15], sharp edges, corners and tips enhance furthermore
the local electrical field and should have a significant impact on the
sensitivity of the nanoparticles. Fig. 8 shows a comparison for the
bulk sensitivities of Au nanocubes and Au spheres. For a better con-
trast equal dimensions where used, with 80 nm spheres (Fig. 7 SI)
and 78 nm cubes (Fig. 8 SI). The Au spheres have with 104 nm/ RIU
only about half of the sensitivity of the Au nanocubes with 202 nm/
RIU, although the lateral dimensions are similar. This result
demonstrates firstly the high impact of edges and corners and sec-
ondly the high potential of Au cubes for sensing applications. It fur-
ther points out the Au cubes as a suitable model for calculation of
theoretical sensitivities as one class of anisotropic particles with a
simple geometry and homogeneous size distribution as depicted in
the SEM images of the paper.

4. Conclusion

In summary, we demonstrated that the synthesis of Au nano-
cubes is a rather complex process that contains four single steps:
synthesis of small seeds, short growing process (GS 1), long grow-
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ing process (GS 2) and finally a centrifugation step to stop the
growing and therefore prevent an overgrowing. While compared
directly with a batch approach, we highlighted that with a
microfluidic set up (single-phase or segmented flow) smaller and
more homogenous Au seed particles will be created. Attributed
to the CTAC, we showed that no channel clogging occurs. While
around 12 min are needed for the whole synthesis of Au nano-
cubes, the detailed study of the kinetics for the two growing steps
showed different time scales and conditions for each step. By
transferring the first growth step into a microfluidic segmented
flow process, the critical incubation time of 10 s could be repro-
ducible realized avoiding any subjective influence. For the second
growth step, we correlated the kinetic measurements with SEM
images to establish a FOM that enables an easy quantification of
the critical incubation time. While the second incubation time is
between 8 and 10 min and doesn’t require further mixing, there
is no need for a microfluidic setup. By using these parameters we
demonstrated that a size tuning of the Au cubes is easily possible
by changing the volume/concentration of seeds to GS 1, and GS
1-intermediates to the GS 2-solution, what again could be simple
and reproducible realized by the segmented flow approach.
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Metal nanoparticles and their special optical properties, the so-called localized surface plasmon resonance
(LSPR), facilitate many applications in various fields. Due to the strong dependency of the LSPR on particle
geometry, their synthesis is a challenging and time-consuming procedure especially for non-spherical
shapes. In contrast, micromixers offer new experimental approaches and therefore enable the simplifica-
tion of several processes. By using a zigzag micromixer (Dean-Flow-Mixer, DFM) that induces Dean-flow
secondary flow patterns, we theoretically and experimentally show the mixing efficiency. Thus, we highlight
the advantages of using it in the multistep synthesis of Au nanoparticles. Based on a narrow size distribu-
tion of Au nanocubes and an increased yield in combination with higher reproducibility, we depict the need
for and advantage of the DFM to control the incubation times during the growth process. We further show
that, by using the DFM, easy and very fast Au nanocube edge length tuning (53 nm, 58 nm, 70 nm and 75
nm) is possible by simultaneously reducing the consumption of the materials by up to 95%. We finally dem-
onstrate the versatile abilities by using the DFM for parameter screening on examples of different halides
and accessible bromide in the growth solutions. Therefore, we highlight the optimal concentration for the
different growth regimes and the influences on the Au nanoparticle morphology (spheres, cubes and rods)

rsc lifloc and their defined shaping.

Introduction

Metallic nanoparticles (meNPs) are known for their attractive
optical behaviour known as Localized Surface Plasmon Reso-
nance (LSPR)" that makes them perfect candidates for optical
labels or transducers in biology,>® medicine®’ and
nanotechnology.®'° Different publications therefore deal with
theoretical explanation and practical simulation of the LSPR
activity'™"* still with focus on new and deeper insights'®*?
into its mechanism. However, the main parameters that influ-
ence the LSPR are the meNPs' composition, size, shape and
surroundings. The surroundings (Refractive Index, RI) can be
easily modified and is therefore often used for sensing appli-

“ Dept. of Nano Biophotonics, Leibniz Institute of Photonic Technology (IPHT),
Albert-Einstein-Strafie 9, 07745 Jena, Germany. E-mail: andrea. csakifat)ipht-jena.de
® Dept. of Physical Chemistry and Micro Reaction Technology, Institute for
Chemistry and Biotechnology, Technische Universitdt limenau, Gustav-Kirchhoff-
Str. 1, 98693 [lmenau, Germany

+ Electronic supplementary information (ESI) available: SEM images of GS1 solu-
tion, different sized Au nanospheres and Au nanocubes with corresponding size
histograms, data of the bulk sensitivity measurements and results of the counter
ion screening experiments. See DOL 10.1039/¢7lc00109f
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cations,""® whereas the composition as well as the shape and
size cannot simply be changed once the synthesis is com-
pleted. In particular, a balance between the shape and size is
needed for tailored meNPs and LSPR responses. Therefore,
for spherical gold nanoparticles (AuNPs), the size is the most
challenging parameter since the sphere is an energetically
and thus thermodynamically convenient structure.'”” In con-
trast, shape-anisotropic structures like prisms, stars, cubes,
rods and wires need high control of their size and shape to
achieve a high yield of the desired meNP structure and there-
fore enable higher sensing performance and the possibility of
engineering extraordinary nano-constructs. For example, Ag
nanoprisms exhibit the highest LSPR-bulk sensitivity pub-
lished,"® and nanorods are of high interest concerning polari-
zation studies'” and localized field-enhancement,®® whereas
Au nanocubes are perfectly suited building blocks for the as-
sembly of advanced plasmonic devices.*'** Various pub-
lications exist for preparing shape-anisotropic meNPs, based
on either (I) a one-pot synthesis or (II) a seeded growth
method. Even if both methods require a facet blocking agent
(like CTAC and CTAB) for directed growth, the one-pot synthe-
sis yields less meNPs with the desired shape, since efficient
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control of nucleation and particle growth is almost impossi-
ble. For the seeded growth method, this is much easier since
its purpose is the separation of the two competing processes.
Therefore, the seeded growth method is the most efficient
procedure for synthesis of monodisperse meNPs and has be-
come the most commonly used chemical synthetic approach
for generating anisotropic meNPs. Recently, a lot of effort has
been made to summarize and understand the seed-mediated
growth process since Jana et al. demonstrated the first Au
nanorods based on this method in 2001.> A general discus-
sion and explanation of the details is part of various good
reviews.”**” But all of them have in common that the mor-
phology of the final product is influenced by many different
factors, emphasizing the importance of splitting the nucle-
ation and growth steps temporally as well as physically to
have at least two main steps. In particular, a plethora of pa-
rameters (the capping agent, the role of halides and additives,
the seed concentration and the reducing agent), their role
during the synthesis and their effect on each other are hard
to examine which makes the synthesis challenging. Although
the synthesis of the shape-favoured spherical AuNPs benefits
from the classical flask-based synthetic approach (in the con-
text of narrow size distribution and better shape regular-
ity),”®** this method - the so-called batch method - is limited
or even partially inappropriate for the desired needs. How-
ever, the advantages of microfluidics facilitate the meNP syn-
thesis and allow a parallel screening of different parame-
ters.*® Starting with the synthesis and growth of spherical
AuNPs in micromixers,”*”* the production of more complex
meNP  structures was transferred fully or partly into
microfluidies.***® Particularly, the segmented flow (SF) ap-
proach was utilized for the synthesis of various shape-
anisotropic meNPs such as rods,®?” prisms®®* and
cubes,*”* whereas continuous phase (CS) microfluidics is
poorly investigated. Micromixers as part of continuous micro-
fluidies allow - in contrast to batch methods - efficient
mixing and therefore precise parameter control during the
synthesis. In particular, seed formation by reductive nucle-
ation of noble metal ions in the presence of strong reducing
agents where the precursors are reduced completely is known
to be a very fast chemical process. Thus, the time require-
ments for a 50% turnover of the reaction can be estimated
from published information to be below 100 ms (ref. 41 and
42) which represents the key information for the micromixer
selection. But even slow reactions with weak reducing agents
(such as ascorbic acid in the growth step) have to be well
mixed and controlled since metal reduction takes place only
on existing nuclei that act as catalysts. Since the incubation
time strongly affects their growth, time-critical processes are
crucial for shape-anisotropic meNPs and further influence
their shape and yield. In previous work, improved synthesis
of Ag nanoprisms has already been demonstrated by using a
microfluidic platform containing different appropriate micro-
mixers for each set of reaction conditions.*” The benefit of
combining batch and microfluidic methods to realize highly
efficient fabrication of Au nanocubes was further shown.**
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Therefore, the several production steps and the advantages of
SF and CS syntheses especially for the seeding process were
highlighted. The use of SF for a first growth step and a flask-
based second growth step could further be emphasized by
also introducing a FOM to quantify the incubation time.
Based on this work, we want to extend the study to seeded
growth synthesis of AuNPs and highlight the usage of a sim-
ple microfluidic set-up containing just one micromixer for the
two main steps to overcome the above discussed issues. To
perform the reactions without diffusion limitation, mixing
should be completed before any significant conversion occurs
during the chemical reaction.

Hence, mixing should be completed within less than 1
ms. The most common multi-lamination principle is
implemented in split-and-recombine micromixers, which
reliably perform at low flow rates (Q) and Reynolds num-
bers (Re)** even for highly viscous fluids. However, due to
the low fluid velocity, mixing is fairly slow to some sec-
onds, which conflicts with the target reaction characteris-
tics.”” Alternative principles are based on chaotic advec-
tion, which can be induced at high Re at edges or bends
in microchannels, where the formation of secondary flow
patterns due to inertial effects results in highly efficient
multi-lamination. Thus, we will depict the high mixing ef-
ficiency for the zigzag micromixer used, the Dean-Flow-
Mixer (DFM), by comparing simulations and experimental
results and further show the advantages of using the DFM
for the multi-step synthesis of AuNPs depicted in Fig. 1.
We will discuss the suitability of the DFM especially for
the three time-critical steps (seed formation, first growth
step and second growth step) of Au nanocube synthesis
displayed in Fig. 2. Therefore, we describe the advantages
of and need for the easily adjustable residence channel af-
ter the mixing part and emphasise its importance in suc-
cessfully and reproducibly fabricating Au nanocubes with
high shape homogeneity and yield. Based on this, we will
focus on the simplified and efficient parameter screening
using the DFM to adjust the favoured nanostructures
(spheres, cubes or rods) and their size. Hence, we demon-
strate the influence of different halides (chiefly NaBr) on
the particle shape and show the feasibility of parallel Au
nanocube size tuning by simultaneously lowering the
amount of consumed material and the required
time.

total

Materials and methods
Chemicals and materials

Ultrapure water was used for the preparation of solutions,
and all chemicals were used as-received from suppliers
without further purification unless mentioned otherwise in
the text. For the synthesis of seed particles, the chemicals
were tetrachloroaurate trihydrate (HAuCl-3H,0, 99.9%,
Carl Roth GmbH, Karlsruhe, Germany), cetyltrimethylamm-
onium chloride (CTAC, 98%, Merck KGaA, Darmstadt, Ger-
many) and sodium borohydride (NaBH,, 98%, Merck
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Illustration of the complete set-up for the microfluidic synthesis of Au nanoparticles. Particle growth is divided into three main parts,

namely seed synthesis in the DFM, followed by a first growth step also realized within the DFM in combination with different channel lengths (resi-
dence channels) for realizing different incubation times followed by a second growth step in batch. Depending on the contents of the growth so-
lutions, parallel production of spheres, cubes and rods can be realized. The detailed contents of the syringes and tubes are explained in the text.

KGaA, Darmstadt, Germany). For the growth step and in-
vestigations of halide influences, ascorbic acid (AA, 99.7%,
Merck KGaA, Darmstadt, Germany), sodium bromide
(NaBr), sodium chloride (NaCl), sodium iodide (Nal) and
sodium fluoride (NaF, =99%, Sigma Aldrich Chemie
GmbH, Munich, Germany) were further used. The sensitiv-
ity was measured by changing the concentration of
p-glucose (Sigma Aldrich Chemie GmbH, Munich, Ger-
many). Ferric chloride (FeCls, Carl Roth GmbH, Karlsruhe,

% reaction/mixing time

@
500090 4 mixing incubation
§  time discrepancy

rowing time

* 1 10 "‘NJ '.II’O"
-
require [30{3 y © Q m
L Sl

Fig. 2 Time-critical processes for the different steps with
corresponding mixing and growth times for the synthesis of Au
nanocubes and -rods. Since the mixing times for the seed synthesis as
well as the first growth step are in the ms range, a DFM micromixer is
applicable. A further adjusted incubation time of the first growth step
of a few seconds supports the usage of the DFM with a regulated
residence channel since too long or short incubation (by using NaBr)
leads to randomly shaped particles (dotted arrow). The same situation
occurs in the second growth step, but on a timescale of minutes that
is efficiently realized in flasks. By not using NaBr, Au nanospheres will
be obtained.

