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| Abstract

l. Abstract

Polymer nanoparticles and microparticles of varigues, shapes and compositions have
attracted ubiquitous attentions in various fieldshs as biomedical science, biotechnology
and nanotechnology. A key challenge in the synthedi multicomponent nano and
microparticles for various applications is obtamithe particles with reproducibility and
monodispersity in a minimum number of preparatie@ps, and also with well-defined
surface and physicochemical properties. To progiessuch criteria with successful
achievements, the presented work demonstrates itr@fluidic synthesis of size, shape,
morphology and composition tuned multi-scale polymarticles for sensoric and labeling
applications. The work in this thesis is dividedtwo main parts: (i) polymer nanoparticles

and their assembly and (ii) polymer microparticdesl their compositions.

For the nanopatrticles regime, a Si holeplate-basess-flow microfluidic arrangement has
been used for producing the spherical poly(methgthacrylate) (PMMA) nanopatrticles of
defined size. The emulsion was formed by presdiegdispersed phase through an array of
micro-pores into a fast streaming aqueous phaseprBgisely fluctuating two immiscible
liquid phases at various flow rate ratios and byyway the concentration of different
surfactants in the aqueous phase, the size tuneerispl PMMA nanoparticles can be
obtained with high homogeneity. The size and serfacorphology of the polymer
nanoparticles together with their functional prajesrsuch as fluorescence play a crucial role
in determining their biological fate in various biedical applications. Therefore, here, four
different strategies for the spherical shape asodeinsystem have been developed and
successfully implemented to tune the nanopartisies, surface charge and fluorescence
intensities simultaneously by embedding the flubaps in the nanoparticles interior via
random dispersion as well as entrapping via covdieking, adsorption on the surface via
hydrophobic interaction, and immobilization througbvalent, electrostatic and secondary
(biotin-streptavidin) interactions. Moreover, byntwlling the appropriate surface charges of
the antagonistically charged particles, size asl vasl distance-controlled PMMA-Ag
heterogeneous nanoassemblies were prepared.

A spherical shape of the nanopatrticles is a stahdase for amorphous materials which can
be determined by the minimization of interfaciadarBeyond the standard case, to generate
the anisotropic shape of polymeric materials inrgle-step synthesis is a real challenge.

Here, precisely controlled ellipsoidal, dumbbeltdarther linear shaped complex polymer
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nanoparticles in a microfluidic platform throughhgle-step process were synthesized, and
the formation mechanism is hypothetically descrilbedthe basis of limited polarization,
partial repulsion and moderate electrostatic imgwa. To extend such unusual phenomena,
the flower-shaped and branched nanoparticles wde® @&@ynthesized via in-situ
nano-assembling under the controlled reaction enuient. Formation of the flower-shaped
nanoparticles is driven by the solvation and mopilactors which are explained here with
detail. The synthesis of the polymer nanopartialgl shell-like surface layer have also been
performed via copolymerization approach of hydrdpbas well as hydrophilic domains in
one-step process at precise microfluidic condiaad at polymerizing temperature. A shell-
like layer, in this case, swells in the aqueous ioradwhich allows the electrostatic
entrapping of smaller polymer nanoparticles to fdiva homogeneous and heterogeneous
nanoassembly particles for fluorescence and SERSicapons. And at last, the flow
parameters such as concentration effect, temperatifect, and residence time among the
others have been systematically studied to formcibr@rolled nanoassembly of size and
shape controlled polymer and metallic nanopartid@sfluorescence and SERS sensing
activities by flow-assembling microflow technique.

Microparticles regimeThe homogeneity and quality of the polymer micreipbes which are
produced in the liquid phase are mainly dependerthe initial local conditions of nucleation
and on the homogeneity and reproducibility of thenditions of particles growth.
Microfluidic techniques can provide very homogergaoeaction environment for particles
nucleation and growth because of their advantageb as, fast phase transfer, efficient
reaction mixing and narrow residence time distitdout Therefore, highly homogeneous size-
controlled polymer microparticles were produceceharthe cross-flow microfluidic platform
for fluorescence labeling as well as for surfackagrted Raman scattering (SERS) sensing
applications. In first part, a simultaneous size&l aolor tuned poly-tripropylene glycol
diacrylate (polyTPGDA) microparticles of diameteetveen 40 um and 500 pm were
prepared via photopolymerization process in a shstgp microflow-through technique.
Moreover, a wide range of mixed colored micropéticfor particle-based fluorescence
labeling were obtained by controll@d-situ mixing of the different fluorophores during the
continuous flow. Insecond part, a micro-continudisv process is applied for the
preparation of swellable polyacrylamide/silver casipe microparticles for sensoric
application. The combined approach of photopolyraion and photoreduction were

performed in the flow synthesis of such microgemiposite particles where smaller silver
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nanoparticles arm-situ embedded in the microparticles interior. In addiitimetal-catalyzed
metal nanoparticles enforcement was also appliedhi® realization of sensor particles for
enhanced SERS sensing application. Finally, toneiktae SERS sensing phenomena in the
flow condition, a compact arrangement for microfl®ZRS measurements using the sensor
particles have been developed. An arrangementhandgplied particles can be regenerated
in case of the applied analytes by application ohsing process by acid solution. Therefore,

they are suited for repeated measurements in nografonditions.

Overall, the size, shape, assembly and composttotrolled multi-scale polymer particles
between nanometer and micrometer size regimes bhaga synthesized for labeling and
sensoric applications. The surface and physicoat@properties of the generated particles
were studied for the formation of heterogeneous lamehogeneous nano-assemblies. The
obtained polymer particles were characterized bMSBLS, zeta potential, fluorescence
microscopy, fluorescence spectroscopy, surfacerm@thRaman spectroscopy and UV/VIS

spectroscopy.
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1 Introduction

From photonic crystals to drug delivery vehicldse fparticulate polymers have captured
enormous attentions due to their multi-featured pproes [1-3]. Homogeneity and
reproducibility of the polymer particles are fundamtal requirements for their uniform
performances in various applications, for instartbe, size-specific delivery vehicles for
biomedical application [2]. In past two decadeshyaethods have been proposed and
implemented successfully for producing the homogasegolymer nano and microparticles.
The synthesis methods of polymer particles, thegponses against various stimuli, their
surface and physicochemical properties, and varmpydications in the biomedical and
optical fields are active topics for the currena@emic and industrial research. It is also of
great interest to control the shape, assembly ammposition together with diverse
functionality of polymer nano and microparticles; &nventional methods, the architecture
of the shape and assembly is difficult in minimuomiber of synthesis steps. To address the
issue of homogeneity as well as hybrid assembligh wdiverse functionalization, the
microfluidic techniques are highly promising dueth®ir unusual advantages such as fast
heat transfer, short diffusion paths and efficieatctants mixing in the confined volumes [4-
6]. Therefore, with progressive outlook in the diren of qualitative generation and to study
the surface properties at nanoscale level for otatr composition, an optimized droplets-
based microfluidic platform has been used herepfoducing the size, shape, morphology
and composition tuned functional polymer nano amnctoparticles.

1.1 Polymer particles

Polymer particlesKigure 1.1), as referred to in this thesis, are solid, poligoolar objects
that vary in size from about 10 nm to 1 mM. Suchtipl@s are dispersed in the agueous or
organic solvents and have a large number of impbraes. The common polymer particles
can mainly be prepared either by thermally or bgtpbhemically induced polymerization
techniques. Polymer is a soft material and theeefoiis interesting for many bio-related
applications. It also exhibits many noteworthy fangntal properties such as elasticity, high
tensile strength, swellability, among the othes thifferentiate the polymeric network from
substances composed of simpler molecules. In paolgmeetwork, the stable covalent
chemical bonds are formed between combining monoorets apart from the other
processes, such as crystallization, in which thrgelanumber of atoms and molecules
aggregates under the influence of weak intermodeciarces in selected facets. Particulate
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polymer is generally a cross-linked network andpasldhe appropriate shapes at minimized
surface energy in the surrounding medium. At onedhdahe shape organization of the
polymer particles is promising phenomena for prmmgdthe wide range of complexity,

diversity, unusual functionality and surface prajgst: And on other hand, the assembling
and composition of polymer particles with hetercgmms and homogeneous materials
building the nano and microstructures which combihe properties of two and more

different domains.

Figure 1.1 Scanning electron microscope (SEM) image of tHg(laatic-co-glycolic acid) microparticles

(71

Generation of the polymer particles of differentesi can be realized by the emulsion,
dispersion or suspension polymerization procesE®sulsion polymerization, in which

monomers are dispersed in the agueous phase, pothie monodispersed particles with a
size range of 50-1000 nm. Emulsion can be obtaueedvater/oil, oil/water, water/oil/water

or oil/water/oil systems by utilization of the cged surfactant in dispersion medium [8].
Oppositely, in dispersion polymerization, monomens dissolved in the organic solvent and
produces the particles (after evaporation of vigadéblvent) with a size range of about 1-
10 um [9]. Beside these both fundamental procesbessuspension polymerization is a
heterogeneous radical polymerization process pexidlce larger particles which usually
derived directly from the droplet templates. Polyparticles of different length scale (multi-

scale) can allow embedding and adsorbing manyeatiwlecular and particulate ingredients
and displaying the wide range of physical, chemacal physicochemical properties [10, 11].

Some of the basic properties of the polymer padielre described below briefly.
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1.2 Various properties and applications of polymer paricles

Micro-droplets, capsules, microgels as well as miand nanoparticles of polymeric
materials are exhibiting wide range of physicoctmiand surface properties. For example,
thermoresponsive polymer colloids can be used fog dielivery and cancer therapy [12].
One of the great challenges is to develop the igakrnto deliver the efficacious drug at the
site of action with high dose by minimizing off-¢get effects. Several effective drugs which
are typically low molecular weighed and hydrophadana are resultantly difficult, therefore,
to administer intravenously due to poor solubilityd clearance of the renal system [12]. To
address such problems, if free drugs are encapsiathin the stimuli responsive polymer
particles, the delivery can be effective at highe raf target uptakes. Usually, stimuli-
responsive polymer particles as a drug-deliveryicket display a sharp change in their
properties when exposed to the external stimutijrfstances, a change in the solubility with
temperature or pH parameters [13-15]. Thermorespenmlymer particles display a non-
linear relationship with temperature and the commpperty is that of solubility contrast to
the properties of other materials [12]. Thermorespee materials become either soluble or
non-soluble at a sharp transition temperature. {Engperature is known as lower critical
solution temperature (LCST) when transition isizesl from a more soluble to a less soluble
state. LCST decide the target effect because whmpdrature is raised above the LCST,
phase separation is favorable over the dissoludoe to the domination of entropic
contribution (according to the Gibbs free energyuatmpn). A brilliant example of
thermoresponsive polymer particles is prepared dafy[fdactic acid)-co-(glycolic acid)]
(PLGA) micropatrticles [7] coated with thermo-respme poly-[(ethylene glycol methyl
ether methacryl-ate)-co-(propylene glycol methais)] [Poly(EGMEMA-co-PGMA)]
random copolymers and were tested for the celvegliand tissue engineering applications
[16].