This journal is @ The Royal Society of Chemistry 2017

Germany) and ammonium thiocyanate (NH,SCN, Sigma Al
drich Chemie GmbH, Munich, Germany) were used for
demonstrating the mixing characteristics, whereas the soft-
ware OpenFOAM was used for the CFD simulations and
ParaView/paraFOAM for the postprocessing. For the micro-
fluidic experiments, syringes (2.5 ml ILS, ILS Innovative
Laborsysteme GmbH, Stiitzerbach, Germany) mounted on
a multiaxial, electronically controlled syringe pump system
(Cetoni NeMESYS and Cetoni Cedosis, Cetoni GmbH,
Korbussen, Germany) with independently controllable axes
were used. The Dean-Flow-Mixer (DFM) in Fig. 3 and the
corresponding mount were fabricated in-house at the IPHT
and connected via PTFE tubing (inner diameter of 0.5
mm, Jasco Germany GmbH, Gross-Umstadt, Germany) with

the syringes.

Au nanoparticle preparation and measurements

The AuNP formation is a three-step process at room tempera-
ture (strictly at 21 °C) as depicted in Fig. 1 and 2. The synthe-
sis of small Au seeds was started by merging the two solu-
tions S1 (1.5 ml CTAC [200 mM], 0.516 ml NaBH, [20 mM],
0.984 ml H>0) and S2 (1.5 ml CTAC [200 mM], 0.3 ml HAuCl,
[5 mM], 1.2 ml H,0) with a total flow rate of 80 ul s™ in the
micromixer. The prepared Au seeds were used in the subsequent
growth step (GS1 solution). The two solutions S3 (24425 pl
CTAC [100 mM], 12.5 pl seeds, 45 pul AA [10 mM]) and S4
(2370 pl CTAC [100 mM], 125 pl HAuCl, [10 mM]) were also
mixed in the micromixer with a total flow rate of 50 pl s .
The resulting AuNP suspension (reinforced seceds) was di-
rectly dropped into the second growth step (GS2) solution
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Re=5De=52 Q=077 pl's, U=37 mm's

Re=50,De=52,Q=7.7 uls, U= 371 mm/s

Re=150,De=156,Q=23 pls, U= 1111 mm/s

Re =247, De =257, Q=38 plfs, U= 1835 mm/s

Mask Width: Elch Depith:
0.05 mm 0.1 mm

Fig. 3 Characterization of the Dean-Flow-Micromixer (DFM). The top part shows the CFD simulations with the domain model on the left, the
containing outlet monitor face (middle column), and the lamination progress (along the yellow arrow) as monitor faces (right column) for different
flow regimes. The bottom part demonstrates the experimental results starting with the geometrical parameters, the DFM glass chip and images of

the lamination pattern at increasing flow rates (from left to right).

containing 9625 pl CTAC [100 mM], 250 ul HAuCl, [10 mM]|
and 90 pl AA [40 mM]. This solution was initially vortexed,
left undisturbed for around 16 minutes and then washed
(centrifugation at 5000 rpm for at least 3 min and
resuspension of the red pellet in H,0). In the case of the Au
nanocubes, 5 pl of a 10 mM NaBr stock solution was added
to S4 and 10 pl to GS2 solution unless mentioned differently
in the text. To end up with Au nanorods, the volume of NaBr
solution added to the G52 solution was further increased as
described in the text. Afterwards, the AuNPs were character-
ized using scanning electron microscopy (SEM, Hitachi
S-4800 FE-SEM, Hitachi High Technologies America, Inc.,
Schaumburg, Illinois) and the resulting plasmon peaks as
well as bulk sensitivity were measured using UV-vis spectro-
photometry (V-630, JASCO Germany GmbH, Gross-Umstadt,
Germany). For bulk sensitivity measurements, 100 pl of
p-glucose (50% w/w) were added five times to 500 pl of the
corresponding Au nanocube suspension. After each addition,
mixing and short incubation, the spectra and the RI were
measured.

DFM implementation

The micromixer was realized by anisotropic wet etching of
half channels into glass followed by anodic or thermal
bonding. The channel cross-section is given in Fig. 3. The
feed lines were realized as full channels with an integrated
optical detection window in the outlet channel for optional
spectroscopic monitoring of the reaction progress. The

Lab Chip

mixer structure was implemented as a half channel of 5
bends with a bend angle of beta = 150 degrees and inflow
and outflow sections. The inner bend was realized as an
acute angle. The system was prepared as a glass micro-
The etch
depth was 0.1 mm, the mask width was 0.05 mm and the
mixer length was 6.112 mm.

Experimental mixing characteristics. Experimental assess-
ment of the mixing characteristics was performed by the
formation of a dark-red colored ferric rhodanide complex
from FeCl; and NH,SCN. The reaction can be considered
as instantaneous; the reagents are solvated metal ions and
small anions as in the target reaction. Hence, the system
can be expected to be an appropriate model for the target
reaction. The nearly colorless aqueous ferric chloride solu-
tion and the aqueous ammonium thiocyanate solution were
fed into the two inlets. The reaction proceeds at the inter-
face between the two fluids and the reaction front becomes
visible as can be seen on a gray-level scale in Fig. 3. Mixing is
completed as soon as the overall color depth in the
channel is

fluidic device with two inlets and one outlet

stcady and remains constant
fluid transport path.

Mixing characteristics simulations. The experimental re-
sults are complemented with data, obtained by CFD simula-
tions. The stationary flow fields were calculated for the exper-
imentally investigated parameters. Multi-lamination patterns
and residence time distributions were derived from the fluid
trajectories obtained by streamline calculation during post-

processing of the CFD data.

along the
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Results and discussion

Mixing processes in a zigzag microchannel with finite
element simulations and optical studies

Here, Dean-flow secondary flow patterns®®" are induced

at the bends at high Reynolds and Dean numbers (De).
Mixing efficiency is nearly independent from the inflow
configuration - hence, more than two reagent flows can
be combined and fed into the system at arbitrary flow
rates without disturbing the mixing efficiency. The effi-
ciency of the Dean-flow formation increases with the bend
angle - therefore, the zigzag mixer with high bend angles
(beta = 90°) can be assessed as the most convenient type.
Efficient mixing in zigzag mixers is expected for Re >
80." However, Fig. 3 compares CFD simulations with ex-
perimental mixing data of the DFM. At lower Re, the sys-
tem switches to laminar co-flow without mixing. At moder-
ate flow rates with Re = 40-50, minor Dean-flow patterns
cause a lateral elongation of the interface between the two
reactants. However, the geometric transformation produced
at a bend is reversed by the next one. Even at Re = 150
and De = 156, no homogeneous interlacing of the fluid
trajectories was observed in the simulation. This confirms
the experimental data and indicates that the critical Re
for mixing in the developed system significantly exceeds
the values of Re = 80, given by Mengeaud."® A switch to
perfect mixing was experimentally determined at Re > 250
which was confirmed by the CFD simulations.

Au nanocube synthesis using DFM

The complete setup and single steps for the synthesis of
AuNPs are summarized respectively in Fig. 1 and 2. To
achieve the simultancous production of all nuclei, the
metal precursor and reducing agent have to be stored in sep-
arate syringes and then instantancously mixed and homoge-
neously distributed in the entire solution volume. To fulfil
these requirements, the DFM was used for the seed syn-
thesis with a total flow rate (Q) of 80 pul s* (Q; = Q.).
The collected Au seeds are of high quality as we have al-
ready discussed in our previous publication.?* Here, we
wanted to further highlight the usage of the DFM in the
first growth step. Therefore, the seeds - together with the
reducing agent — are merged with the metal precursor in
the micromixer using a total flow rate of Q = 50 pl s™.
After passing the residence channel, the reinforced seeds
were released dropwise (9 pl) directly into the second
growth solution. After an initial vortex, the GS2 solution
should remain untouched for around 16 min.** With this
procedure, a high yield of regulated Au nanospheres can
be produced (Fig. S2, ESIT). At this point, it should be
mentioned that - based on the passivation through CTA®
- no clogging or fouling of the DFM occurs and simple
cleaning with water regenerates it. However, just by intro-
ducing small amounts of NaBr into the growth solutions,
it is possible to produce with the same set-up and param-
eters a high yield of Au nanocubes (Fig. 5 and 6). By a
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Fig. 4 Kinetics of GS1 solution measured at the LSPR of 523 nm for 2
h for the fabrication of Au nanocubes. The inset shows magnification
of the first 20 s and depicts several incubation times for GS1 solution
with the corresponding SEM images of 155, 115,75, 4 5, and 2 s (from
top to bottom). Scale bar = 100 nm.

further increase of the NaBr amount, it is also possible to
generate Au nanorods. Hence, a detailed study of the in-
fluence of bromide and other halides on the fabrication
of Au nanostructures can be found below. Since in the
published batch method® for Au nanocube synthesis, a
small amount (25 pl) of seeds has to be mixed with 10
ml of GS1 solution, and after a certain incubation time,
25 pl from the 10 ml GS1 solution has to be mixed again
with 10 ml of GS2 solution, three negative aspects are ob-
served: (1) the incubation time and transfer time from GS1 so-
lution to GS2 solution are subjective and therefore hardly re-
producible; (11) the rest of the GS1 solution cannot be used
anymore since the optimal incubation time has now been
passed. Therefore, the rest of the GS1 solution is wasted;
(1) it will be even worse if one wants to tune the cube
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Fig. 5 Spectral characterization (inset: magnification of the LSPR
peaks) and corresponding bulk sensitivity (inset: (top) raw graphs at
different Rls for 90 nm Au nanocubes and (bottom) sensitivity
dependency on Au nanocube sizes) of varied Au nanocube dimensions
with corresponding SEM images (left to right: 53 nm; 58 nm; 70 nm;
75 nm). Scale bar = 100 nm.
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Fig. 6 Parameter screening for the influence of NaBr. It is crucial that
G52 solution contains NaBr, otherwise no Au nanocubes form even
with high NaBr concentration in GS1 solution. On the other hand, it is
possible to synthesize Au nanocubes even without MNaBr in GS1
solution. An increasing MNaBr amount in G52 solution sharpens the
cubes and introduces a second nanoparticle population of Au
nanorods. Scale bar = 100 nm.

edge lengths. Normally by increasing the volume of the
seed solution for the transfer and using this volume again
to transport the reinforced seeds into the GS2 solution,
the Au nanocubes’ edge lengths can be decreased due to
the higher number of seeds but the same amount of gold
precursor in the solution. However, for each Au nanocube
size population, a freshly prepared 10 ml GS1 solution
has to be provided, but only a few microliters will be con-
sumed. The following sections explain how to address and
solve the mentioned problems for Au nanocube synthesis
by using the DFM.

Fine-tuning of incubation time for GS1 solution by defining
the residence channel length

Each period of the three-step Au nanocube synthesis needs
an optimal time domain, as depicted in Fig. 2. For the first
and second growth steps (GS1 solution and GS2 solution), fast
and good initial mixing of the reactants is crucial to start the
reaction (mixing time) followed by growth time. Both can be
summarized as incubation time that largely differs for each of
the two steps. Fig. 4 indicates that especially for GS1 solution
the incubation time is crucial and has a big impact on Au
nanocube yield. To quantify this effect, the kinetics of GS1 so-
lution were measured by online tracking of the extinction at
523 nm (LSPR maximum) for 2 h. The resulting sigmoid func-
tion rises exponentially within the first 30 s, increases linearly
afterwards and finally flattens after around two minutes. The
resulting GS1 solution AuNPs are in all cases spherical with a
diameter of around 15 nm (Fig. S1, ESIT). However, in the
case of the Au nanocubes, the result indicates that the GS1 so-
lution AuNPs change fast within the first 30 s which is in good
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agreement with the publication of Wu et al. which postulates
a transfer of the GS1 solution AuNPs into the GS2 solution af-
ter a few seconds when the solution turns light pink.* Since
this information is highly subjective and therefore difficult to
reproduce in batch, a microfluidic setup is required. By using
the DFM, the growth of Au seeds starts as soon as the seeds and
metal precursor merge in the meander (see Fig. 2, Growth 1),
where exactly at this point also the incubation time starts. The
applied total flow (Q = 50 pl s7') introduces efficient
mixing (Fig. 3) and thus a change in the channel length after
the mixing area (residence channel) easily realizes different
incubation times with high accuracy. The combination of con-
trollable mixing and residence channel lengths or rather incu-
bation time is highly reproducible since, in contrast to batch
synthesis, identical and non-subjective parameters are ap-
plied. However, to identify the predominant influence of GS1
solution alteration and therefore its optimal incubation time,
different residence channel lengths were realized. Thus, after
various incubation times, the GS1 solution AuNPs were trans-
ferred directly into the GS2 solution and checked using the
corresponding SEM images (Fig. 4). The GS1 solution incuba-
tion was stopped after 25,4 s, 7 s, 11 s and 15 s. By compar-
ing the SEM images, the best shaped Au nanocubes can be
found at an incubation time of 7 s. Both too long and too
short incubation times will result in less well-shaped Au nano-
cubes which indicates the need for controlling the GS1 solu-
tion and therefore the usage of the DFM.

Lowering material consumption and online tuning of Au
nanocube edge lengths and sensitivity

For the three-step synthesis of Au nanocubes, the seeds
will be 160000 times diluted in the final GS2 solution. It
is based on the transfer of 25 pl seeds into the GS1 solu-
tion and - after their incubation for 7 s - again 25 pl of
the reinforced seeds into the G52 solution (Fig. 1). There-
fore, in the batch approach, 10 ml of GS1 solution has to
be prepared but only 25 pl of the solution is further used
for transfer into the GS2 solution. The rest of the GS1 so-
lution cannot be used at all, since the incubation time of
7 s is exceeded and the cubes would not be well shaped
(see Fig. 4). By using the DFM for generating the GS1 solution,
the partial growth of the seeds can be controlled and thus, only
the needed amount of the GS1 solution can be activated by
merging the metal precursor and seeds/reducing agent. There-
fore, significantly less waste (95%) of the GS1 solution occurs
and constant mixing and incubation time enable reproducible
continuous production of Au nanocubes. The result is less con-
sumption of gold by lowering the synthesis time in parallel. This
further allows the fast production of different Au nanocube sizes
as depicted in Fig. 5. Originally by changing the volume of seeds
added into the GS1 solution and also of reinforced seeds added
into the GS2 solution, the Au nanocube edge lengths can be var-
ied.”” The disadvantage is the need for an always freshly pre-
pared GS1 solution (containing different seed concentrations)
for cach edge length and the already discussed accompanying
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over-production of GS1 solution. By using the appropriate NaBr
concentration (see the next chapter) in the growth solu-
tions, there is no need for altering the seed concentration
in the GS1 solution to change the cubes’ edge lengths. There-
fore, the GS1 solution can be produced continuously in the
DFM as described above and only the amount of GS1 solu-
tion (reinforced seeds) transferred into the GS2 solution has
to be altered to tune the edge lengths. This enables continu-
ous parallel production of differently sized Au nanocubes
as can be seen in Fig. 5 by using less material and time
compared to the classical batch method. One droplet of
GS1 solution added to the GS2 solution equals 9 pl and
generates Au nanocubes with an edge length of 75 + 6 nm and
a LSPR maximum at 592 nm. By increasing the number of
GS1 solution drops added to the GS2 solution, the cubes’
edge lengths decrease. Two, three and four droplets equal
to 18 pl, 27 pl and 36 pl of GS1 solution and create 70 + 5
nm, 58 + 5 nm and 53 + 4 nm Au nanocubes (calculation
in Fig. 53, ESIT) with a LSPR maximum at 582 nm, 566 nm
and 560 nm, respectively. Based on the sharp comers and
tips, the prepared Au nanocubes are perfectly suited for
sensing with the largest ones also having the highest sensi-
tivity of 185 nm RIU™" (Fig. 5 and S4, ESIF).

Parameter screening and influence of counter ions on
morphology and shaping

The synthesis of shape-anisotropic meNPs is a rather com-
plex process which is influenced by a number of parameters.
To analyze the influence of several parameters, one needs a
synthesis procedure that is on the one hand highly reproduc-
ible and on the other hand simple and fast (highly para-
llelized). The DFM fulfils these requirements. Therefore, we
used the above described microfluidic and CTA™mediated
AuNP growth in the DFM as a model procedure to analyse
the influence of different counter ions. With the parameters
for the Au nanocube synthesis maintained, we introduced
four different halides (NaF, NaCl, NaBr and Nal) into GS2 solu-
tion and varied their final concentration from 10 uM to 25 uM
and finally to 50 uM. Except for NaBr, all halide additives re-
sult in almost spherical shaped AuNPs as summarized in Fig.
S5, ESIF which is in good agreement with the literature.””
However, in the case of Br as the counter ion, the particles
are expectedly cube-shaped. Hence, to get deeper insight into
the mechanisms and influence of NaBr, we screened its effect
on the two different growth stages by including it into GS1 so-
lution and GS2 solution. Even if GS1 solution needs exact con-
trol of incubation time, Fig. 6 depicts that the influence of
NaBr on Au nanocube yield and shape is negligible. Even with-
out NaBr in GS1 solution, it is possible to yield Au nano-
cubes with high performance. The main influence of NaBr is
apparent in GS2 solution. Since there will be no Au nanocubes
if GS2 solution is free of NaBr although the concentration in
GS1 solution is high, it is strongly required at this point. As
soon as one introduces small amounts (10 pM) of NaBr in
GS2 solution, high yields of Au nanocubes can be obtained
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Fig. 7 Tuning of nanoparticle morphologies using the DFM. The left
spectra show the size tuning for spherical Au nanoparticles by totally
not using NaBr. Meanwhile, the right spectra and SEM images (scale is
100 nm) below indicate the evolution of Au nanospheres to nanocubes
and finally to nanorods with dependency on the accessible bromide
concentration only in GS2 solution (the break at 800 nm is attributed
to the grating substitution of the spectrometer).
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(Fig. 6 and S5, ESIT). By increasing the concentration of NaBr
in GS2 solution, the sharpness of Au nanocubes can be
boosted until a point where a second population of Au nano-
rods appears. This transition point may lie between 25 uM
and 50 pM NaBr.

Parallelized high-throughput production of Au nanospheres,
Au nanocubes and Au nanorods

It seems that Br is appropriate to delicately control the Au
nanoparticle morphology where even tiny amounts strongly
influence particle growth. Therefore, Fig. 7 displays the evolu-
tion from spheres to cubes up to rods just by changing the
NaBr concentration in GS2 solution. Since the DFM allows re-
producible and parallel screening and production of AuNPs,
the results in Fig. 7 are realized within less than 30 minutes in
a one-shot experiment. However, without NaBr, only spherical
AuNPs appear. Similar to the Au nanocube edge length tuning
described beforehand, it is possible to further adjust their size
and therefore the spectral position (Fig. 7) just by altering the
volume of the seeds from the GS1 solution introduced
into the GS2 solution (Fig. S2, ESIf). By increasing the
NaBr concentration to 10 uM, the expected Au nanocubes are
the main result. As one further increases the concentration of
NaBr, one yields Au nanorods rather than cubes. This can be
also estimated from the spectra in Fig. 7 in which with in-
creasing NaBr concentration, a second band arises which is
attributed to the longitudinal mode of the Au nanorods. By
increasing the NaBr amount to 150 puM, the highest yield of
Au nanorods can be found. In turn, too high concentration
(300 pM) decreases the yield which indicates the sensitivity
to the Br concentration of Au nanoparticle growth. Neverthe-
less, it is remarkable that expectedly, Au nanorods form, al-
though there are no silver ions present in any of the growth
solutions. Further, the bromide concentration is below the
reported minimum concentration for the production of Au
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nanorods.®* However, both factors could have an influence
on the size tuning (aspect ratio) of the Au nanorods, since it
is not just adaptable on the method that was used for tuning
the sizes of Au spheres and Au nanocubes.

Conclusions

By taking all the discussed parameters into account, the DFM
is perfectly suited for the synthesis of AuNPs. Based on the
high mixing efficiency and speed, a homogeneous distribu-
tion of the chemical species can be reproducibly realized.
The DFM in combination with an adjustable residence chan-
nel allows perfect control of the incubation time after the fast
mixing. The resulting high reproducibility, fluid control op-
tions, fast synthesis and reduced material consumption that
are introduced by using the DFM further enable efficient size
and parameter screening. Therefore, we were able to show
that GS1 solution is crucial for the synthesis of Au nano-
cubes. In particular, the incubation time has a big impact on
the yield and shape, whereas NaBr is not needed at this point
of the synthesis protocol. In contrast, NaBr is crucial for GS2
solution, since other halides or its absence leads solely to
spherical shaped AuNPs. Whereas low NaBr concentrations
are required to guide the growth to Au nanocubes, higher
bromide concentrations are needed to end up with Au nano-
rods. Therefore, we demonstrated with one simple setup
containing the DFM a possibility to tune in a parallel manner
different Au nanoparticle morphologies with an opportunity
for further size and corresponding spectral tuning.
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Abstract

Metal nanoparticles showing the effect of localized surface plasmon resonance (LSPR), a collective oscillation of the conduction
electrons upon mnteraction with light, represent an interesting tool for bioanalytics. This resonance 1s influenced by changes in the
environment, and can be therefore used for the detection of molecular layers. The sensitivity, this means the extent of wavelength
resonance shift per change in refractive index in the environment, represents an important performance parameter. It is higher for
silver compared to gold particles, and is also increased for anisotropic particles. So silver triangles show a high potential for
highly sensitive plasmonic nanoparticles. However, the stability under ambient conditions 1s rather poor.

The paper demonstrates the passivation of silver triangles by silica coating using a wet-chemical approach. It compares the
sensitivity for particles with and without passivation, and visualizes the passivation effect in a high resolution, single particle
TEM study.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of TEMA - Centre for Mechanical Technology and Automation.

Keywords: plasmonic nanoparticles, silver nanoparticles, silver nanotraingles, silica-shell, core/shell particles

1. Introduction

Metal nanoparticles (meNP) allow new applications in medicine. optical imaging and sensing, since their optical
behavior is strongly related fo the localized surface plasmon resonance (LSPR) [12. 20, 27, 26]. This effect exists
only for meNP that are smaller than the wavelength of the incident light, whereby the conductive electrons behave
like an oscillating dipole which is excited by the resonance frequency [12]. Influenced by the material. shape. size
and surrounding medium [8], the LSPR-peak position can be tuned over the whole optical spectra and beyond. to
reach a large spectral variability (Fig. 1). which makes them suitable for a wide scope of applications [4. 18].
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MeNP could have a big impact especially as optical transducers for biological sensing, since they show a high
signal, no bleaching and the possibility of a label-free sensing [2, 19] combined with a high sensitivity [5. 7]. An
established sensing method is the variation of the particle surrounding. by changing the refractive index (RI) [14].
For example, for a DNA-biosensor. the meNP surface can be conjugated with DNA (capture DNA) [9. 11]. that is
complementary to the studied analyte DNA. In the presence of analyte DNA. it will bind (hybridize). resulting in a
red-shift of the LSPR-signal [16. 22]. However, the meNP acts as a transducer of LSPR-sensor and has to be well
chosen. One main issue is the sensitivity of a meNP. the ratio of the shift of the plasmon peak related to the RI-unit.
It is know that form-anisotropic meNP can show a higher sensitivity comparad to isotropic (spherical) ones. due to
the strong. geometrically determined LSPR-field [15, 23]. So there is a stronger accumulation of the field at tips (like
stars), corners (like rods) and edges compared to spherical ones [15. 17. 28]. A comparison of sensitivities of
different meNP-shapes in solution clearly shows a high sensitivity for core/shell and alloy meNPs [20]. but the
highest sensitivity is shown by silver nanotriangles. which makes them ideal candidates for LSPR-sensing [13]. With
respect to the size (edge length) it is furthermore possible to tune the LSPR-peak from UV-vis-range to near infrared
(Fig. 1). Unfortunately. the stability of such silver-nanotriangles is rather poor. since they have a high surface energy
and will be reshaped to spherical silver nanoparticles [6. 24]. Moreover, they are chemically reactive in ambient
conditions. To overcome this problem they can be stabilized by using silica. to form a protective silica layer around
the nanotriangles. A usual method for coating nanoparticles is the Stober-method [21]. where the meNP are used as
seeds followed by subsequently growing of silica on their surface by a catalyzed condensation of TEOS (tetraethyl-
orthosilicate) using ammonia [3]. However. since silver nanoparticles in general are known for their chemical
instability against ammonia, it is even harder to encapsulate silver triangles without losing their shape [25]. To
overcome this problem. we took advantage of other alkaline compounds and study their influence. We investigated
the aging process of nanotriangles and will present the direct protective influence of the silica layer to the triangles.
Finally we will show that the silica shell will have a high influence of the sensing behavior of the nanotriangles, but
also that the protected triangles will still have good sensing qualities.
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Fig. 1. Overview about the spectral ranges of plasmonic nanoparticles made by different materials and forms
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2. Methods and Materials
2.1. Synthesis of silver nanotriangles