Beside the thermoresponsive effect, various typgephgsical, chemical, bio-related and
multi-stimuli responsive polymeric particles angsales are utilizing for the triggered and
sustained release of active ingredients at targeted [2, 17, 18]. In general, deliverable
cargos (drugs and therapeutic agents) can be laadid@ microparticles by emulsification,
LBL assembly, coacervation and inertial phase sgjoer methods among the others [19].

The functional and loaded microparticle image isvah in Figure 1.2
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Figure 1.2 A schematic illustration of the intelligent mulirictional ingredient-loaded particle [20].

On other hand, polymer particles exhibiting thefate wrinkling properties to provide the
high surface area and surface textures to intevdhtvarious nano-objects [21-23]. It is of
particular interest if polymer particles hollow rinawork can be prepared so that they can be
utilized in photonic crystals [1]. Polymer microgparticles are used as absorbent and
therefore can be applicable in many cosmetics mtsdiMoreover, the swelling-shrinking
profile of the microgel particles make them ideahdidates for many of the on-demand
loading and release (like shutter) of various fegeneous molecular and colloidal materials
[24]. When fluorescence materials encapsulate dreeinto the polymer particles, they can be
excellent alternative of the semiconducting quantlats and interestingly also applicable for
biological systems due to their non-toxic natures][2The colloidal particle-based
microscopic application is widely explored area.r Fexample, fluorescent hard-sphere
polymer colloids can be used in the confocal micopy [26]. Various architectures such as,
core/shell structure [27, 28], Janus like strucf@® 30] and assembly of polymer particles
exhibits multi-domain properties and can be appiethe biomedical and nanotechnological
applications [30, 31]. Probes, tags and sensorsitapiitously demanding for detecting the
trace amount of various compounds [32-36]. Theeeforide range of polymer nano and
microparticles can be generated for demanded senspplications. Moreover, due to the
high surface to volume ratio of polymer colloidahriicles provides broad coverage of
sensing area and realizing strong outcome. Polyragicles can also be utilized as surface-

enhanced Raman scattering substrates.

Besides all of these properties and applicaticstedi here, there is persistent demand of the

various types of polymer particles in other areas t
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1.3 Shape control of polymer nanoparticles

Shape and morphology controlled polymer nanopasiare particularly increasing in many
of the biological applications such as, in phagosi and targeted drug delivery [37-39].
Shape of the simple polymer nanoparticles can reitiee determined by minimization of
interfacial area or by minimization of energy. Udpa such situation, the polymer patrticles
adopt a standard spherical shape [40]. The shdpee crystalline materials, on other hand,
is directed by different crystal types, differenystal symmetries and the ratio of axis which
leads to a considerable variability, for examptecase of the metal nanoparticles [41-44].
Thus, the shape controlled metallic nanopartickes €asily be obtained. In direct contrast,
therefore, to tailor the shapes of polymer parsichéth homogeneous characters is complex
process because of their amorphous or semi-criystatature with molecular flexibility.
Many methods have been developed, however, to peodbe non-spherical polymer
particles [45-49]. Some of the model non-spheripalymer particles are shown in
Figure 1.3 For instances, seeded emulsion polymerizatioomgothe dumbbell-shaped
particles and shape anisotropy can also be achibygoH-triggered swelling and solvent
evaporation procedures [46, 48], by template asbiself-assembly methods as well as via
heterogeneous nucleation method [50, 51]. In anditirected bonding between the closely
approaching colloids also forms the stable assambtemposed structuresa oppositely
charged interactions or by external electric fig@#d, 53]. But, all of these reported methods
demand for the multi-step synthetic proceduresctoeare the desired shapes. It is possible to
achieve the desired shape, such as elliptical diglds, and plugs by shaping the device
framework in one step process [54]. But, in thosses the polymer particles with
non-spherical shapes are produced of micrometgthescale [49, 54]. There is a strong
motivation and search for the production of shapetrolled polymer nanoparticles in a

minimum synthesis step (single-step process) wgh reproducibility and homogeneity.
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Figure 1.3 SEM images of the various complex polymer particlé8) plug-shaped polymer

microparticles [54], (B) rectangular disks [37],)(@olymeric micro bullets [37], (D) polymer pargd
made up of block copolymer in which one domain lieen removed by ozonation process [55], (E) rugby-
like Janus particles [30], (F) polyuria microcagsu[56], (G) asymmetric dumbbell-shaped partictq, [
(H) PS-b-PVP/PMMA Janus particles [58].

1.4 Composition and assembly of polymer particles

Insulator polymer particles become conductive éytassembled with metallic materials such
as silver nanoparticles [59]. Both components canvaried to a large extent: metal by
formation of the alloys and different solid morpbgies [60] and polymer by the monomers
types and composition in case of copolymers [61fil&rly, magnetic and fluorescence
effect of the polymer particles can be realize@raibdividual association of magnetic and
fluorescence materials, respectively. Several atheomaterials composition can be used for
the electrochemical sensing and biomedical appbicat[62-65]. In general, the composite
particles display combined properties of two or endifferent domains simultaneously [66,
67]. There are different methods for the formatdrcomposite particles; by incorporating or
encapsulating the metallic particles into polymartigles, by direct electrostatic interaction
at the surface, by layer-by-layer (LBL) assemblgaass, by specific molecular coupling (for
instance, DNA hybridization) or by secondary int#ian (antigen-antibody binding). Hence

the composite particles act as smart platform foltiffleatured properties.

On other side, at nanometer length scale, the ddgerhthe small objects forms the building
blocks for studying the effect similar to the cadlal molecules [68, 69]. The assembly of the
identical entities provides shape variability andltifunctional characteristics. Moreover,
the block-like domains can be obtained in a singigect by the assembly of multi-
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component systems. The broad variety of assembtiragess under the electrostatic
environment able to produces multi-domain homogesemd heterogeneous nanoassemblies
if controlled surface interactions at nano leveeots can be managed. There is a search for
such phenomena to be observed and also for theajemeof nanoassembly particles in a

single-step process.

1.5 Particle-based fluorescence labeling

Particle-based fluorescence labeling and molecwdacoding are the attractive technologies
for detection processes in clinical diagnosticssrmtoxicological screening, gene expression
studies and micro droplet-based drug screening189;5]. Different types of fluorophores

such as fluorescent dyes [76], quantum dots [7} a8 plasmonic metal nanopatrticles [79]

are widely utilizing for detection techniques. lIganic semiconducting quantum dots (Qdots)
are generally used for the multiplexed targetedyais® because it shows narrow tunable
emission peaks and broad excitation bands duri@dight exposition [80]. However, due to

the blinking nature and non-radiant dark fractiQuots are not appropriate candidates for
many of the photonic applications [81]. Various hoets and processes were developed to
overcome these limitations [82-84], but severakotbsues such as toxicity (due to leaching

of heavy metal ions) does not allow them for celtsitive biological applications.

On other side, polymer particles are non-toxic awdtable for biological systems too.
Therefore, the fluorophore modified polymer pags;l defined as the fluorescent polymer
particles (Pdots), can be an ideal alternative @ét® Moreover, they can be easily prepared
and exhibiting exceptionally bright and stable flescence together with availability of
biocompatible and functionally active host polynreaterials [85, 86]. Encapsulation of
different types of hydrophobic and hydrophilic fieecence dyes of different emission
wavelengths to the polymer particles can produeebttoad library of colored particles for
multiplexed biological assays and probes. The mabade up of the free molecular dyes are
not suitable because of the easy photo-bleachingifh-sensitive imaging techniques and
also for the high-throughput assays [25, 87, 8&n¢¢, the various types of dye-embedded
and dye-anchored polymer nanoparticles are thd pladforms for biological as well as
microfluidic applications such as labeling and imngg[89, 90]. Besides the fluorescence
labeling and probes, fluorescent polymer nanopagitiave many other applications, for
instance, used as photonic crystal [91], used doffacal microscopy [26], for multiphoton

fluorescence imaging [85], and so forth. Therefoitee homogeneity of the polymer
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nanoparticles is key issue for the uniform perfanoga For the preparation, particles first
swells in the dispersion solvent and embed therdipioores (for instance, dye) [92] or the
fluorophores can attach to the outer surface throeigctrostatic interaction [93]. In both
cases, however, two or more steps are requirecbtaimthe final product. It is highly
demanding that the fluorescent polymer nanopastisleould be stable, homogeneous and
monodispersed, and should obtain by minimum nurabsynthesis steps (one-step). And the
motivation for such requirements is active reseanaa for producing the size, shape and
composition tuned fluorescent polymer particlekigh quality.

1.6 Particle-based SERS sensing

Normal blood lactate level is necessary for goodlthebecause elevated lactate levels can
cause several diseases such as congestive héart fmnd hypoxia [94]. It is therefore be
useful to real-time detection of lactate for monitg these medical conditions. The
measurement can be performed by enzyme-mediatettagleemical methods and by using
handheld lactate sensors. However, these methedsdirect and only reports on lactate
concentration at discrete intervals. Surface-enddriRaman spectroscopy (SERS) presents
novel approach for real-time monitoring of lactdig direct measuring the vibrational
spectrum of molecules [94]. Moreover, the trace am@down to the sub-uM range) of toxic
substances in foods and biological systems canebectd by SERS platform. The local
electromagnetic field around the roughened surf#ceetallic nanostructure enhance the
Raman scattering outcome upon the irradiation gitl{95]. The development, preparation
and characterization of SERS-active substrate®aeeof the most important research areas
in SERS [96]. Roughened silver electrodes with stmictured features were used as SERS
substrates in former time. There is an increasmeyest for the fabrication of stable, reliable
and reproducible particles-based SERS substratbifbr enhancement factor of the SERS
intensity. Here, in the presented work, the procedor the preparation of particle-based
SERS substrate is shown with their versatility bmtter performance to detect the lower

range of concentrations of different analytes.