The production of silver nanotriangles is a modified method based on the work of Aherne et al [1]. This two-step
synthesis is split in a synthesis part: in which silver seed particles with dimensions of about 14-150 nm are prepared.
The second. the growing part uses the prepared seeds to start a two dimensional growth that results in silver
triangles. For the seed synthesis, 5 ml sodium citrate (2.5 mM. Carl Roth GmbH + CO. KG. Karlsruhe, Germany) is
used in a 15 ml PMMA cenfrifuge tube on a vortex mixer (Vortex-Genie 2: USA Scientific. Ocala FL). Under
permanent shaking 250 pl Poly(sodium 4-styrenesulfonate) (0.5 g/l: 70 kDa. Sigma-Aldrich Chemie GmbH Munich,
Germany) and 300 pl of a fresh. in ice water prepared NaBHy solution (10 mM, Carl Roth GmbH + CO. KG.
Karlsruhe, Germany) are added. In the next step. 5 ml of AgNO; (0.5 mM: Merck KGaA Darmstadt. Germany) at a
constant rate of 1 ml/min are added. After a few minutes of adding silver ions. the colorless solution turns from
bright green/yellow to yellow (Figure 3 left tube).

After the synthesis is completed, the prepared seed particles are used to grow them to nanotriangles. For this
purpose 5 ml ultrapure water in a 15 ml centrifuge tube is again used on a vortex mixer. Under strict shaking. 75 pl
of a freshly prepared ascorbic acid solution (10 mM: Carl Roth GmbH + CO. KG. Karlsruhe, Germany) is added.
followed by various amounts of the as-prepared seeds. The amount of seeds varies between 10 pul and 650 pl. the
amount determining the edge length of the later triangles. that also correlates with the color of the solution and the
LSPR-peak position as one can see in Fig 3. A high amount of seeds in the solution yields smaller triangles.
whereby a low amount of seeds results in larger ones. After adding the seeds. 3 ml of AgNQO; (0.5 mM) are added at
a rate of 1 ml/min. Within a few seconds a color change is observed. starting from yellow to the appropriate color
for the used amount of seeds. After the reaction is completed. if is necessary to add 500 pl of sodium citrate (25
mM) to achieve a charge stabilization of the friangles.

2.2. Silica-shell around the silver nanofriangles

The prepared triangles will be stabilized by adding a silica shell. For the preparation, 1 ml of the nano triangle
solution was added to 7.51 ml ethanol containing the described concentration (1 mM. 2 mM and 4 mM ) of TEOS
(Sigma-Aldrich Chemie GmbH Munich. Germany) in a glass flask under rigorous stirring. To initialize the
hydrolysis. 1.01 ml of an 8.8 M dimethylamine solution (DMA. Merck KGaA Darmstadt. Germany) was added and
stirred for 2 days in the dark at 8°C. After the reaction is completed, the solution was washed two times by
centrifugation. redispersed first in ethanol and finally in water.

2.3. Characterization

The prepared particles were stored in the dark at §°C until they were characterized using transmission electron
microscopy (TEM, Zeiss DSM 960, Jena. Germany). high resolution TEM (Jeol JEM_3010. Japan) and scanning
force microscopy (Nanoscope III. Bruker Corporation Billerica, MA. USA). For the sensitivity measurements.
refractive index series were prepared from different concentrations of D-glucose (Sigma-Aldrich Chemie GmbH
Munich, Germany) in water from 0 to 60 m/V%. After mixing with the nanoparticles. the resulting plasmon peaks
were measured using Jasco V-630 (JASCO Germany GmbH. Gross-Umstadt. Germany)

3. Results and Discussions

Silver triangles in various sizes were prepared as described. A wide range of colors of the various solufions is
observed (Fig. 2a). Apparently it is the result of the different sizes. which lead to variations in the localized surface
plasmon resonance (LSPR) bands. When comparing the color and the size of each particle preparation. the
correlation between size and color of its resonance band become apparent (Fig. 2a). As already stated. the sensifivity
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Fig. 2. (a) Solution of silver nanotriangles tuned from VIS to NIR with corresponding edge length (L) and LSPR-peak position (b) Corresponding
sensitivity in dependency on their dimension. In both cases are edge lengths calculated by setting the thickness to 8 nm (mean thickness from
AFM) [1].

is of highest concern for possible sensing applications. Therefore, silver triangles of different sizes (edge lengths. L)
were tested for their sensing properties using refractive index standards in solution (bulk sensitivity). A range of
bulk-sensitivities between 200 and 600 nm/RIU were determined (Fig. 2b). A linear correlation between the size and
the sensitivity was observed. whereas the bulk sensitivity can be calculated by equation one.

Bulk Sensitivitv =5.73- L +94.40 [nm/RIU] (1)

In general, larger particles exhibit better sensitivity. However, at the same time, increasing size shifts the position
of the LSPR band towards the infrared. moving out of the visible range. In conclusion, the particles show a
convincing sensitivity in a suitable spectral range. When working with silver nanoparticles, a rather fast aging is
observed [6, 28]. Thereby the surface seems to react with components of the atmosphere, resulting in an irreversible
change. This process was studied on the ultramicroscopic scale at a single particle. While the particle scanned
directly after synthesis shows the expected triangular shape (Fig. 3a). AFM imaging of the same particle after 12
hours in air shows significant structural changes: At all three corners, a significant growth of material is observed.
This clearly results in a changed LSPR band. so that these particles have no defined and fixed LSPR band. This
effect hinders a simple bioassay (measuring the same particle before and after analyte binding). but also the design
of particles of a certain fixed LSPR band.

100 nm 100 nm

Fig 3. AFM images of the same single triangle without a stabilizing silica layer/shell before (left) and after (right) aging for 12 hours in air.

A passivating layer as protection of the silver particle against the environment represents one approach to solve
this problem. A silica coating of spherical silver particles was demonstrated using dimethylamine (DMA) [10] as
source for the ammonia needed in the silica synthesis. In order to protect the more sensible silver nanofriangles, an
additional protection layer of mercaptohexadecanoic acid (MHA) was introduced. We studied the stability of silver
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nanotriangles in DMA and found that the particles only slowly decay (less than 10% loss in LSPR band amplitude in
10 min), so that for a fast and immediate starting reaction, the effect should be negligible. Therefore, the silica shells
for the silver nanotriangles were synthesized using DMA.

Table 1. Used concentration of TEOS and corresponding LSPR-peak maxima, thickness of the
generated silica shell and the radius of the tip as a marker for etching by using DMA as a basic
catalyzer for the modified Stéber-method.

Amount of precursor

no TEOS 1 mM TEOS 2 mM TEOS 4 mM TEOS
omax 666 nm 692 nm 689 nm 696 nm
Shell thickness - 1.5+ 0.8 nm 60+ 5 nm 83+ 6nm
Tip radius 6.2+1.8nm 8.5+ 08 nm 71+14nm 77+ 1nm

Varying the starting concentration of the silica-source TEOS, the thickness of the silica shell around the silver
nanotriangles can be tuned between a very few and hundred nanometers (Tab. 1 and Fig. 4). Using this parameter.
both thin layers (preserving the original nano triangle geometry) as well as large spherical shells are possible.

amount of precursor

onlysilver 2mM

Fig. 4: Comresponding TEM-images to Table 1 of core-shell triangles with different silica shell thicknesses prepared with various concentrations
of TEOS, starting from (a) 0 mM. (b) 1 mM to (c) 2 mM and finally (d) 4 mM.

For bioanalytical applications, the response of the LSPR signal of the particles to refractive index changes of the
surrounding represents the key parameter. When the particles are covered by a passivating layer. is this response still
observed? And to what extent? In order to clarify this issue, the sensitivity of particles of 56 nm side lengths was
studied with and without a silica layer of 83 nm thickness. Therefore. the refractive index of the surrounding was
changed. and the resulting wavelength shift in resonance measured and plotted as nm shift per refractive index unit
(RIU). Nanotriangles without layer exhibited a sensitivity of about 555 nm/RIU (Fig. 5), which is in agreement with
the plot shown in Fig. 2b. When a silica layer of about 83 nm was applied, a sensitivity of 283 nm/RIU was found.
Compared to typical sensitivity values below 100 nm/RIU (Au spheres). 170 nm/RIU (Ag spheres) or 180 nm/RIU
(Au nanorods). this value represents still a significant gain in sensitivity, now in combination with a stabilized
nanoparticle and a surface which allows for standard attachment chemistry as utilized in the case of glass or silicon
for DNA or protein microarray technologies.
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Fig. 5 Sensitivity of silver triangles with an edge length of around 56 nm with silica shell of 83 nm thickness (black line, 283nm/RIU) and
without (black line, 555 nm/RIU). For comparison (the thickness of the triangles is 8 nm), the blue line represents a silver sphere of 8 nm
diameter (91 nm/RIU).

For this quite thin protecting layer. a characterization of the protecting ability is quite challenging. Best
visualization is achieved in a TEM, when the e-beam is absorbed accordingly by the various materials, with metals
having a much higher contrast compared to silica as shown in Fig. 4. So single-particle studies were conducted in
high-resolution TEM studying the behavior of the coated particles under the influence of the electron beam (Fig. 6).
which is known to have damaging effect. In order to demonstrate the effect of the electron beam on protected as
well as unprotected particles, a particle with an incomplete silica shell was chosen. Here, the silica cover showed
two defects. which are marked by the red arrows in Fig. 6a. Following the effect of the electron beam over time, one
can clearly see that the destructive processes starts on these sites of the pinholes. This observation demonstrates that
the silica layer passivates the underlying silver against damaging effects, even on these small dimensions of just a

irradiation intensity/magnification _

200 keV 250 keV

few nanometers.

Fig. 6.Tume series of a single, silica covered silver triangle in TEM, showing the structural disintegration under the mfluence of the electron
beam. Silica thickness s less than 2 nm. This process clearly starts at the points where the silica cover is not complete (red arrows in a).

4. Conclusion
Passivation of silver nanotriangles allows an efficient protection of these otherwise often instable particles in

combination with a preserved sensitivity. The utilization of a wet chemical approach for silica coating allows to
control the thickness by variations of the synthesis parameters. The beneficial high sensitivity of the particles
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towards refractive index change sensing is sufficiently preserved by this step, in combination with a strong
protection. A high-resolution TEM study allowed to demonstrate this protection with a sub-particle resolution.
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Due to their unique optical properties, metallic nanoparticles offer a great potential
for important applications such as disease diagnostics, demanding highly integrated
device solutions with large refractive index sensitivity. Here we introduce a new
type of monolithic localized surface plasmon resonance (LSPR) waveguide sensor
based on the combination of an adiabatic optical fiber taper and a high-density
ensemble of immobilized gold-reinforced silver nanoprisms, showing sensitivities
up to 900 nm/RIU. This result represents the highest value reported so far for a fiber
optic sensor using the LSPR effect and exceeds the corresponding value of the bulk
solution by a factor of two. The plasmonic resonance is efficiently excited via the
evanescent field of the propagating taper mode, leading to pronounced transmission
dips (=20 dB). The particle density is so high (approx. 210 particle/um?) that
neighboring particles are able to interact, boosting the sensitivity, as confirmed by
qualitative infinite element simulations. We additionally introduce a qualitative model
explaining the interaction of plasmon resonance and taper mode on the basis of
light extinction, allowing extracting key parameters of the plasmonic taper (e.g.,
modal attenuation). Due to the monolithic design and the extremely high sensitivity
we expect our finding to be relevant in fields such as biomedicine, disease diag-
nostics, and molecular sensing. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(hitp:flereativecommons.org/licensesfby/4.0/). [http://dx.doi.org/10.1063/1.4953671]

I. INTRODUCTION

Metallic nanoparticles (meNPs) can show a very distinct optical response in the visible and
near infrared part of the spectrum in case their diameters fall into the nanoscale domain. Here,
an incident electromagnetic wave can excite the electrons inside the metal, which leads to a
plasma-type oscillation of the electron ensemble, i.e., to the so-called localized surface plasmon
resonance (LSPR). Particular for deep subwavelength meNP diameters, the optical response resem-
bles that of a point dipole with a precisely defined phase retardation and orientation of the dipole
axis. In comparison to their propagating counterparts in planar and cylindrical geometries,'~ LSPR
shows extreme strong field confinements, i.e., their penetration depth into the surrounding dielectric
is of the order of tens of nanometers only,* which makes them attractive for detecting nanoscale
environmental changes which, for instance, are imposed by chemical reactions.