It is also a growing interest for sequential SER&surements of the different analytes by
using single SERS substrate. In this work, the ofiicw sequential measurement of different

analytes by the flow condition with regenerationgadure is performed.
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In general, all different types of size, shapeeassdy and composition-tuned polymer nano-
and microparticles (which are shown in Chapter 8 &@hapter 4) are produced in the

microfluidic platform due to their fascinating adwages.

1.7 Why microfluidics is particularly promising for pol ymer particles?

The production of polymer particles can be deteediby two most convenient and reliable
techniques within microfluidic devices: (a) the dsification of liquid monomers by another
immiscible fluid followed by the thermally initiade polymerization and (b) the direct
polymerization of the generated droplets via phieéoaical solidification. Microfluidics deals
with the manipulation of small fluids volumes (frot0° to 102 liter) using channels
dimensions from tens to hundreds of micrometer®¥4,98]. The droplet generation in the
microchannel is crucial parameter [99, 100] whére droplets diameters ranging from the
hundreds of nanometer to tens of micrometer possasy active ingredients. An individual
droplet acts as a nanoreactor in a continuous rfardiéhe synthesis of functional nano and
micro particulate materials. Moreover, microfluslis an intrinsically interdisciplinary field
of science that provides a potential platform ttugnce the subject area in physics, biology,
chemistry, engineering, materials science, and teahaology [3, 4, 10, 101-104]. A
considerable reduction of chemical consumptiondiptable and fast heat/mass transfer
rates, rapid mixing, short residence time distidnut decoupling between the reaction
volumes and channel walls, and ability of perforgndomplex chemical reaction in highly
controlled manner makes a microfluidic platformywsuitable for qualitative production of
particulate polymers [6, 97, 105]. Droplets of amu solution or of the organic liquids with
many ingredients are generated in the shear fofceootinuous flow in microchannel.
Moreover, the wide range of size, shape and cortiposiontrolled polymer particles can be
produced in the droplet-based microfluidic techesjas schematized kigure 1.4
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Figure 1.4 Schematic of the shape and composition tuned ifumadt microparticles classification can be

prepared by the droplet microfluidic techniques [9]

A droplet is a heart in the microfluidic techniquéssingle droplet contains all reactants in
the small volume [106] and therefore their manipalaand stability is a crucial task [107].
The droplet compartmentalization, homogeneity, nmtesynthesis and composition of

heterogeneous materials are influenced by the delgsign [108-110].

1.8 Unigue parameters of the microfluidic techniques

Some of the factors affecting the droplet genenatiechanism and their stability are listed
below which helps to produce highly homogeneougmetic particulate products.

Microfluidic device geometry

The formation, transport and stability of the dedplare important for the production of
monodispersed polymeric and other particulates magtg111-113]. And on other hand, the
appropriate devices for the formation of unifornoglets of different phases are required [8,

114, 115]. The semiconductor-related technologiessé€d on silicon materials) generally

10
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fabricate the microfluidic devices of different ggp Therefore, the lithographic procedure
(for instance, mask lithography) are commonly user etch silicon, glass or
polydimethylsiloxane (PDMS) micro-channels [116heTdispersed phase is driven in to the
microchannel where it encounters the immiscibleiealiquid which is driven independently
[117]. Geometry of the junction, where two immigeilfluids meet, together with physical
properties (interfacial tension and viscosities)l alifferent flow rates decide the local flow

field which in turn deform the interface and evelyilleads to drops pinch-off [117].
The prescribed droplets are generated by using thfferent device geometry types:

(a) co-axial injection
(b) cross-flowing stream

(c) elongated strained flow

A device for the co-flow stream can be designed ¢glindrical glass tube where two streams
flowing in a parallel direction near the nozzle as@ligned with a rectangular outer channel
(as shown irFigure 1.5 A). Here, the drops or elongated jets can be formeédfarent flow
rates of either of the fluid phase. Usually thepdfermation is occurs at low carrier flow. A
transition from the drops to jet can be realize@mwharrier flow velocity increases above the
critical value [117]. Secondly, the cross-flow dsvi(T-junction) can be arranged where two
phases flowing through two orthogonal channels fanehs the droplets when they meet at
junction Figure 5.1 B) Here, the droplets are pinched-off when the wiscehear stress
overcomes the interfacial tension [117]. Dropléte £an be controlled precisely by variation
of individual flow rates as well as flow rate raion cross-flow device design. Third
dominating microfluidic device is flow-focusing amgement [118, 119] as shown in
Figure 5.1 C In the arrangement, a dispersed phase is sluggetivo counter-flowing

streams of the continuous fluid.
Different modes of the droplets

Droplets are generally of um length scale and fierfacial and viscous effects become
dominate over the bulk forces here. Liquid dropnfation is takes place when fluid
instabilities can realized [120]. In the flow ofdwmmiscible liquids, the inner or dispersed
liquid become unstable due to the surface tensiore$ strive to minimize the surface area.
And oppositely, a viscous force which suppressgitosvth of deformation and form the long
fluid thread [120].

11
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Figure 1.5 Three different examples of the droplets product{@j in a co-axial injection device, (b) in a
T-junction device and (c) in a flow-focusing devifEL7]. Particularly in a T-junction device, three
different modes of droplet formation: (d) squeeziegime, (e) dripping regime and (f) jetting regime
[121].

For the production of size tuned droplets, threenmegimes (dripping, jetting and squeezing
modes) of the thread of dispersed phase is imporfdre simplest device geometry for
droplet formation is a T-junction where dispersdérge is dosed perpendicular to the main
carrier flow. An emerging droplet grows until itcupies nearly the whole cross-section of
the channel and then breaks up due to the squebyitige continuous phase at low flow
rates and is usually known as a squeezing or sigggigime [111, 121]. On other hand, the
droplets is formed earlier at higher flow rates doehe higher shear force and generally
termed as dripping regimes. In this regime, thepldts are significantly smaller than the
channel diameter. This mode of the droplets is efloee fascinating for easy further
processing in the flow where no contact is takitexes to the channel wall. Third important
mode of the droplet formation is jetting regime wehelongated thread of the dispersed phase
is formed and the droplets are break up somewhmsastream [121]. The droplet formation

regimes are shown irigure 1.5 (D-F)

12
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Fast phase and heat transfer

In microfluidic technique, particularly in the segmed-flow process, a rapid mixing of
various reactants is realized due to the small dgio&s and substantial internal convection
within a short time [122, 123]. The flow is lamin@r a microchannel because of the high
viscous force and interfacial effects, and theditean of laminar flow to the segmented flow
is accompanied by the circulation of the fluid segits [6]. Moreover, the constant fluid
motion causes a rapid mixing effect with fast phas@sfer. Resultantly, the permanent
convective mass transfer [124] is realized betwbercentral and periphery parts of the fluid

segment.

On other side, the rapid heat transfer can rediz¢he fluid segments in continuous flow
process as the channel diameter is considerabli}. stharefore, the micro-segmented flow
is particularly suited for the implementation opic initiation of thermal activation [125].

Furthermore, the rapid cooling of the segments I® gossible at critical reaction

intermediate time.
Short residence time distribution

One of the most crucial demands in the microflomdstion is the realization of narrow
residence time distribution (RTD) [126, 127]. Tinmerval for the nucleation and therefore
the growth of the particulate materials is depamt¢he range of RTD. Generally, the RTD is
much larger during the reaction in conventionalseésMoreover, even in miniaturized flow
systems when laminar flow takes place, the largéb Realized because of the parabolic
velocity profile at low Reynolds numbers [6]. Tipgoblem of microfluidic can be overcome
by application of the micro-segmented flow. Theque and narrow residence time is
observed for all parts of the whole reaction volupeeause all fluid segments are moving
with same velocity and passes through certain pharthe microreactor at distinct time

interval.

13
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Controlled nucleation

Two main phases, nucleation and growth, is obtainethe nanoparticles formation. The
uniform growth is realized only when nucleation ghds homogeneous. Therefore, it is
important to have a fast and homogeneous initiagfdhe nucleation phase of whole reaction
volume. In the segmented flow, an efficient reattiaixing and fast phase transfer is attained
in a small volume. Moreover, the required timetrersgly connected with the segment size,
their transport and flow rates. Therefore, the wiled and focused nucleation can be
realized by fusion of segments, by injection intefprmed segment, or by mixing during the
segment formation [6]. In addition, the nucleateam also be initiated by physical activation
in flow condition, such as by fast heat exchangel (also by rapid cooling), by focused

photochemical activation, or by confocal excitatwithin extremely short residence time.
Synchronized growth

A systematic, controlled and uniform growth is parisite for obtaining the high quality of
particulate nanomaterials [121]. Similar to the leation phase (explained above), high
homogeneous growth can be realized in segmentedpifocess. As segments are moving to
the fluid, it is possible to apply changes at theerimediate stage between nucleation and
growth phase for realizing the optimal synchronigedwth conditions. This is particularly
important when mixing steps is required after thel@ation phase for addition of other

reactants, to change the pH and ionic strengthddition of interfacial molecules [6].
Controlled particles assembling

Particles of the crystalline or amorphous materaais formed by controlled aggregation of
atomic species through weak intermolecular forcedy connection of small molecules
through covalent bonding. Besides these both tygpégantageously, the in-situ assembling
of two or more particulate species can assemblednicrofluidic flow conditions by
geometric constraints to form the compact particlémse types of assembling are generally
obtained due to the electrical surface properties iGstance, controlled polarization and
electrostatic interactions). Segmented-flow techeigrovides the highly homogeneous

reaction environment due to the efficient mixingl @mall channel dimensions.
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Figure 1.6 (A) Two-dimensional schematic of the compositenfoformation microfluidic arrangement
[128]. (B) Schematic for the droplet-based synthesinanomaterials [129]. (C) Schematic comparision
a reaction conducted (a) in a standard pressuverdninicrofluidic system device and (b) in the multi

phase T-junction microfluidic device [130].

Overall, the microfluidic techniques (some exammhswn inFigure 1.6) are particularly
beneficial over the conventional batch process teaf their advantages such as, fast phase
and heat transfer, efficient mixing, narrow resigeetime distribution and very homogeneous
reaction environment in small volumes. Thereforlgese techniques were successfully
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applied for producing the high quality metal namtipkes [59, 131-135], dielectric
nanoparticles [136], metal oxide nanoparticles [12%, 138], semiconducting nanoparticles
[134], different types of polymer particles [30,611121, 139-144] and others nano and

microstructures [145].