Colloidal meNPs have shown to be extremely useful particularly from the application perspec-
tive, since they are fabricated on large scales using chemical synthesis, i.e.. a bottom-up approach,
giving rise to large sample yields in contrast to, e.g., lithographic fabrication methods. Together

4 Author to whom correspondence should be addressed. Electronic mail: torsten. wieduwilt@ ipht-jena.de

[ ' (4)
2378-0967/2016/1(6)/066102/11 1, 0661021 © Author(s) 2016. @ Ev
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with the above-mentioned strong field confinement, this particular feature has made them attractive
for applications such as biomedicine™® or nanoscale sensing.” One important application example
of colloidal NPs is the detection of molecular events via an imposed change of the LSPR: The
strong field confinement allows detecting small refractive index (RI) changes of the surrounding
analyte in a nanoscale environment around the NP via measuring the spectral shift of LSPR. The
key parameter characterizing this phenomenon is the sensitivity S, which is defined by the ratio
between the spectral shift of the LSPR Ay and the change of the refractive index in the vicinity of
the meNP An (S = AA/An).® As a result functionalization of plasmonic NPs with receptor (capture)
molecules (e.g., proteins, antigens. and ssDNA) allows the identification of selective molecular
bindings effect (e.g., antigen-antibody or DNA-DNA binding), which represents a key for, e.g..
disease diagnosis.”'" Another important application field of colloidal meNPs is cancer therapy.
where first results indicate that laser-induced heating of NPs via strong energy dissipation can help
to locally destroy pathogenic tissue.!>1#

Many of the currently employed plasmonic colloidal systems rely on noble metals such as
gold or silver due to low intrinsic ochmic damping, which ultimately yields in strong LSPRs in the
visible and near infrared.* Up to date, the most widely used colloidal NPs are gold nanospheres due
to long-term stability and straightforward synthesis pathway. However. these nanospheres reveal
comparably low RI sensitivity (of the order of 80 nm/RIU),* making them unattractive in case very
small amounts of species are to be detected. This problem can be addressed by using NPs with large
aspect ratios. which can show up to one order of magnitude larger sensitivity values and can be used
for molecular sensing via local molecular binding.'> With respect to application in biosensing and
medicine, meNPs with “pointish”-type shapes such as cubes or stars'® have recently attracted a lot
of attention, since they give rise to extraordinary high sensitivities in case the analyte to be detected
locally binds at the sharp edges of the NP.

For practical reasons colloidal nanoparticles are typically immobilized on solid surfaces and
are investigated using, e.g., dark field microscopy.'’-'® whereas the incident light excites the LSPR
and the scattered light is collected via high numerical aperture objectives. This approach has found
wide-spread use but lacks monolithic and straightforward device integration and the possibility of
investigating large ensembles of meNPs.

One promising scheme to address this issue is to integrate colloidal meNPs into photonic
waveguiding system, which for instance can be realized by placing the NPs into the evanescent
fields of an optical mode. Here, the LSPRs are excited via the tails of the propagating modes and
the spectral properties of the plasmonic resonance can be measured via examining the waveguide
transmission. This hybrid scheme has been successfully implemented within the scope of planar
photonics, as for instance it was shown that LSPRs can be coupled to the modes of slab waveguides;
in this case the meNPs were deposited on top of the waveguide, leading to a substantial transmission
modification. '?-2"

However, planar waveguides reveal intrinsic problematic features such as high optical loss
due to, e.g., surface roughness or surface state absorption, the prerequisite of complex fabrica-
tion technology and incompatibility to fiber optical technology. One attractive solution to the
mentioned problems is to combine meNP and optical fibers on the basis of fiber-optical ta-
pers: These highly integrated photonic elements consist of down-tapered optical fibers to diam-
eters so small that the evanescent field of the optical mode penetrates the surrounding material.
i.e., the analyte. Tapers have been successfully employed for exciting both propagating surface
plasmon-polaritons”'~>* and localized plasmonic modes, whereas in the latter case only NPs with
comparably low sensitivity have been employed (e.g.. gold nanospheres (diameter 24 nm) sensi-
tivity of ~51 nmy/RIU)*® mostly using single mode fibers. Besides the mentioned tapers, the
evanescent field can be also accessed using techniques such as mechanical stripping of the clad-
ding, which was used for plastic-clad multimode fibers> ! and chemical removal of the clad-
ding via etching used for silica clad multimode™ and single mode fibers, respectively.” Other
types of fiber-optic sensors not using plasmonic excitations rely on effects such as long-period
gratings (1500 nm/RIU),** coupling to modes beyond modal cut-off (301000 nm/RIU),* direc-
tional mode coupling (3200 nm/RIU),*® multimodal interference (667 nm/RIU).?” focused ion-beam
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FIG. 1. (a) Schematic of the plasmonic fiber optical taper coated with highly sensitive silver-gold nanoprisms in the region

of the taper waist. The magenta box indicates the domain the analyte is applied. (b) Cross section of the plasmonic taper in
the domain the nanoprisms are deposited. The small green structures indicate the nanoprisms on the surface of the taper and
the purple curve represents the propagating of fundamental optical taper mode. The two vectors indicate the local orientations
of the polarization vector of the guided mode § and the vector parallel to the film surface of the NP T

machined Fabry-Perot cavities (1130 nm/RIU, 1150 nm/RIU).*** and laser-written Bragg gratings
(10 nm/RIU).*°

Here we show that silver nanoprisms immobilized on an adiabatic optical fiber taper Fig. 1(a)
result in a novel hybrid plasmonic-photonic system with extraordinary high sensitivity values of
about 900 nm/RIU, which exceeds that of the corresponding bulk solution by a factor of two.
This key feature of our system results from the fact that the taper allows precise engineering of
the interaction between LSPR and taper mode. In fact the fraction of evanescent field outside the
taper has been adjusted such that meNP densities sufficiently high for interaction of the LSPRs of
neighboring meNPs can be established on the taper surface. which results in substantially higher
sensitivities than compared to the case of meNPs dispersed in solution.

Moreover, strong transmission dips with extinction ratios of up to 20 dB are observed, making
the taper approach particular attractive for index sensing. Since the LSPRs are detected via analyz-
ing the change of the transmission through the taper, our system represents a highly integrated and
straightforward-to-use approach, which has the potential to give rise to a full monolithic sensor
being compatible with fiber circuitry. The taper and the meNP immobilization are straightforward
to conduct and due to mm-long interaction length our sensor is of macroscopic scale, making it
attractive from the handling perspective.

In addition to all relevant experimental details, we present a fitting model which allows ex-
plaining the interaction of LSPR and taper mode on the basis of light extinction and extracting key
characteristics of the plasmonic taper such as the modal attenuation. We also present simulations
from a qualitative scattering model, showing that interparticle interaction leads to a substantial
increase in RI sensitivity in the case of high particle densities.

Il. THEORETICAL BACKGROUND

The working principle of the meNP-enhanced fiber taper presented here relies on the interac-
tion of the LSPR with the propagating mode inside the taper. Within the taper waist, the evanescent
field of the guided wave penetrates the analyte and excites the LSPRs of the meNPs on the surface
of the taper. The corresponding fraction of electromagnetic energy is in fact removed from that of
the optical mode (via scattering and absorption of the nanoparticle) and as a result strong transmis-
sion dips are observed. A key feature of the taper concept is that the fraction of field in the analyte.
i.e., the fraction exciting the LSPR, can be precisely adjusted via the taper diameter, ultimately al-
lowing for investigating meNP ensembles with extremely high coverage. For the structure discussed
here the fraction of evanescent field in the analyte is only 0.1% in case water is surrounding the
taper (at 700 nm), allowing to examine meNP ensemble with a density so high that neighboring
meNPs interact.
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The attenuation coefficient of the mode propagating inside the taper y (i.e., LSPR-induced
extinction coefficient) can be described by a line integral along the circumference of the taper.
leading to

—j( No(¢.A1) ) (1

B Acglr. ¢, AA)
r=

with the density of the nanoprisms N (number of meNPs per unit area), the relative wavelength
Ad=A4—Ar (A: vacuum wavelength, Ag: LSPR resonance wavelength), the azimuthal angle
dependent extinction cross section o (¢). and the taper radius R. In case of an anisotropic meNP
{(which holds for the nanoprisms considered here). the excitation of the LSPR depends on the
relative orientation of meNP (defined here as the unity vector parallel to the meNP surface 7) and
unity polarization vector of the guided mode p at the location of the meNP (Fig. 1(b)). Since the
extinction cross section is generally defined with respect to intensity.*! we define o (¢) = oolf - )’
including the bulk extinction cross section o, which can either be determined from simulating
the scattering properties of a single meNP or from measuring the particle extinction. Here we
determined o from bulk solution (subsequently denoted as o), which is to some extent a different
situation compared to plasmonic taper case. In solution the particles are randomly orientated along
all three spatial directions, whereas in the taper case the particles lie on the taper surface, i.e., are
preferentially oriented normal to the taper axis. This orientation imposes a reduced dimensionality
in the taper situation (3 — 2) leading to a larger cross section (i.e.. more particles contribute to the
overall extinction), which can be accounted for by the following substitution: o = o - 3/2. This
ansatz assumes that the maximum LSPR excitation is achieved for parallel orientation of 5 and 7,
whereas there is negligible contribution of the LSPR excitation in the perpendicular direction. This
leads to o (¢p) = o cos® ¢ (¢: angle between 7 and 5) and is in correspondence with the qualita-
tive planar waveguide simulations shown later, which shows that the strongest LSPR excitation is
achieved for TE-polarization, i.e.. ¢¢ = 0. The parameter A q{r, ¢, A1) refers to the area of the mode
on the surface of the taper*>** and is associated with the Poynting vector distribution of the mode
under investigation §,.

fA:m S (r . Ad)dA

Aei( R, A1) = S —RaoAl (2)
The effective mode area depends on the azimuthal coordinate, suggesting that v depends on the
azimuthal position of meNP on the taper surface. In the situation investigated here, however, the
taper diameters are comparably large, and hence the guided HE;; mode has a Gaussian type mode
distribution with only a small azimuthal dependence, allowing to define an average and constant
effective area A.g = Ef S.dA/(S.(r =R, ¢p = 0°,A) + 5. (r = R,¢p = 90°,A1)). Due to the high
symmetry of the cylindrical geometry, A.q has a full analytic form since S, can be expressed by a
single analytic function.***> As a result of independence of A4 on azimuthal angle and the simple

mathematical form of o (¢), the line integral Eq. (1) can be equated analytically, leading to

Y(AA) = Mﬂﬁ'
Aca(Ad)

This allows expressing the transmitted power Py through the plasmonic taper of the length L via the
following equation:

(3)

(4)

Pr{A1) = Pyexp (—Mnfﬂ_) s

Aca(AQ)

with the input power Py.

It is interesting to note that Eq. (4) clearly shows that the modal attenuation is in fact deter-
mined by the ratio of the two areas involved, i.e., o/ Ao, which emphasizes that tuning the optical
mode properties allows the engineering of the transmission properties (inset of Fig. 2).