1.9 Challenges and central questions

The interpretation, formation and classificationtbé size, shape and composition tuned
polymer nano and microparticles is a strong maiigatesearch area for the industrial as well
as academic understating. Moreover, the structuceraplex polymer particles demonstrates
the platform for studying the surface and physiemcital properties. As particulate polymers
are fascinating materials, there are many diffiealtand severe challenges for their

production:

. Biological, optical and chemical outcome of theymoér particles (which are being
utilized) should be extremely uniform. Such unifoconsequences depend on the size
homogeneity and monodispersity of the polymer pl@di The production of highly
homogeneous and systematic size-tuning of polynaetices is a real challenge.
There should be some developed technology avaikabkddress such concern by

providing extremely homogeneous reaction envirortmen

. In current time, there is growing interest for ttshape-controlled polymer
nanoparticles synthesis. Polymer is an amorphouseari-crystalline material. In
order to minimize the interfacial energy, nanogdes generally adopt the spherical
shapes. Hence, to control the shape at nanomaeaigthlscale in a single-step process
is a real challenge. There is strong need for swdable reaction strategy far-situ

core assembling to form the compact (non-spherprai)mer nanoparticles.

. Association of polymer nanoparticles with hetercgmrs or homogeneous particulate
materials forms the assembly particles and combimegroperties of two different
domains. An absolute challenge is to control treeably interaction at the surface of
nanoparticles without uncontrolled aggregation.réhs a requirement of the defined

strategy for precisely regulate the surface paaéofioppositely charged particles.
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Fluorescent polymer nanoparticles are non-toxicthedefore suitable for th@-vivo

applications. To tune the size, surface charge faratescence properties of the
polymer particles in a single-step process is anahahallenge. There should be
some strategy required where fluorophores cannbedi inside the matrix interior, at
the surface as well as after layer-by-layer coladbfunctionalization of the polymer

nanoparticles.

Fluorescent polymer microparticles are useful facbding and labeling applications.
Size parameter is controllable, but the controleisting of individual and mixed-

colored fluorophores together with size-tuning shallenging task. There is platform
needed where single-step process can producezin@asiwell as color tuned polymer

microparticles.

Usually, the formation of polymer nanoparticles hwghell-like surface layer is at
least more than one-step process. The formationsuwh nanoparticles with
monodispersed size tunability is a real challefgere should be one of the excellent
techniques available for production of multi-phaséymer nanoparticles in a single-

step process.

Polymer-based sensor particles can be used adeaXc8ERS substrate for detecting
the trace amount of biochemical and organic comgsusmaller size and highly
porous surface are key parameters of the sensdriclparSize, porosity and

composition of the particles should be realizedairsynchronized manner. There

should be suitable platform required for the prdituncof ideal sensor particles.

If single sensing particle can detect the multiguhedytes in a single experiment is an
important perspective. To obtain the extremely test and harmonized SERS
signals of alternative analytes with identical senparticles is strong motivation.

There should be distinct arrangement and qualitgesfsor particles needed for the

sequential and flow SERS sensing measurement.
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1.10 Aim and objective

As explained in all above sections, the applicatiohpolymeric particles are ubiquitous. The
production of high quality polymer particles withelivdefined size, size distribution,
shape-architecture, surface functionalization ahdirt assembly becomes increasingly
important for various uses ranging from drug-delveehicles to label particles in screening
applications. The microfluidic techniques are hyghromising not only for size-controlled
factor but also for the shape tuning, in-situ adsdamy, surface architecture and synchronized
approach due to their excellent parameters sucfasisphase transfer, efficient mixing and
narrow residence time distribution. Resultantly,aitows the production of high quality
(simple to complex) polymer particles.

The aim of this work is to investigate how micradies can be used for the production of
multi-scale (from several tens of nhanometer upighdr micrometer) polymer particles of
different shapes, assembly, morphology and compasittogether with additional
functionality (such as fluorescence) and surfaahitectures. Consequently, this research

should follow the tasks listed below:

. Selection of an appropriate example of the miciditutechnique
. Optimization of the cross-flow microfluidic platfior
. Surface functionalization process of the microreacathip for production of the

precise sized droplets

. Investigation of the effect of flow rates, flow eatatios, temperature and reactants
composition for the production of size-tuned polyniEMMA) nanoparticles via

emulsion polymerization reaction in microfluidicagfiorm

. Production of various shape-controlled polymer memtcles (ellipsoidal, dumbbell,

linear, branched and flower-shaped) in cross-flawrafluidic platform

. Production of size-tuned layered polymer nanoplagiand their nanoassembly with

smaller polymer and metal nanoparticles

. Development of different strategies for the formatof various types of fluorescent

polymer nanopatrticles

. Production of size and color tuned polyTPGDA miadjgles in a single-step

microfluidic reaction for fluorescence labeling &pation
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Synthesis of noble metal/polymer nanoparticlesrabies

Batch (ex-situ), in-situ and flow assembly of theesand shape controlled polymer

nanoparticles

Synthesis of sensor particles (polyacrylamide/silvaicrogel) in microfluidic

arrangement for SERS sensing applications

Investigation of microflow and sequential SERS sensneasurements of various

analytes in the compact SERS arrangement by usengbosite sensor particles

Characterization of all types of polymer partic{gailti-scale) by SEM, zeta potential
measurement, DLS, fluorescence spectroscopy antsompy, UV/vis spectroscopy

and surface-enhanced Raman scattering (SERS)
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2 Materials and methods

2.1 Microfluidic systems for the synthesis of polymer prticles

All different kinds of size, shape, and compositioned polymer nano and microparticles
were prepared in the cross-flow microfluidic arramgnt. The microreactor should be
precisely designed and modified, because it isipippivotal role for the uniform generation
of polymer patrticles. For this aim, different expgntal set-ups with certain modification of

microreactor were developed which will be descrilvedetail below.

Microfluidic system A: for emulsification of two immiscible fluids to obtain polymer

nanoparticles

The formation of homogeneous polymer nanopartidédifferent sizes and shapes is
obtained when accurate emulsification of liquid mmer droplets was realized by another
immiscible liquid fluid. For the same, an emulsify micro-device is fabricated by

lithographic means.

2.1.1 Fabrication of the microreactor device

The silicon (Si) nozzle array was lithographical@pricated previously [61] as shown in
Figure 2.1 For the preparation, a photolithographic procedigiag an optical mask aligner
(Suess) and a dry etching process (RIE) for theraypatterning of the mask layer was
applied. A SiN, films has been applied on the two-sided polishkcbs (100) wafer by a
physical enhanced chemical vapor deposition (PE-CYcess [61]. In a double-side
photolithographic procedure, these films act as etask layers. Later, at the front side, a
small etch windows were generated with specifionditer and distance of the prospective
pores of an array. Similarly, a large window withsiae of the fluid interconnection was
generated at the back side. A central part ofwinmslow was aligned to the center of the pore
array on a front side. The pyramidal shape of porethe back side was generated by a time-
controlled execution of anisotropic crystallographvet etching process which forms a
silicon membrane at the bottom. Multi cycles of #mesotropic reactive ion etching process
were applied by which the pores of the array withalker diameter were realized. The
lithographic process was uniformly performed andhdee the pores of the array were
obtained with high homogeneityFifure 2.1 c). After cleaning, the Si-chip was placed
inside the two walls of chamber (micro-channel addg) in the position where continuous

aqueous phase is flowing over the front side ofdhip. The width of the capillary slit of
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about 0.2 mm was adjusted between the both surfaiceBannel walls. Monomer droplets
were generated through a dripping mode at T-jundbip a flowing high sheared continuous
aqueous phase. The Si membrane (1 x 2.6, rifickness) carrying the array was placed on a
rectangular shaped chamber with sloped side wadigle the Si chip with an outer size of
1.6 x 3.3 mm. For generation of the spherical, ellipsoidal, teil-like, branched, flower-
shaped, and shell-like surface layered polymer parizles; a same microfluidic setup has
been used with variation in different reactantsirdurthe synthesis of different types of

polymer nanoparticles.

Double size polished Si wafer

)

hotoresist deposition at front side

Front side photolithography

S

Dry etching of mask layer

Removal of photoresist materia

w500 ym
X48 SO8nm TU-1 U

Crystallographic etching

— o  —

Photolithography at back side

\4
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p— 1) MM / \
38KV X1,800  1BNm st Dry etching of membrane layer

Figure 2.1 Microreactor constructions: (al-a3) Camera pictafethe microreactor with integrated micro
holeplate chip, (b) camera picture of an integratéctoreactor with three fluid ports (cross-sectjdEM
pictures of the micro-holeplate chips with silicarembrane with (cl) 1648 lithographically etched
micro-holes (hole diameter: 20 um) and (c2) a simgicro-hole (hole diameter: 40 um), and (d) schiema

for the microlithography process for preparatiohaf nozzle array (micro holeplate) [61].
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2.1.2  Silicon holeplate-based cross-flow microfluidic arangement

A complete microfluidic arrangement (shown kgure 2.2 made up of two online-

monitored syringe pumps for actuation of two imrbke liquids, a microreactor, heating
block, liquid carrying nozzles, and a collectiobd¢u The emulsifying micro-device contained
a main channel with a symmetrically arranged iaetl outlet for aqueous liquid and the
formed emulsion. The central part of this main ctens covered by a silicon nozzle array
which supplying monomer phase to form the emulsibtwo immiscible liquid phases in

presence of interfacial stabilizing agent in aqesoiution. The droplets of monomer liquid

are generated by a shear force of streaming cansaqueous phase at T-junction.

Actuation Emulsification

Aqueous phase

4 .mmmmjl

Surfactant

Polymerization

Monomer Phase >
T1

FITTNFTE FOYT O TP TP T v
MMA+EGDMA+AIBN Heating block

Figure 2.2 Schematic of microfluidic setup for synthesis dfes and shape controlled polymer
nanoparticles. Precise sized droplets generatguatction where continuous phase meets monomerephas
between the two walls of the Si chip-embedded méaator.

Microfluidic system B: for obtaining mix-colored fluorescent polymer microparticles

for labeling applications

A Si microchip with single hole of different sizbetween 40 um and 160 pm) was used in
the cross-flow microreactor for production of peecisized micro droplets to form the
polyTPGDA microparticles via continuous flow phadteenical polymerization process. The

carrier phase was made up of the aqueous soluitbndifferent types of the surfactants and
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the monomer phase is a mixer of polymerizing fuorai material (monomer, photoinitiator,

cross-linker and fluorescence dye). An irradiatsmurce (mercury lamp) is provided at the

output end of the micro nozzle. Moreover, for tumaiting of two as well as four different

kinds of fluorescence dyes prior to the generatibmonomer droplets at T-junction, the Y-

shaped connectoFigure 2.3 b)and multi-fold Figure 2.3 c)has been attached to the main

microreactor, respectively.
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Figure 2.3 (a) Schematic of the microfluidic set-up for thenthesis of polyTPGDA microparticles, (b)

and (c) are the schematic of the microreactor gaarent where tuned and programmed combination of

two and four dyes in the monomer phase takes pespectively to obtain the microparticles with add

composition of fluorophore, (d) flow rate variatiggmogram, and (e) a scheme for the droplet tuning

mechanism which depends on the surfactant andritewariation parameters.
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Microfluidic system C: for obtaining composite microgel sensor particles for SERS

sensing

For production of sensoric hydrogel particles, milsir kind of cross-flow microfluidic
arrangement has been used after surface modificafi®i microchip. Here, the monomer
phase is aqueous solution, and therefore, thecaudfithe microchip should be non-aqueous
for generating the homogeneous droplets. The agugloase is a fluorinated solution (Novec
7500). Hence, silanization process (described bel®werformed to make the surface of the

Si microchip fluoro-compatible. A complete arrangarn of microfluidic set is shown in
Figure 2.4

Carrier phase

Monomer Phase (Aq)

i L]
AcAm + Bis-AcAm
+ Photoini. + AQNO3

FEP tubmg

Surfactant in carrier phase
Picosurf

Row
Silicon holeplates

L}
II I_ «Light focused Silanization of the Si pore plates:
Glass fiber 1. Surface activation: H,0,:H,SO,= 1:3 (10 minutes)

Mercury lamp 2. Rinsing with H,0 & Ethanol, and drying at 90 ° C

j
‘. PAcAm

a» product 3. silanization: 10 mM perfluorooctadecylsilane in
A Novec 7500 (3 hour at 50 ° C).

Figure 2.4 Schematic of microfluidic arrangement for the sgsik of silver/polyacrylamide composite

microparticles.

2.1.3 Silanization of Si microchip

A Si micro holeplate chip of 40 um hole diametes lb@en poured inside the®:H,SO,

(1:3) solution for about 10 min for the purposesofface activation. With this step, the
surface of a chip becomes more hydrophilic withessove hydroxyl functional groups. The
Si chip then rinsed with double distilled water atcessively with ethanol several times.
The Si chip has been placed, afterwards, insideagirig oven at 90 °C for drying. In next
step, one droplet (10 pL) of Novec 7500 and themuR®f perfluorooctadecylsilane were
applied on the chip surface. The silanization tieadtept running for about 5 hours at 50 °C.

Finally, the chip was rinsed with Novec 7500 anacpd inside the microreactor chamber for
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droplet generation of monomer solution at T-juntticn a cross-flow microfluidic

arrangement as shownfhingure 2.4
Microfluidic system D: Flow SERS measurement system

A compact SERS arrangemefidure 2.5 a)has been designed for investigating the SERS
sensing effect of the sensor particles in batavedkas in flow condition.

(b)

= p
& 0:9 Raman Laser excitation
i)l/‘rrl:gse 5| € (green light)
w -t
cHlsS| 5= SERS
. . << 25 H “fsignaling
Sulfuric acid £ :

Measurement

Reactivation

solution capilla
S pllary. /" eep
= T| Sensor particles tubing
Flow %’ ﬁ
actuation c — Flow SERS measurement
< T >

Figure 2.5 (a) is a compact arrangement for SERS measureamehtb) is the schematic of microflow
arrangement for in-situ SERS measurement using ositepmicrogel sensor particles by interaction with

different analytes in continuous flow.

For the flow SERS measurement, a set of sensaclear{about 10 particles) was filled in

the glass capillary. The glass capillary was themected to the silicon tube for actuation of
analyte solution. Three syringe pumps carrying tlifferent analyte solutions (for instances,
adenine and histidine) and a regeneration solytidated sulfuric acid) are arranged to the
cross-connection shown fgure 2.5 h The light focus is arranged at the center ofgjlas
capillary where sensor particles are placed. THm@monitored constant flow of different

solution has been applied to the sensor partideseicording the flow SERS spectra in the
series at an interval of 0.5 second integratioretifere, the Raman system (R-3000) with
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green laser (532 nm excitation laser source) anah¥BOlaser power has been used for SERS

measurement.
Microfluidic system E: Flow assembling of the polyrer nanoparticles

At precise surface interactions to form the naneaddy of antagonistically charged shape
and size tuned polymer nanoparticles were perforinethe flow condition by varying
different parameters such as, temperature, flog; rasidence time, length of knot mixer, and
particles concentrations. Mixing of the two diffetetypes of particles suspension were
obtained by the continuou&i@ure 2.6 a)and segmented flowFigure 2.6 b)arrangement.
The purpose for the flow assembly is to providehhichomogeneous reaction environment
for regular interactions of the oppositely chargeahoparticles at reduced volume. Syringe
pumps (TSE systems, www.tse-systems.com) werefoséde fluid actuation of immiscible
liquids separately. FEP (fluorinated ethylene ptepg) tubes with an internal diameter (ID)
of 0.5 mM and 1 mM were used for the fluid trans@od for realizing the residence loop.

Nanoparticles  glow assembling of polymer nanoparticles

type-1 >
o Knot mixer
= / 2 meter
Nanoparticles  Y-Shaped Heating bath N

type-2 mixing device
Assembly particles —»

Cross-flow microreactor

Actuation —p
<+—
'_ Assembling of the particles
il fu takes place in the droplets
Carrier phase in continuous flow
Type-1 >
- Knot mixer
Mixer of <« A\ N\ N\ N\
= L] .’ |
Nanoparticles \ '
= ' 3 meter

Type-2 '

Figure 2.6 Flow arrangement used for the assembling of sideshape controlled polymer nanopatrticles.
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2.2 Particles synthesis
2.2.1  Spherical polymer nanoparticles

A silicon (Si) holeplate-based cross-flow microflis reactor was used for the synthesis of
size-controlled poly(methyl methacrylate) (PMMA)hgpical nanoparticles. An aqueous
phase is guided through a capillary slit in perpeuidr direction to the monomer flow. To
prepare the solution of aqueous phase, 18 mg ohansurfactant sodium dodecyl sulfonate
(SDS) dissolved in 50 mL of deionized water. Fdfedent experiments, the concentration of
SDS has been varied from 1 mM down to 0.1 um. Tdweeaus solution of SDS has been
filled up in a glass syringe and fixed to the sgarpump for actuation. Meanwhile for the
preparation of monomer (dispersed) phase, 10 u3)(bf ethylene glycol dimethacrylate
(EGDMA) cross-linker and 3.5 mg thermal initiatarobisisobutyronitrile (AIBN) has been
dissolved in 990 pL of methyl methacrylate (MMA) nomner liquid. Formation of the
emulsion from two immiscible liquid phases staréatross-point of microreactor (shown in
Figure 2.2) where monomer mixture meets a streaming aqueousepbiasurfactant. The
emulsion solution was collected in a heated tubeclampletion of the polymerization
reaction. Temperature of the heating block for pwdyization reaction has been set out
97 °C. Size-controlled PMMA nanoparticles of sizegetween 110 nm and 500 nm
(negatively charged) were obtained at the end bfnperization reaction, and were washed
and dried for further use. Similarly, the positivelharged polymer nanoparticles of size
range between 70 nm and 350 nm were obtained wiféaredt concentration of cetyl

trimethylammonium bromide (CTAB) has been useh@adqueous phase.

2.2.2 Non-spherical polymer nanoparticles synthesis

Similar microfluidic setup (as shown iRigure 2.2) has been used for the synthesis of
shape-controlled polymer nanoparticles. The roleirdgerfacial agents (surfactants or
polyelectrolytes) is dominating for deciding theagh of nanoparticles. Especially for
obtaining the size-tuned ellipsoidal and dumbbékhped polymer nanoparticles, poly(4-
styrenesulfonic acid-co-maleic acid) sodium saB$Fco-PM) with different concentrations
between 0.01 mM and 0.5 mM (repeating unit conegiotn) were used in the agueous phase.
On other hand, for obtaining linear (with high adpeatio) and branched polymer
nanoparticles, the role of poly(sodium-p-styreniesdte) (PSSS) is crucial. Therefore,
different concentrations (between 0.05 mM and 20,m&peating unit concentration) of
PSSS of three different molecular weight (70 kD@0 &Da and 1000 kDa) were used in the
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continuous aqueous phase. To obtain the flowereshgmlymer nanoparticles, various
concentrations between 0.5 mM and 10 mM (repeatimt concentration) of four different
molecular weighed non-ionic polymer polyvinylpyididne (PVP) (10 kDa, 25 kDa, 40 kDa
and 55 kDa) were used in continuous aqueous pNam®omer phase (1 mL) is a mixture of
990 uL MMA, 10 pL (1 %) EGDMA and 3.5 mg AIBN. Poherization temperature of the
heating block (collection tube) has been set tdthéC. Different flow rate ratios of the two
immiscible phases were applied to obtain the siegegth and width) controlled polymer
nanoparticles of different shapes.

2.2.3 Synthesis of layered polymer nanoparticles and thenanoassembly

A distinct in-situ copolymerization approach haemepplied here for producing the shell-
like surface layered PMMA nanoparticles (PMMA-po&kDMAC). Two antagonize liquid
phases interact at the T-junction of microreacts $hown inFigure 2.2 where aqueous
phase is made up of different concentrations ofrdylilic monomer diallyldimethyl
ammonium chloride (DADMAC) and dispersed phasd&ésrhixture of 990 uL MMA, 10 pL
EGDMA and 3.5 mg AIBN (hydrophobic monomer solujioRolymerization reaction has

been performed at 95 °C.