This tunability feature appears even more pronounced when investigating the ratio R/A.y
(Fig. 2) including all geometric parameters determined by the taper and showing that argument
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FIG. 2. Dependence of R/A.y ratio on taper diameter at a fixed wavelength of 740 nm (taper material: silica, surrounding
analyte: water). The inset shows the effective mode cross section as a function of taper diameter. The points in both plots
indicate the configuration used in the experiment (taper diameter 17 gm).

of the exponential function of Py (Eq. (4)) can be tuned over two orders of magnitude only by
changing the taper diameter, which in fact allows studying a broad range of NP densities.

lll. FABRICATION AND MEASUREMENT METHOD

For the investigation presented here, we used gold-reinforced silver nanoprisms with approx-
imate dimensions of 40 + 20 nm and a thickness of 9 £ 2 nm, being chemically fabricated using
a combination of seed particle synthesis and subsequent nanoprism growth (inset of Fig. 3(a), see
supplementary material. Sec. I°'). To avoid catalytic oxidation (etching) of the silver in particular
at the edges of the nanoprisms,***’ we overgrow the nanoprism edges with a thin gold layer, which
is a well-known approach to stabilize silver NPs,***? for instance, by using them in physiological
conditions™ (see supplementary material,”' Sec. I, preparation of mNPs). This step is essential for
the temporal stability of our hybrid system, as otherwise the oxidation would impose a morphology
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FIG. 3. (a) Spectral distribution of the extinction cross section of the localized plasmonic resonance of the nanoprisms,
measured in aqueous solution. The inset exemplarily shows a scanning electron micrograph (SEM) of two sil-
ver nanoprisms (highlighted by the dashed circles) deposited onto a planar glass surface. The wvertical (horizon-
tal) dashed line represents the center resonance wavelength (FWHM peak width). (b) Spectral distribution of the
modal attenuation calculated using the plasmonic taper transmission function defined in Eq. (3). The inset shows
the experimentally obtained data (green) and the fit (blue) in case water is used as analyte. The sketch above both plots
shows the experimental transmission setup used to determine the transmission properties of the plasmonic tapers (SC:
supercontinuum source, F: water filter, Obj: objective, Nikon CF Plan 50x/0.55WD 8.7).
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change of the nanoprisms (from triangular to disk shape) resulting in a substantially reduced RI
sensitivity. We observe that the nanoprisms have triangular as well as hexagonal shapes.

The fiber tapers have been fabricated from silica-based step-index fibers (Nufern HP780,
cut-off wavelength 730 nm) and were tapered down over length of ~84 mm (using a Vytran GPX
3200, total fiber length: 25 cm). The waist had a length of ~14 mm (constant diameter section) and
a radius of R = 8.5 ym. The two transition zones had lengths of 35 mm to provide adiabaticity, i.e.,
avoid higher-order mode excitation, giving rise to a clean fundamental mode in the waist section.
Within that section, the influence of the doped core on the propagating modes is so small that it can
be neglected. The mode inside the waist can thus be represented by the fundamental (HE;) mode of
cylindrical silica strand in either air or the analyte. The nanoprisms were attached to the taper using
an aminosilane linker (see supplementary material,”' Sec. 111, preparation of fiber probes).

The nanoprisms were deposited over the entire length of the waist (L = 14 mm), whereas the
density of the nanoprisms N was coarsely controlled via changing the immobilization time. Due to
the comparably broad size distribution of the nanoprisms, it turned out to be difficult to quantify
the exact value of N for one fixed deposition time. For instance, in the case of 17 min immobili-
zation time (in the following referred as “long™ immobilization time), the particle density was in
the order of (210 = 30) NPs/ ymz, whereas a 90 s deposition (“short” immobilization time) yields
N = (50 + 30) NPs/ um-.

To determine the transmission of the plasmonic fiber taper we used the following experi-
mental setup (top image of Fig. 3(a)): Light from a supercontinuum source SC (SuperK Compact,
bandwidth 400 nm—1.8 gm) was coupled into the fiber using a microscope objective (Nikon CF
Plan, 50x). and the spectral distribution of the transmitted light was measured by an OSA (Ando.
AQ6315A, resolution 2 nm). To prevent sample heating and thus an undesired change of the analyte
RI, a 1-cm cuvette filled with water acting as IR blocking filter was inserted just after the output of
the light source to avoid absorption via infrared light. The spectra were normalized to correspond-
ing spectra of tapers without meNPs in air, whereas control measurements show no difference in
transmission between uncoated tapers in air and water.

The RI sensitivity was determined by measuring the LSPR resonance wavelength (transmission
dips) in case the meNP-enhanced taper is immersed in different RI environments. Here we used
as analyte a series of D-glucose-water solutions with RI in the range between 1.34 and 1.38 (see
supplementary material,’! Sec. II, optical characterization). The wavelength of the LSPR (transmis-
sion dips, for instance Fig. 4) was taken from the transmission curves and plotted as a function of
analyte index (at i), allowing the determination of the corresponding slope, i.e., sensitivity (see, for
instance, Fig. 5). The sensitivity of the nanoprisms in bulk solution was measured in an analogous

low

normalized transmission [dB]
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FIG. 4. Wavelength dependence of the measured normalized transmission through the plasmonic taper coated with the
nanoprisms. The transmission of tapers with either high (indicated by the dashed lines) or low (indicated by the solid lines)
nanoparticle densities has been investigated for four different values of analyte refractive index (numbers refer to the bulk
refractive index of the respective analyte at 589 nm. Purple: 1.333, green: 1.352, blue: 1.364, dark yellow: 1.383).
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FIG. 5. Resonance wavelength (spectral position of transmission dip) as a function of analyte refractive index of the
nanoprism enhanced fiber taper. (a) Low particle density. (b) high particle density. In both plots, the circles refer to the
very first conducted measurements, the squares to subsequent measurements after stabilization, which were then used to
determine the RI sensitivity (dashed lines). The solid lines are guides-to-the-eye, and the inset in (b) shows the dependence
of the localized plasmon resonance wavelength on analyte index of the nanoprisms in solution.

way by combining centrifugation and re-dilution and measuring the spectral distribution of the
solution extinction (see supplementary material,’' Sec. II, optical characterization).

IV. EXPERIMENTAL RESULTS

To analyze the properties of our plasmonic taper on the basis of Eq. (3), we determined at first
the extinction cross section of the silver nanoprisms ensemble in water (see supplementary mate-
rial.>! Sec. IL. optical characterization). We found that the nanoprism ensemble has a rather broad-
band distribution of & with a peak resonance wavelength of 670 nm and a maximum cross section
of O max,lg = 6.9 x 107 ,um2 (Fig. 3(a)). referring to the natural logarithm as defined in Eq. (4),
Omaxin = 15.8 x 107* um?. Compared to typical gold nanosphere systems, the spectral broadness
of the investigated ensemble here is comparably large (about 250 nm (FWHM)). which can be
attributed to the size distribution of the nanoprisms, leading to a distribution of LSPR wavelength
and hence to a spectral broadening of the linewidth. This size distribution is also the reason why
the evolution of the extinction coefficient cannot be approximated by a single Lorentzian oscillator
function.

To understand the transmission properties of our plasmonic taper, we used Eq. (4) to fit the
measured transmission curve in the case of a water analyte using and hg, Py, and N as fitting
parameters. It is important to note that in the case of the plasmonic taper the nanoprisms are in fact
immobilized on glass and thus a spectral shift of the LSPR is expected compared to the measured
resonance of the NPs in solution, i.e., justifies using Ag as fit parameter (o = o (Ag — AAd)). We
observe that the experimentally measured transmission curve is accurately represented by Eq. (4)
when using Py = 097 mW, N =73.7 NP;‘,umz, and hx = 739.1 nm (inset of Fig. 3(b), determination
includes the above mentioned reduced dimensionality of the plasmonic taper). which is within the
experimental error margins of the NP density. It needs to be pointed out that we only obtain a good
agreement of model and experimental data if we take into account the spectral distribution of the
effective mode., whereas a constant value of A.f leads to an insufficient description particularly at
the red side of the LSPR.

Using these fit parameters we calculated the modal extinction coefficient using Eq. (3), reveal-
ing that our meNP-enhanced taper has a peak resonance loss of the order of 0.98 dB/cm (Fig. 3(b)).
lying within the expected attenuation range. Therefore our transmission model allows determining
the modal attenuation of meNP-taper system, which is the key parameter of any waveguide system,
under measurement conditions and without destroying the sample (as it would be the case if the cut
back method is employed).

In a next step we investigated the behavior of the taper transmission for different analyte Rls in
the cases of high and low nanoprism density (Fig. 4). We measure in both cases that higher analyte
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Rls lead to a shift of the transmission dips to longer wavelength, which results from the red-shifting
LSPRs. Moreover we observe substantially deeper transmission dips for larger nanoprism densities
compared to low particle coverage. For instance, in the case of nanaye = 1.383, a depth of =2.5 dB
is measured for the low coverage, whereas the high nanoprism density results in a transmission dip
of =20 dB. This clearly shows that the plasmonic taper concept is capable of investigating various
meNP densities using the same waveguide.

The RI sensitivity of the nanoprisms in solution was determined to 475 nm/RIU (inset of
Fig. 5(b), for experimental details see supplementary material,”' Sec. II, optical characteriza-
tion), which is significantly higher than that of many used NP-systems such as gold nanospheres
(~50 nm/RIU) or gold nanocubes (~80 nm/RIU).

For the plasmonic taper, the evaluation of the measured data showed that the system undergoes
a change after the first measurement series, i.e., after the first contact to the glucose solution,
imposing a red-shift of the LSPR (Fig. 5). After the first series the plasmonic taper stabilizes and no
further changes in iy were observed. The reason for the first initial change remains unclear to us and
will be targeted in future studies. In the case of a high particle concentration (“long™ immobilization
time, Fig. 5(b)) we obtain a sensitivity of 892 nm/RIU, which represents the highest value reported
for plasmonic optical taper so far and is substantially higher than the sensitivity of the bulk solution
(475 nm/RIU, inset of Fig. 5(b)). This clearly shows that tapers provide a unique pathway for
achieving highly sensitive devices on a monolithic waveguide platform. As we will discuss in a
qualitative example in Sec. V (Fig. 6(b)), these high values are associated with neighboring NPs in
the case of high particle density. In case the interparticle distance is larger (means a lower particle
density). Fig. 5(a), we measure a lower sensitivity of 385 nm/RIU, which is comparable to that of
the bulk solution.

V. QUALITATIVE SIMULATIONS

To gain a qualitative understanding of the high sensitivity values observed in the experiments,
we simulate a simplified geometry consisting of a single silver nanodisk (diameter 4 = 60 nm,
thickness 10 nm) on a planar slab waveguide (core silica of thickness 17 ym, cladding water) using
a combination of analytic mode field expressions and finite-element based scattering, in which the
LSPR is excited by the guided waveguide mode (inset of Fig. 6, dielectric functions from Refs. 52
and 53). Simulating the realistic structure would require considering all particle orientations that are
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FIG. 6. Simulations of the optical properties of the plasmonic fiber taper calculated using the FEM model (TE-polarization).
To reveal the qualitative behavior of the nanoparticle enhanced taper, spherical silver nanoparticles with a diameter of
60 nm are assumed. A constant analyte index of 1.33 is assumed here. (a) Spectral distribution of the modal attenuation
for various nanoparticle densities (respective density values are indicated by the numbers on the top of the respective curve).
(b) Corresponding refractive index sensitivity (determined at the resonance position (inset), i.e., point of highest attenuation)
as a function of nanoparticle surface density. The dashed curve refers to a fitting curve with a square dependence on particle
density. The non-trivial curve evolution particularly at small densities can be attributed to grating resonances.
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experimentally possible and shapes, which requires a full statistical analysis and is out of the scope
of this contribution.

Due to the large taper diameter (17 gm), the taper curvature at the location of the NP can
be neglected and the lowest taper mode (HE;;-mode) then corresponds to the lowest TE or TM
mode of the planar waveguide or a superposition of both depending on the azimuthal position of
the particle, i.e., the relative orientation angle ¢. Various NP densities are considered by assuming
periodic boundary conditions (imposing interparticle interaction) and different gap sizes between
two neighboring NPs g. The size of the simulation volume is  + g in both directions, leading
to N =1/(d + g}g. We have calculated the electric field distributions of the TE and TM modes
analytically® and used them as background field distributions in the mentioned simulation volume
for obtaining the scattered fields (in Comsol scattered field mode). The FEM simulations yield
the scattered and total fields, and by integrating the corresponding Poynting vectors we obtain the
scattered and absorbed power from which we can calculate the corresponding modal attenuation
induced by one single particle y,. The RI sensitivity has been obtained by two identical sets of simu-
lations assuming an analyte RI of 1.33 in one set and 1.34 in the other set. The simulations show that
the LSPR excitation in TM polarization (Ems Il z)¥s is much smaller (by a factor >2) compared
to the TE case (Eyuns L z) and the spectral peak loss position is always <700 nm. Therefore, the
TE-attenuation is the dominating contribution and is analyzed in more detail.