In asecond step, controlled amount of additionaulsified solution (aqueous phase:
different concentration of SDS and monomer phasetune of MMA, EGDMA and AIBN)
inserted to the particles suspension for in-sitinftion of size tuned spherical nanoparticles
in the polyDADMAC shell interior of preformed narenticles during the swelling phase via
electrostatic interaction. Moreover, in another exkpent, citrate-stabilized gold (Au)
nanoparticles were electrostatically binds on twdase of polymer particles with increasing
concentration ratio. And in the last step, fori@ag the obtained particles for SERS sensing,
the additional silver (Ag) enhancement was appliedmetal-catalyzed metal nanoparticles

synthesis on the surface by different concentratmfrsilver salt and ascorbic acid.

2.2.4  Fluorescent polymer nanoparticles

The emulsion polymerization process in the propaséctofluidic setup is performed for

obtaining the fluorescent polymer nanoparticleditierent types.

At first, for non-covalent distribution of dye dapg@olymer nanoparticles, 0.1 mg Nile red
(fluorescence dye) or 12-(7-Nitrobenzofuran-4-ylao)dodecanoic acid (NBFD) dye was
dissolved in 1 mL of monomer mixture (MMA, EGDMA @mIBN). Similar to the above
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procedure of particles synthesis, red (Nile red esdled) and yellow (NBFD embedded)

colored nanoparticles were obtained after compiatigpolymerization reaction at 97 °C.

At second, for obtaining the covalent linking ofudltescence dye doped polymer
nanoparticles, the MMA molecules have been pretfanalized with suitable fluorophore
(5-Methyl-2-(pyridin-2-yl)thiazol-4-yl methacrylaeorior to the polymerization process and

then the polymerization reaction has been perforat&¥ °C.

At third, a selective fluorophore (Titan yellow) pdaying triple role at same time to control
the patrticles size, their surface charge and fea®ece intensity at different concentration in
aqueous phase. 34.5 mg of Titan yellow dissolve80imL of deionized water (1 mM) and
has been filled up this solution in a glass syrimgech served as the continuous phase.
Different concentrations of Titan yellow betweemrh to 1 mM were used for tuning the

nanoparticles diameter between 80 nm and 200 nm.

And in last type, the surface functionalization eggeh via covalent, electrostatic
and secondary interactions has been performed &king the entire polymer network a
fluorescently active. Firstly, 1 mg of poly-L-glumec acid (PGA) was dissolved in 1 mL of
PBS buffer solution (pH 7.4). Then, 1 hour incubatreaction at moderate stirring condition
keep running after centrifuged PMMA nanoparticlegrav dispersed in PGA solution
(electrostatic interaction). In next step, 1 mgpoly-L-lysine (PLL) was dissolved in 1 mL of

PBS buffer solution (pH 7.4) in a separate vial AP¢dvered PMMA nanopatrticles were re-
dispersed (after repeatedly washing process) in dlution and again a moderate stirring
have been applied during the incubation for 1 h@lectrostatic interaction). Later, the
nanoparticles were re-dispersed in 1 mL of NHS#igblution which is also prepared in
PBS buffer solution (covalent interaction). And &nlast step, PBS buffer solution of
fluorescence dye-labelled streptavidin was adddtiéaollection tube which contained PLL
covered PMMA nanoparticles (secondary interactistigptavidin-biotin). Blue colored

nanoparticles were obtained which have been claraetl by fluorescence measurements.
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Table 2.1Reactants in carrier and dispersed phase forrobtadifferent types of polymer nanopatrticles.

Polymer nanopatrticles type| Carrier (aqueous) phase Dispersed phase

Spherical CTAB, CTAC and SDS

Ellipsoidal, dumbbell,
. , PSSS, PSS-co-PM and PAES
rodlike, necklacelike

Linear and branched shaped PSSS MMA, EGDMA and AIBN
Flower-shaped PVP
Hydrophilic shell layered DADMAC and poly-
hydrophobic nanoparticles DADMAC
Fluorescent polymer CTAB, SDS and Titan MMA, EGDMA, AIBN and
nanoparticles yellow various hydrophobic dyes

2.2.5 Synthesis of heterogeneous nanoassembly

The synthesis of PMMA/Ag nanoassembly has beenopwedd in a batch reaction.
Components, Ag microrods and PMMA nanopatrticlegevgeparately synthesized in a batch
and a microflow process (section 2.2.1), respelgtive

2.2.5.1 Synthesis of Ag microrods of tuned aspect ratio

In a first step, the solution (60 pL) of AgN@.25 M, in ethylene glycol) was added quickly
into 5 mL preheated ethylene glycol (EG) under xogs stirring at 160 °C. Afterward,

60 puL of PVP solution in EG (0.35 M related to tiepeating unit, molar weight: 25 kDa)
was added. In last step, EG solution of 20 uL a@odsic acid (experiments with different
concentrations between 10 mM and 1 M) were insaqteckly after PVP addition. All three

reactants (3 mL AgN¢) 3 mL PVP, and 1 mL ascorbic acid) were added -avige within

7 minutes. The formation of Ag microrods of tunespect ratio was obtained at different

reaction conditions.
2.2.5.2 Synthesis of PMMA/Ag assembly particles

A batch synthesis of composite particles was peréal at room temperature as well as at
elevated temperature. In a typical experiment yottsesis of PMMA/Ag composite particles,
20 ug PMMA dried particles were dispersed in 500qdionized water. Afterward, the
PMMA suspension was added to the 1 mL suspensioAgomicrorods solution, which

31



2 Materials and methods

contains 80 ug of dried Ag microrods. After theatean mixture was heated at 90 °C under
continuously stirring condition for 30 min, it wa®oled down to room temperature. For
investigating the binding interaction in assembfytwo oppositely charged particles, the
reaction time was changed from 5 min up to 2 ho#irgeaction has been performed under

very dilute condition to avoid the undesired anad@m inter-particles aggregations.

2.2.6 Flow assembling of size and shape controlled polymeanoparticles

Two different types of oppositely charged polymanoparticles were filled in two different
glass syringes. Later, by actuating the syringegmumith defined flow rates, the electrostatic
assembling of the two antagonistically chargediglag were takes place in a microreactor
(as shown inFigure 2.6). The continuous flow of mixed particles is trawietough a knot
mixer of 2 m long FEP tube which is poured in tleatmg water bath where temperature of
bath has been varied for different batch of reastibetween 50 °C and 95 °C. For flower-
sphere controlled assembly, 1 mL of diluted suspen®f negatively charged flower
nanoparticles has been filled in a syringe andharatyringe was filled with equally diluted
1 mL of positively charged spherical particles srsgion. At 40 pL/min flow rate, the
product is then collected in a collection tube Vihis arranged at output end of flow tubing
(Figure 2.6). Similarly for sphere-sphere assembly, two diffeigred and different surface-
charged polymer nanoparticles were actuated in mangement.

2.2.7 Size and color tuned polyTPGDA microparticles synthsis

2.2.7.1 Synthesis of monochromatic microparticles (size-tued)

In the cross-flow microfluidic arrangement as showfigure 2.3 the carrier aqueous phase
is made up of the different concentrations of S8 @TAB (1 mM, 3 mM and 5 mM), and

a dispersed phase contains the mixture of hydraphitimrescence dye (different dyes in
different experiments), monomer, cross-linker ahatp-initiator. For the dispersed phase,
40 uL of 2-hydroxy-2-methylpropiophenone (photaatitr) and 1 mg of hydrophobic dye
(Nile red) were dissolved in 2 mL of tripropyleng/apl diacrylate (TPGDA). Both liquid
phases loaded glass syringes were connected tomitrereactor where the Si chip was
placed inside the chamber (diameter of the holéOigtm). The UV irradiation zone was
settled at an output end of the micro nozzle. Thkne-monitored syringe pumps program
were started to actuate the individual carrier disperse phase for generating the droplets of

precise sizes at appropriate flow rate ratio. Moeormroplets were generated at the T-
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junction of a microreactor which subsequently payired and the monochromatic particles

were formed under the exposition of UV light.

2.2.7.2 Synthesis of mixed and multi-colored microparticles

Two different dyes (Nile red and 12-(7-Nitrobenazafio-4-ylamino)dodecanoic acid
(NBFD)) were dissolved separately in the monoméutgm (1 mg each in 2 mL monomer
solution). For obtaining the particles with ideatisize and different color-composition, total
actuation of monomer flow rate was 50 pL/min. Samy, four different dyes (Nile red,
NBFD, Sudan Black B, and Reichardt’s dye) were usedhe tuning of the particles colors
with individually different concentration and al$or tuning of the composition with four
different colors. In this case also, the total nroro flow rate was 50 pL/min. For variation
of the color composition such as, 25:10:10:5 (kg 45:10:10:15 (uL) and so on, the flow
rate programs for the monomer phase were changertier to get mixed color composition
in the obtained microparticles. On other hand, gueaus carrier phase was replaced by the
fluorinated phase for the extension of the addiessee range of particles from 40 um up to
500 um. With gradually varying the picosurf (sutéaxt) concentration in carrier phase, the

particles size can be tuned in a wide range.

2.2.8 Polyacrylamide/silver composite sensor microparti@s

2.2.8.1 Microfluidic synthesis of Ag-embedded polyacrylami@ particles

Figure 2.4 represents the microfluidic setup for obtaining ttydrogel microparticles where
carrier phase is a fluorinated liquid (Novec 75@0)d dispersed phase is an aqueous
monomer solution. Carrie phase made up of theiflated surfactant ‘picosurf’ dissolved in
the Novec 7500 (300 pL of 5% picosurf in 10 mL Bovw’500). Aqueous monomer phase
contains the mixture of silver salt, monomer, c#idser and photo-initiator. 0.6 g of
Acrylamide: Bis-acrylamide (19:1) was dissolved2imL of de-ionized water. 23.8 g silver
nitrate (AgNQ) was added to the monomer phase. 16 pL of 2-HydPex
methylpropiophenone (HMPP) (photoinitiator) in 24 pethylene glycol was added
sequentially to the monomer solution for initiati@mf photopolymerization as well as
photoreduction simultaneously. Both syringes wenenected with lithographically prepared
microreactor with two successive orifices for ezdriA silanized Si chip placed inside the
microreactor chamber (diameter of the hole is 4(.Lrhe mercury lamp applied for UV

source at the output end of micronozzle which ¢agyhe droplet-embedded continuous

33



2 Materials and methods

flow. Residence time of the droplets under UV mayphotochemical reaction station is about
0.5 s. After formation of particles, the carrietismn was decanted from the collection tube.
Then, particles were repeatedly washed by ethamdbloy deionized water several times to
remove the impurities. The color of particles waiow due to the in-situ formation of Ag
nanoparticles inside the microgel particles duripgotopolymerization. Further Ag
enforcement was applied on the surface of Ag emdxkgablyacrylamide microgel particles

in a following step.

In another experiment, for obtaining Au-embeddedirbgel microparticles, separately
synthesized citrate-capped Au nanoparticles wespedsed in the monomer phase and
photopolymerization reaction was performed in samierofluidic setup Figure 2.4).
Moreover for the synthesis of monochromatic and edigolored fluorescent hydrogel
particles, different hydrophilic fluorophores (fle@scence dyes) were dissolved in the
monomer phase, and controlled flow rate variatimgmm has been applied.

2.2.8.2 Procedure for Ag enforcement in sensoric hydrogelgrticles

The embedded Ag nanoparticles in the polyacrylanmderoparticles initiates the further
enforcement of Ag nanoparticles at the surfaceo(in pores) via Ag catalyzed Ag
nanoparticles synthesis. Therefore to processréastion, 50 uL of 5 mM ascorbic acid
solution was added to the microgel suspension (&lsiher experiments with different
concentrations of ascorbic acid). In the followstgp, 50 pL of 10 mM AgN@solution was
inserted. Immediately, the color of the matrix g brown or black which indicates the
formation of additional Ag nanoparticles on theface of microgel particles. Different
concentrations of AgN©were applied for tuning the density of Ag nanoisées on the
surface uniformly. Ag enforcement was characteribgd SEM and optical microscope
imaging. In further experiments, different analytesre applied to the composite particles for

SERS measurements.
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Table 2.2Reactants in carrier and dispersed phase forrobtgadifferent types of polymer microparticles.

Polymer microparticles type Carrier phase Dispersed phase
Polyacrylamide/silver Picosurf in Novec 7500 and Acrylamide, photoinitiator,
composite microparticles PP9 and AgNQ

. Acrylamide, photoinitiator,
Polyacrylamide/gold _ _ _
_ _ _ Picosurf in Novec 7500 and 20 nm sized gold
composite microparticles ) )
nanoparticles suspension

Colour-tuned polyTPGDA | Picosurfin Novec 7500 and TPGDA, photoinitiator and

microparticles CTAB or SDS in water various hydrophobic dyes

Polymer nanopatrticles Acrylamide, photoinitiator,
embedded polyacrylamide| Picosurf in Novec 7500 | and CTAB covered polymer

microparticles nanoparticles

_ Picosurf in Novec 7500 and Acrylamide, photoinitiator,
Fluorescent hydrogel particles

PP9 different fluorescence dyes
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2.3 Characterization

In this section, a brief description of differehiacacterization techniques is given to illustrate
the obtained particulate products. Optical micrpycand electron microscopy were used for
the size and shape controlled polymer nano and opécticles images. UV-vis and
fluorescence spectroscopy are used for the absorptid emission spectra of the metallic
and fluorescent nanoparticles, respectively. Dywgaiight scattering and zeta potential
measurements were utilized for the investigationpafticles size and surface charge,
respectively. The scattering enhancement factah@fsensor particles after interaction with
different analytes was investigated by surface-eobd Raman spectroscopy. The brief
theoretical description of all such techniques usdtlis thesis is given below.

2.3.1 Scanning electron microscopy (SEM)

Scanning electron microscope is a type of electnicroscope that produces the image of
sample surface by scanning it with a high-energgtebn beam in a vacuum chamber. When
electron beam strikes the material (sample) whictoibe identified, the electrons interact
with atoms in the sample and emit various sigrtadé tontain information about the surface
topography and composition [146]. Usually, the &tat beam propagating from a tungsten
filament which possess energy in the range fromké\b to 40 keV. In the SEM, the
resolution of sample can be achieved up to or béten 1 nm. The most commonly used
signals are secondary electron (SE), the backesedttelectron (BSE) and X-rays. The
imaging mode collects low-energy SE (<50 eV) tha @ected by an inelastic scattering
interaction with beam electrons [146]. These etexdroriginate within a few nanometers
from the sample surface due to their low energye $B signal contains essential information
on the morphology and topography of the samples.BBE consist of high-energy electrons
originating in the electron beam that are reflechgdelastic scattering interactions with
specimen atoms. Moreover, the BSE signal is masiabée for illustrating the contrasts in
composition in multiphase samples. For elementallyais, the characteristic X-rays are
generally used. It is necessary to have a solidgloa the material which is being analyzed
by SEM. The SEM also can produce images with hjgdtial resolution and therefore, the
closely spaced features can be examined at highifreagion.

For the particles characterization (size, shape m@odphology) in this thesis, FE-SEM
(Hitachi S-4800) and SEM (JEOL JSM-6380) instrureemere used. All different kinds of

size, shape and composition-tuned polymer nanonaiedoparticles were washed several
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times with deionized water with repeated centrifiggaand re-dispersion process for the
preparation of samples for SEM investigation. Omepdof particles suspension was
deposited on silicon chip (5 x5 mM) and dried @m temperature until evaporation of
water naturally. To cover the surface of polymertipies, a gold-palladium sputtering has
been applied for 1 minute and then the SEM chipugio into the vacuum chamber of

electron microscope.

2.3.2 Sputter coater

For covering the polymer particles surface with duostive layer, the Balzers SCD 004

(sputter coater) instrument was used. The samplgr(jer particles which are fixed to the Si

chip) is first placed in the chamber of the instemtn The vacuum switch is then pressed for
creating the vacuum up to 5 xdfnbar in the chamber where sample is located. Wt

for applying the conduction beam to cover the sofface of the polymer particles, a time

has been set out to about 80 s. Finally, the cu(BhmA) applied for a given time, and later

the pressure released slowly to remove the samplehvis being characterized in the SEM.

2.3.3 Dynamic light scattering (DLS)

The process of dynamic light scattering (DLS) perfdhe size measurement of the particles
by measuring the Brownian motion in the solutioheTprocess is working by illuminating
the particles with laser light and analyzing théemsity fluctuation in the scattered light
[147]. In general, when a particle is illuminategl dlaser, the scattering of the light from a
particle will observe in all directions as partlare smaller than the light wavelength. If
more than one particle (tens of thousands) is diggkin the solution, the screen which is
kept close to the particles showing a speckle patbé the scattered light in the form of
bright and dark areas. The diffracted light fronh @ the particles can either interfere
constructively (bright areas) or destructively {dareas). The scattered light by the particles
at bright areas are observed at the screen withna gropagation phase and interferes
constructively, whereas the phase addition are aflytalestructive at the dark areas and
cancelling each other at the end [147]. This precesepeated at short time intervals and the
resulting set of speckle patterns (which considbrajht and dark areas) are analyzed by an

auto correlator that compares the intensity oftecad light at each spot over time.

In a solution, the suspended particles cannot &gosary because they moving constantly

due to the Brownian motion. The Brownian motiorthe movement of particles due to the
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random collision with molecules of the liquid aetBurrounding of particles. For DLS, a
Brownian motion has unique characteristic whergdamparticles move slowly and smaller
particles move quickly. It is now clear that the ®lnstrument (here it is Zetasizer Malvern)
measures the fluctuation in scattering intensity ases this to measure the mean size of the
particles in solution. If larger particles are lgeimeasured (which are moving slowly), the
fluctuation in the intensity of speckle patternsiswer. Likewise, if smaller particles are
being measured then, the fluctuation of intensstyquick because the particles motion is
rapid. In a DLS process, the particles size cambasured by intensity, volume and number

distribution.

To measure the particles size in the solution, Bp&ctra were obtained from the Zetasizer
nano zs (Malvern) instrument at about 1/50 dilutdroriginal particles suspension. Diluted
suspension of the polymer particles were filledhitransparent cuvette and the average size
of the particles were measured.

2.3.4 Zeta potential measurements

By determining the electrophoretic mobility (whigh obtained by measuring the particles
velocity) and applying Henry equation, the zetaeptal (electrochemical potential) of the
particles can be calculated. In the solution, tegions exist; an inner region also called as
Stern layer where ions are strongly attached anduser layer where the diffusion of ions
takes place and is weakly attached [148]. Heneetrétal charged double layer exists around
each particle in the solution. Due to gravity, jgdes are moving together with the charges
surrounded to them. However, in the outer layely @ms which are close to the particles
surface are moving with particles, and there igram boundary beyond which the ions are
not moving, called slipping plane. The zeta potns triggered by the net electrical charge
surrounded within the region bounded by the sliggaane (boundary of electrical double
layer), and also depends on the location of thetel The particles in suspension with higher
zeta potential are stable. Usually, the particleth weta potential higher than +30 mV in
respective direction are considered as stable. I1devaf pH is also playing major role in
zeta potential measurement, because the partictsnegative surface ions showing more
negative zeta potential upon addition of alkalio&uson to the particles suspension. Upon
the applied electric field, the electrical chargesparticles surface showing certain effects
which are collectively defined as electrokineticfeefs, and they covers mainly
electrophoresis and electroosmosis. The ions opdlteles surface suspended in electrolyte
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can move towards the opposite charged electroden vethectric field is applied. At the
equilibrium point between electrical force and wigs force (which oppose the movement of
charged patrticles in solution), the particles mawth constant velocity, and such velocity of
a particle in an electric field is defined as itec&rophoretic mobility. Moreover, the
zeta potential can be calculated by applicatioHerfiry equation (given below) [148].
2-ez-f(ka)
Up =—— 2.1
E 31 (2.1)

Where z is the zeta potentialg i$ an electrophoretic mobility, E is the dielecttonstantn

is viscosity, and f(ka) is the function of Henrggquation.

In this thesis, zeta potential of all kinds of sisgkape and morphology tuned polymeric and
metallic particles were measured in Zetasizer namdMalvern) instrument. All samples
were prepared for zeta potential measurements abthut 1/30 dilution in 1 mM sodium
chloride (NaCl) solution. Particles were washecdhvdeionized water six times for removing
impurities prior to the measurements. Suspensiahefparticles was filled in a transparent

Zetasizer cell for the measurements.

2.3.5 Fluorescence spectroscopy

The fluorescence spectrometer contains three ltesns: a source of light, a sample holder
and a detector. Tungsten-halogen lamp or a metaurg is generally used as a light source,

and photomultiplier tubes are used as detectors.