The attenuation spectra (Fig. 6(a)) show maxima that shift to longer wavelengths (Fig. 6(b))
with increasing amplitude when the particle density increases—a behavior that was also observed in
structures such as nanoparticle chains and layers of gold nanospheres.'? As suggested by Fig. 6(b)
the RI sensitivity significantly increases (more than a factor of 10) for higher particle density, which
overall is a result of increasing interparticle interaction. This effect can be qualitatively understood
by the following toy-model: We can approximate our particles as flat ellipsoids with a polarizability
in the quasistatic limit given by Ref. 41 ap= V(e, — &4)/(em + L(en, — £4)) with the metal and
surrounding dielectric permittivities £, and &4, the particle volume V', and the depolarization factor
L. Plasmon resonances appear for vanishing real parts of the denominator. Assuming a Drude ansatz
for &, and the condition L = 1, we obtain Ag = Apny/ VI and S = Ap/VL (plasma wavelength of
silver A, = 137 nm, dielectric refractive index ny). showing that the sensitivity strongly depends
on depolarization. Here. I accounts for the depolarization field that is oriented antiparallel to the
polarization vector inside the particle. For a single isolated particle, the depolarization field is
entirely caused by the surface charges induced by the incident wave. In case of arrays of particles,
neighboring particles impose an additional contribution to the depolarization field resulting from
the stray fields of the other particles. The strongest effects on the depolarization field result from
the next neighbors in the direction of the polarization of the exciting field. Therefore, the effect of
interaction, i.e., the increasing sensitivity for denser ensembles, can be qualitatively interpreted as a
reduced depolarization factor (i.e., increasing depolarization field).

This is in correspondence with the experimental observation and explains that we observe
higher sensitivity values for higher NP coverages (Fig. 6(b)). The simulated data points scatter
around a quadratic polynomial curve. The latter can be related to the quasistatic model which is a
good approximation for small (< 1) particle distances (i.e., large particle densities) as well as for
single particles (zero density).

In the intermediate domain the periodic particle arrangement can act as a grating with addi-
tional resonances that cause deviations from the smooth quadratic dependence. However, these
grating effects are not relevant for our experimental situation as there is no periodic arrangement,
i.e., the distribution of NPs is entirely statistic.

VI. CONCLUSION AND OUTLOOK

Here we have introduced a new type of monolithic LSPR waveguide sensor based on the
combination of an adiabatic optical fiber taper and immobilized gold-reinforced silver nanoprisms,
showing refractive index sensitivities up to 900 nm/RIU. This result represents the highest value
reported so far for a fiber optic sensor using the LSPRs of metallic nanoparticles and exceeds that
of the corresponding bulk solution by a factor of two. The overall idea relies on the LSPR of the
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interacting nanoparticles being excited by the evanescent field of the propagating mode. leading
to a change of the transmission through the taper. This key feature of our system is that it allows
accessing nanoparticle density so high that the particle interacts significantly, which substantially
increases the sensitivity. This situation of interacting nanoparticles is typically difficult to achieve,
whereas the taper allows precise tuning of the fraction of evanescent field outside the taper. As a
result, we are able to access extremely high NP densities allowing LSPRs of neighboring NPs to
interact imposing the observed high sensitivity values.

To understand the physics of our system we conducted gualitative scattering simulations reveal-
ing that the high sensitivity values are associated with interparticle interactions in case the nanopar-
ticle density on the taper surface is high. In addition, we introduce a fitting model which explains
the interaction of LSPR and taper mode on the basis of light extinction and extracting key character-
istics of the plasmonic taper such as the modal attenuation. This model also shows that changing the
taper geometry principally allows accessing two orders of magnitude of particle concentrations.

Since the LSPRs are detected via measuring the transmission, our system represents a highly
integrated and straightforward-to-use approach, which has the potential to give rise to a full mono-
lithic sensor for wavelength interrogation being compatible with fiber circuitry. The taper and the
NP immobilization are straightforward to conduct and, due to mm-long interaction length, our
sensor is of macroscopic scale, making it highly attractive within areas such as biophotonics.
environmental science, or medicine. Next steps will include applying our sensor to a biologically
relevant system to specifically detect chemical processes such as DNA binding events for disease
diagnostics.

The application range of the extinction model introduced here (e.g., Eq. (1)) is rather general
and is not restricted to cylindrical tapers. Therefore we believe that our findings will be important
for all kinds of sensors relying on a coupling of a waveguide mode and LSPR, which is particularly
important for systems using microstructured or even photonic crystal fibers.
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Abstract: Detecting small quantities of specific target molecules is of major importance
within bioanalytics for efficient disease diagnostics. One promising sensing approach relies
on combining plasmonically-active waveguides with microfluidics yielding an easy-to-use
sensing platform. Here we introduce suspended-core fibres containing immobilised plasmonic
nanoparticles surrounding the guiding core as a concept for an entirely integrated optofluidic
platform for efficient refractive index sensing. Due to the extremely small optical core and the
large adjacent microfluidic channels. over two orders of magnitude of nanoparticle coverage
densities have been accessed with millimetre-long sample lengths showing refractive index
sensitivities of 170 nm/RIU for aqueous analytes where the fibre interior is functionalised by
gold nanospheres. Our concept represents a fully integrated optofluidic sensing system
demanding small sample volumes and allowing for real-time analyte monitoring. both of
which are highly relevant within invasive bioanalytics. particularly within molecular disease
diagnostics and environmental science.
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OCIS codes: (060.2300) Fiber measurements; (060.2370) Fiber optics sensors; (060.4003) Microstructured fibers;
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1. Introduction

The non-invasive detection of life-threatening disease is a major challenge in biomedicine,
since it requires identifying pathogens of extremely low concentration or even on the single
molecular level [1-3]. One promising detection strategy providing such sensitivity and
selectivity. without the necessity of molecular labelling. relies on attaching molecular probes
to metallic nanoparticles (NPs) [4]. The electron ensemble of such NPs is collectively excited
by an external electromagnetic wave at a characteristic wavelength. creating localised surface
plasmon resonances (LSPRs) [5]. Functionalising NPs with specific molecular probes then
allows detection of molecular binding events via a macroscopic change of the plasmonic
resonance [6-9]. Many of the currently used plasmonic devices rely on planar fabrication
technology. i.e. planar integrated photonic structures, examples of which include nanohole
arrays. nanochannel flow-through sensing. and hybrid optical cavities [10—13]. Despite their
success. these devices can show limited device performance due to short light-matter
interaction lengths. complex and inefficient launching schemes. and intrinsically high optical
loss.

An alternative approach places plasmonic NPs into the evanescent fields of the modes of
optical fibres [14.15]. Fibre platforms in general offer profound advantages particularly with
respect to bioanalytical application such as: spectral and spatial multiplexing, flexible
handling. precise control of modal properties. and the potential for in-vivo applications [16—
18]. So far almost all fibre-integrated plasmonic sensors involve multi- or single-mode optical
tapers which have been coated either with continuous metallic nanofilms [19.20] or plasmonic
NPs [21-23]. Although these systems have displayed refractive index (RI) sensing
capabilities. the NPs are located on the outer surface of the taper. yielding non-integrated and
delicate-to-handle devices with further disadvantages including the requirement for large
analyte volumes with only a fraction used for the actual sensing.

An important class of novel optical fibres, possessing great potential within the field of
bioanalytics. are suspended-core fibres (SCFs) (Fig. 1) [24.25]. These microstructured fibres
contain axial air channels which extend along the entire fibre length and have diameters of
several tens of micrometres. Typically three or four of these channels are arranged such to
form a central micrometre-size glass core resembling the geometry of a step index fibre. with
the propagating mode deeply penetrating into the channel via its evanescent field. These
fibres are particularly attractive from the bioanalytical perspective. as they allow real-time
probing of liquid analytes flowing through the channel regions by using the light propagating
mside the fibre core. Promising experiments indicate successful application of analytics in
SCFs. examples of which include sensing of ionic liquid [24.26] and dynamic detection of
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trans/cis isomerisation processes [27]. First attempts to integrate small metallic NPs into SCFs
have been recently conducted [28—30]. wherein the LSPRs were probed perpendicular to the
fibre axis, which does not exploit the advantage of the fibre geometry.

Here we show that a nanoparticle-functionalised suspended core fibre can act as a highly
integrated optofluidic platform for efficient RI sensing. Due to the small core diameter, we
obtain strong interaction of plasmon and guided mode. allowing us to access two orders of
magnitude of nanoparticle densities at moderate sample lengths. The measured sensitivity is
of the same order compared to particles in solution, making this monolithic system highly
attractive for applications within bioanalytics [31].

(a)

microfluidic (b) microfl

channel core chan ,TE|
section

nano "

particle siica

Fig. 1. (a) Schematic of the plasmonic nanoparticle-functionalised suspended-core fibre. (b)
Scanning-electron micrograph (SEM) of the microstructured section of the investigated fibre.
Grey areas correspond to silica glass, the black regions to air. The dashed cyan circle highlights
the core section relevant for the interaction between light and localised surface plasmons.

2. Working principle

The fundamental working principle of NP-enhanced SCFs relies on the interaction of the
propagating guided mode with the LSPR of the NPs, whereby the characteristics of the
plasmonic resonance are impressed on the spectral distribution of the transmitted light.
Therefore a spectral shift of the LSPR imposed by, for instance, a change of the nanoscale RI
environment of the NP, will be visible in the modal attenuation spectrum.

The modal attenuation can be calculated by a line integration of the area of the mode
along the surface of the SCF core, taking into account the extinction cross section and the
density of the NPs [21.32]. leading to

y = Ncrsf) A;;df (1)

with the number density of the NPs and the extinction cross section, N and o, respectively,
and the effective modal scattering area on the surface 4,4 The latter quantity is defined by

]S @da
Ag (1) = W 2

with the axial Poynting vector of the guided mode S, (#) and the position of the NP on the
surface of the core (7;) . This parameter is essential for analysing NP scattering on waveguide
systems, with the ratio f = o/A.s referring to the fraction of power removed from the
propagating mode by one single NP scattering event. Consequently, detecting objects with
small extinction cross sections or investigating systems with low NP densities generally
requires small core sizes to obtain sufficiently low values of 4.

Using finite element simulation we calculated the spectral distribution of A4 for the SCF
fibre geometry investigated here (Fig. 1b) and compared it to a cylindrical silica taper in water
with a diameter based on the definition given in Ref [24.33]. It is assumed that the NP is
located 1 nm above the glass surface in one hole of the SCF (Fig. 2). Smaller values of A,y are
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achieved at longer wavelength due to the larger field modal penetration into the analyte (Fig.
2). suggesting that the optimal operating regime of such kind of sensor device is at longer
wavelengths.

0.4 0.5 0.6 0.7 0.8 0.9
wavelength [um]

Fig. 2. Companson of the spectral distributions of the effective modal scattering areas for the
2.8 pm diameter suspended-core fibre investigated here (green curve) and a circular silica taper
embedded 1n water with a diameter of 3.62 pm (purple curve). The dashed and solid lines refer
to air or water as analyte medium, respectively. It 15 assumed that the particle is located 1 nm
above the glass surface as indicated by the red dots in the sketches.

Theoretically. a single spherical gold NP of diameter 34 nm at resonance in water (550
nm. ¢ = 2-10°um’) would impose a comparably small reduction of guided power of f =
1.62:107° (A= 120 um?’). whereas for instance a 1pum-diameter polymer bead (¢ = 1.5 um?)
reduces the guided power by as much as 1.2%. The latter shows that such small core systems
provide a sufficient platform to detect single microparticles [34]. If is interesting to note that
the effective modal scattering area of the SCF is almost a factor of three smaller than that of a
corresponding taper when using the core diameter definition of Ref [33]. emphasising the
excellent performance of the SCF platform with regard to sensing.

Equation (1) allows the estimation of the relative change of modal attenuation when
exchanging the analyte medium. Simulations of extinction cross section (using the NPs
considered here) and modal scattering area reveal an increase of ¢ upon changing the analyte
from air to water. whereas a higher analyte RI imposes a decrease in Ay which is more
pronounced at shorter wavelengths (Fig. 2). To obtain a rough estimate of the change of the

attenuation. we chose here 4 = 700 nm. which is sufficiently distant from the plasmon
resonance. Using the parameters at that wavelength (o, = 0.012 NPs/um”.
O, = 0.038 NPs/um’. A:f;“” = 80 pm-. A;;' = 230 um’). a change of modal attenuation

of Ay = ¥/ ¥ue = 0.11 is calculated. implying that the modal attenuation is about a factor
9 higher in case of an aqueous analyte compared to the situation where the cladding medium

15 AIr (¥, > Vo )-
3. Fibre geometry

The suspended fibre geometry used here consists of three air channels with diameters of
several tens of micrometres surrounding a triangular silica core (Figs. 1(a) and 1(b)). The
fabrication of this type of fibre relies on stacking three capillaries into a silica jacketing tube
and drawing this arrangement into fibre. The diameter of the core section is approximately 2.8
um (based on the definition given in Ref [24.33].). which is a small value compared to
typically used NP functionalised fibre systems (e.g.. tapers) [7.23]. The core section is
suspended by three struts of approximate thickness 500 nm. The holes adjacent to the core
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have shapes close to that of 120° circular section with an area of approximately 1.500 pm’.
which is of the same area as the channels in typical microfluidic devices [35].
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Fig. 3. (a) Density of the nanospheres mside the suspended-core fibre as a function of the
concentration ratio of APTES and PROSI (pink points) used. The solid line 1s a parabolic
fitting curve (parameters given in the text). The right-handed 1mages ((b)-(g)) are SEM images
of the various achieved densities inside one hole of the respective suspended-core fibre (b: 2
NPs/pm’; ¢: 8 NPs/um’; d: 22 NPs/um®; e: 30 NPs/um?; £ 180 NPs/um’; g: 500 NPs/um’. The
scale bars in (b) to (f) correspond to 200 nm and in (g) to 100 nm.

4. Fabrication — NP deposition

The various NP densities (Figs. 3(b)-3(g)) were realised using a nanoparticle layer deposition
(NLD) technique as implemented in Refs [28.29]. This is a dynamic low-pressure chemical
deposition based on self-assembled monolayers. using amino modification of the interior
channel surfaces as adhesive layers for the NPs.

The empty SCF is connected to a peristaltic pump with PVC tubes and microfluidic
adaptors for the delivery and exchange of liquids. Following the cleaning and activation of the
interior silica surface. the subsequent silane modification involves the perfusion of a ratio of
bonding and nonbonding silane volumes, namely (3-Aminopropyl)triethoxysilane (APTES,
containing amino group) and n-propyltriethoxysilane (PROSI) respectively (Sigma-Aldrich).
whereby the actual volume ratio of APTES and PROSI. Ac. allows control of the NP density
inside the channels. The NP solution (Au Nanospheres 34 nm. fabricated by Turkevich-Frens
Method [36.37]) is then introduced into the functionalised channels with a low flow rate.
allowing the immobilisation of NPs along the entire SCF length.

Up to 6 m coverages of NPs inside the SCF, with homogeneous nanoparticle density
(confirmed by taking short sample sections from along the length of the deposited fibre and
SEM imaging the pieces’ interiors at their end faces). have been achieved independent of the
curvature of the channels. The obtained homogeneity compares well with a recently presented
deposition approach. over S0cm. relying on directly synthesizing Rh-NPs at the inner walls of
a hollow-core optical fibre through reduction of metallic precursor in a gaseous atmosphere
[38]. The resulting dependence of NP density on APTES/PROSI ratio yields a curve fit,
N = A+Blog, Ac+C(log,, Ac)’ with the constants 4 = 179.95 NPs/um’. B = 78.00
NPs/um’ and € = 8.41 NPs/umy’, allowing a guideline for tailored density depositions.
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Fig. 4 Schematic of the optofluidic setup used to measure the transmission through the
nanoparticle-functionalised suspended-core fibre (SCG: supercontimuum generation: BS: beam
splitter; OBJ: objective; OSA: optical spectrum analyzer). The blue arrows refer to the probe
light used to determine the transmission characteristics. The red arrows correspond to the light
used for imaging the spot of the beam on the input facet of the sample (dashed red lines:
illumination light. solid red lines: reflected light). The lower two sketches show the two
different measurement configurations used for the guantification of the modal attenuation
(configuration A) and for the determination of the refractive index sensitivity (configuration
B). The night-handed images show the output mode at selected wavelength for a sample with N
= 22 NP/um’ (top: 550 nm. middle: 575 nm. bottom: 650 nm) in the case of microchannels

filled with air.
5. Experimental

The experimental setup used herein consists of a broadband transmission setup. including an
optofluidic sample holder for the simultaneous excitation of the core mode and analyte
exchange within the microstructured channels (Fig. 4).

The broadband light (450 nm to 2.4 um) emitted from a supercontinuum source (SuperK
COMPACT. NKT Photonics) passes a beam splitter and the front window of the optofluidic
mount and is launched into the fibre core with a high-NA objective (Nikon TU Plan Fluor.
100x objective, NA 0.9). The output mode is either coupled into an optical spectrum analyzer
(OSA) or imaged onto a combination of a camera and a narrow bandpass filter to select the
wavelength to be imaged. To ensure optimal launching conditions, the spot of the input beam
on the fibre front facet is imaged onto a camera using various lenses and a Kohler
illumination. This setup ensures excitation of a clean fundamental mode in the SCF for all
relevant wavelengths (modal images at selected wavelengths are shown on the right-handed
side of Fig. 4).

The modal attenuation has been determined by applying the cutback technique on each of
the NP-functionalised fibre samples when the channels are filled with air. Using the
aforementioned setup without the optofluidic mount (Fig. 4. configuration A). the fibre end-
facet was repeatedly cleaved and the corresponding spectra recorded (typically 4-5
measurements). Due to the high scattering induced by the NPs and the limited dynamic range
of the OSA. cutback measurements were performed on short sample lengths. typically starting
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at 1 cm and ending 2 mm. Fibre samples with lower densities allowed longer working lengths
(up to 9 cm) however the greater plasmonic effect was observed for higher densities.

To determine the RI sensitivity of the deposited SCFs. a sample with a NP density of 22
NPs/um’ was chosen. which represents a compromise between strong plasmon/waveguide
mode interaction (i.e.. short samples) and an reasonable sample length of about 1-2 cm. Using
the abovementioned setup (Fig. 4. configuration B) the SCF was flushed with different RI oils
(O1l series AAA. Cargille Laboratories) using a pressurised syringe pump. To avoid
difficulties (i.e. sample breakage) involved during mounting and flushing a sample of such
short length. an uncoated delivery SCF was butt-coupled to the NP-functionalised sample.
with the joining point sealed within a 140 pm capillary while optimising the output mode and
transmission. The empty SCF end was then fixed within the input optofluidic mount, ensuring
stable and reproducible launching conditions with no significant increase of the overall modal
attenuation. The individual RI oil was pumped through the fluidic holder and fibre system
until all air bubbles (detectable on camera) were eliminated. A coverslip at the output end of
the NP-fibre ensured a flat transmission face. which is essential for efficiently coupling the
light into the OSA. Between each spectral series. the system was rinsed (pump and suction)
repeatedly with ethanol and air bubbles induced. in order to eliminate remmants of the
previous analyte.
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Fig. 5. (a) Measured spectral distribution of the attenuation of the fundamental core mode in
the nanoparticle-functionalised suspended-core fibre (microchannels filled with air). The
various curves correspond to different nanoparticle densities (most dark green: 8 NPs/um’;
dark green: 22 NPs/um®: green: 180 NPs/um® light green: 500 NPs/pm?). (b) Extinction
spectrum of the used nanoparticle ensemble in the case where the nanoparticles are probed
transverse to the fibre axis in water (bulk measurement. N = 180 NPs/um®). (c) Modal
attenuation at the most prominent attenuation peak of the individual attenuation curve mn (a) as
function of nanoparticle density.

6. Result

The spectral distribution of the modal attenuation of the NP-functionalised SCF shows a
strong increase in the spectral vicinity of the bulk LSPR (Figs. 5(a) and 5(b)). As suggested
by Eq. (1) an increasing NP density leads to increasing modal attenuation (Fig. 5(c)), whereas
due to the small core diameter both extremely small NP densities (2 NPs/um’) as well as very
high coverages of up to 500 NPs/um’ can be accessed with our device. Particularly for the
two highest coverage densities the average inter-particle edge to-edge distance (gap SIZE) gis
of the order of several tens of nanometres only (180 NPs/um’ — g = 40 nm. 500 NPs/um’ — g
= 10 nm. Figs. 3(f) and 3(g)) which allows the LSPRs of nelghbouung NPs to interact, over: '111
imposing that the linear dependency between density and attenuation defined in Eq. (1) does
not hold (Fig. 5(c)). The samples with the two highest densities show pronounced double peak
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features. which presumably arise from both the interaction of neighbouring particles (i.e..
plasmonic hybridization) and the polarisation dependence of the scattering process. since the
dominant electric field component of the guided mode is different at the various NP locations
along the core surface. As shown in [39] the coupling of adjacent particles causes a red shift
for in-plane electric fields and a blue shift for out-of-plane fields with closer NPs imposing a
stronger shift as confirmed in the experiment presented here.

The RI sensitivity measurements. which have been conducted by pumping various RI oils
(series AAA. Cargille Laboratories) into the microchannels of the SCF. show an increase of
the wavelength of the transmission dip for higher analyte indices (Fig. 6). which is a result of
the shift of the LSPR of the NPs towards longer wavelength (inset of Fig. 6, details of the
sensing experiments can be found in the Experimental section (Sec. 5)). Linear fitting of the
data points yields a RI sensitivity of 167 nm/RIU, which is within the typically range of
sensitivity values of spherical plasmonic NPs [40] and is about 1.5 times higher than the
corresponding value when the LSPR are probed transverse to the fibre axis (inset of Fig. 6).
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Fig. 6. Measured shift of the resonance wavelength as function of analyte refractive index for a
fibre sample with a density of 22 NPs/um’ and a length of 4 mm yielding a sensitivity of 167
nm/RIU. The upper lefi-hand inset (purple) shows the corresponding plot of nanospheres in
aqueous solution when the incident light is perpendicular to the fibre axis (transverse
measurement configuration), giving rise to a sensitivity of 117nm/RIU. The lower right-hand
mset (pink) shows an example transmission spectrum in the case of a water analyte
(normalised to the highest transmission value, light red area indicates the region of the LSPR).
Note that this curve mcludes the spectral characteristics of the various components of the
measurement setup (e.g., light source).

7. Conclusion

The specific detection of target species is of major importance within bioanalytics. in
particular from the perspective of disease diagnostics. One promising method is to sense
molecular binding events via the shift of plasmonic resonances of metallic nanoparticles.
which strongly respond to changes in the nanoscale refractive index environment. Ideally this
approach combines a monolithic microfluidic platform with an optical waveguide [41—45].
where the nanoparticles should be located as close as possible to the guiding core.

Here we introduce the concept of suspended-core fibres with immobilised nanoparticles as
an integrated optofluidic platform for efficient refractive index sensing over two orders of
magnitude of nanoparticle density. Due to the small guiding core and the microfluidic
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channels being in direct contact with that core over a distance of several centimetres, intense
interaction of localised plasmons and propagating mode is observed. allowing us to
investigate sparse particle ensembles as well as ensembles with extremely high densities.
Furthermore. the direct immobilisation of nanoparticles allows for a reusable sensing system.

The core. which to our knowledge has the smallest diameter being used for NPs
mmmobilisation so far, is fully encapsulated inside the fibre and supported by radial strands.
leading to superior handling properties compared to freely-suspended waveguide systems
such as tapers. The refractive index sensitivity of our sensor when functionalised with gold
nanospheres of average diameter 34 nm was measured as 170 nm/RIU for an aqueous analyte,
that being 1.5 times higher compared to measurements taken perpendicular to the fibre axis
(transverse configuration, upper left-hand inset in Fig. 6) and to sensitivity values of similar
NPs dispersed in water [46].

Due to the small core sizes and the integrated arrangement of optical core and microfluidic
channels our fibre represents a fully integrated optofluidic sensing system requiring only
small sample volumes and allowing for real-time monitoring of the analyte. Therefore we
anticipate application of our concept within the area of non-invasive bioanalytics. particular
within molecular disease diagnostics and environmental science.
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