In principle, a hot body emit the radiations duéhéat. All other forms of the light emission
are called luminescence where system loses engngya( form of cold body radiation). For
continuous emission, some form of external energgtnibe supplied from elsewhere (IR,
visible or UV light). Under the light illuminatiorglectrons of the detecting materials absorbs
the energy in form of photons (packets of energy) get excited from ground state to singlet
and further unstable state. Inmediately, the utstalectrons return (relaxation) to the stable
state and emit the excess energy or photons. Tocegs of relaxation is called fluorescence
which is takes place very rapidly in 1Gsec. or less [149]. Fluorescence is a type of
luminescence, and is taking place in atoms or nutdsc The fluorescence quantum yiele) (

is depends upon the absorption and emission amotitite light. Thereforep is defined as:

No.of photons emitted
P (2.2)

Fluorescence quantum vyield, ® =
9 y ! No.of photons absorbed
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It is necessary to assume that the radiant enaagyoaly be absorbed in definite units or
guanta. The energy E carried by any one quanturpraportional to its frequency of

oscillation. Therefore,

E= hv=" (2.3)

Where, v is frequency, A is related wavelength and h is the plank’s constan
(6.624 x 1G erg/sec).

! |
Monochromator
Emisg,
o on
T Excitation \’
'

Monochromator

Light source Detector

Figure 2.7 Schematic principle of the fluorescence spectrog¢apcording to [149]).

Here, for the measurement of wavelength-resolvedrdéiscence spectra of all kinds of
fluorescent polymer nanoparticles and micropamicke PerkinElmer spectrofluorometer has
been used. The water suspension of different silgeddoped polymer particles have been
filled in a transparent cuvette of 1 cm path lengidl the spectra were recorded at different
concentrations of particles suspension. The flumnese spectra were obtained at 100 nm per

4 second speed.

2.3.6  Optical microscopy

An optical microscope, particularly fluorescencecimoscope is based on the phenomenon
where certain fluorescent material emits energyotgins) detectable as visible light when
irradiated with the light of a specific wavelengshpplied by the external source. The
fluorescence microscope is generally used to captbe images of materials such as
fluorescent particles. The sample being analyzededher be fluorescing in its natural form
like chlorophyll, or treated with fluorescence miatls such as dyes. The fluorescence

microscope is capable of revealing the presenae sifigle molecule. By using the multiple

40



2 Materials and methods

fluorescence labeling, several of targeted molecwaan simultaneously be identified. A
bright light source, generally a mercury lamp, mpradg the correct wavelengths for
excitation of system is also required for fluoresme microscopyFigure 2.8 represents the

basic arrangement of a fluorescence microscope.
. Detector

Emission

Filter
A

Mercury
Arc Lamp

g
* > Dichroic
Mirror

Excitation Filter

— Sample

Figure 2.8 Schematic arrangement of fluorescence microscgam(ding to [150].

In this work, a fluorescence microscope (Axioplannfaging, Zeiss) with photo camera
(SONY, model number: SLT-A37) was used for recagdoptical images of all kinds of
monochromatic as well as mixed colored polymer aparticles and composite particles.
The particles were deposited on the cover glads slind brought them under the light focus
of the microscope.

2.3.7 UV-visible spectroscopy

UV-vis spectroscopy (also called absorption spscwopy) is a technique for chemical
structure analysis in the ultraviolet-visible ragiof light, and it is directly affects the
perceived color of the chemicals involved [15The UV-vis technique is matching to the
fluorescence spectroscopy. The fluorescence teglnig dealing with the transitions
from excited state to the ground state whereakenltV-vis technique a transition from the
ground state to the excited state is being measUieglse measurements are compared at
each wavelength to quantify the wavelength depandgtinction spectrum (sum of the
absorbed and scattered light) of the sample. Thetspneter measures the intensity of light
passing through the samplg, @nd compares it to the intensity of incidenhti¢y). The ratio

of both intensities(IT") is called the transmittance (% T). This technicgigenerally used to
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guantitatively determine the concentration of sawghich is calculated on the basis of Beer-

lambert’s law (given below) [152].
A=logy, (2)=e-c-1 (2.4)

Where A is the absorbance; is the molar absorptivityc concentration of absorbing

molecules andlis the path length of sample cuvette.

Theoretically, the free electrons in metal nandplad, especially of gold and silver
materials, are collectively oscillating at a resunfitequency upon the irradiation of light
[151]. These collective oscillations are known adace plasmon resonance. Moreover, the
frequency and amplitude of the resonance are sensit particles shapes which determine

how the free electrons are polarized and distribotethe surface.

In this work, the UV-vis spectra of the size andysh controlled metallic nanoparticles were
obtained from the Specord 200 (Analytic Jena) U¥-spectrophotometer. The particles
suspension was filled in the transparent UV cuveftd cm path length and recorded the
spectra at scanning speed between 10 nm/s and /25 nm

2.3.8 Surface-enhanced Raman scattering (SERS) measurenten

SERS is an analytical tool for sensitive and selectletection of the trace amount of
molecules adsorbed on noble metal nanostructuresnfmsilver and gold). The SERS
phenomena explaining that the intensity of normam@n scattering cross-section can be
enhanced up to 1Hto 10" fold, which means the technique may detect simgi#ecule
[153]. Moreover, the enhancement factor, sis = 10° can be understand by two
contributions: an electromagnetic enhancement nmsmawhich proposes the excitation of
localized surface plasmon and a chemical enhandemeghanism which proposes the
formation of charge transfer complexes [154]. Téehhique can also be used to investigate
the vibrational properties of adsorbed moleculesldymg structural information on the

molecule and its local interactions.

In this work, the SERS spectra were recorded hyguRiaman instrument (Raman System, R-
3000). For the SERS measurement, a single padicecouple of particles were filled in the

small glass vial. Different intensity with optimanhhancement of the Raman light was
observed after scattering due to the SERS sen$img.laser spot size on the sample was

usually 2-3 mM in diameter. Green laser with 532 exeitation laser source and 50 mW

42



2 Materials and methods

laser power has been applied for SERS measurenfieat different kinds of the sensor
particles upon the application of different anadyt@th concentration from 10 mM down to

1um.
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3 Results and discussions-1: Polymer nanoparticles
and their assembly

In this chapter, a detailed explanation for theaot®d results of microfluidically prepared
size and shape controlled polymer nanoparticles wieir assembly and functionality is
given. The effects of flow conditions in microflicdplatform, various reaction parameters
and different surface properties of the obtainetyrper nanoparticles are discussed. In
addition, the formation mechanism for the spheraalwell as non-spherical (ellipsoidal,
dumbbell, linear, branched and flower-shaped) pelymanoparticles are proposed. The
obtained results are shown systematically in tlogisece by characterizing them in different
characterization techniques such as SEM, DLS, matntial, UV/VIS spectroscopy and

fluorescence spectroscopy.

3.1 Spherical polymer nanoparticles

Microflow-through techniques are emerging platfdonthe synthesis of polymer particles at
nano and micro scale level [139, 155-157]. In theptbt-based microfluidic systems, the
nucleation and growth processes take place undgrhanogeneous conditions due to the
advantages of these processes such as, fast phasteit as well as efficient mixing of all
reactants within a short time interval [5, 108]sRiéantly, the polymeric particulate product
obtained with high homogeneity. Different types sife, shape and composition-tuned
polymer particles are widely used in various amgglans ranging from fluorescence imaging
to targeted drug delivery [37-39]. By differentlyesigned microreactors, the polymer
particles with various functionalities have beeparted in the literature [155, 158-161]. Here
in this work, the size-controlled poly(methyl methdate) (PMMA) nanoparticles synthesis
in the cross-flow microfluidic setup (shown Figure 2.2) is performed. The monomer
droplets are formed at T-junction of microreactgrtbe shear force of flowing continuous
phase. Surfactant reduces the surface tensiontatface, and therefore the size of the
droplets (particles) can be controlled by differeoincentration of surfactant in agueous
phase [135, 162]. The strong effect of concemnatf cationic surfactant CTAB (between
0.1 pum and 1 mM) on the particles sizes is walisiifated inFigure 3.1 and Figure 3.2 a
Smaller PMMA nanoparticles of about 70 nm were it at higher CTAB concentration
(2 mM) in aqueous phase, whereas larger nanoptict about 350 nm were formed at
lower CTAB concentration (0.1 um). In this way, kseping constant flow rate ratio of both

immiscible liquids (1200 pL/min/70 uL/min, aqueaushomer), the size of PMMA
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nanoparticles can be systematically tuned betwdrmuta70 nm and 350 nm at different
CTAB concentrationKigure 3.1 a-9. Along with size, the surface charge of nanopkasi
depends on the concentrations of CTAB in aqueoaseltoo, which have been characterized
by zeta potential measurements. Higher zeta pateafi the particles (about +42 mV) is
realized when 1 mM CTAB has been used in the aggipbaseKigure 3.2 b). The surface
charge of the particles is gradually decreases wlitsrease in CTAB concentration.
Similarly, a simultaneous effect on the particlézesand surface potential were obtained
when cationic CTAB has been replaced by anionic SBZe of the obtained nanoparticles
was about 105 nm when 1 mM SDS has been used iagheous phaséigure 3.2 3.
Particles size increased up to about 500 nm whe8 &@hcentration gradually decreased
down to 0.1 um. As SDS is an anionic surfactang $lurface charge of the PMMA
nanoparticles increases in negative direction witlhease in SDS concentration in aqueous
phase. The zeta potential of nanoparticles carubedt between about -5 mV and -24 mV
with variation in concentration of SDS between @ and 1 mM in aqueous phase
(Figure 3.2 b).

Figure 3.1 (a-e) SEM images of the PMMA nanopatrticles obtaimdten different concentrations of
CTAB were used in the aqueous phase; (a) 1 mMQ.(oynM, (c) 0.01 mM, (d) 1 um, and (e) 0.1 um,
(flow rate ratio of both immiscible liquids was 12QL/min/70 pL/min, agueous/monomer). Scale bar for
all five images are same (1 pm).

Initially, when emulsified solution (made up of twmmiscible phase) comes in to the

contact with polymerizing temperature (97 °C), theacleation of the nanoparticles can

46



3 Results and discussions-1: Polymer nanopartiidgheir assembly

initiates. The polymer nanoparticles nucleation passibly occurs via two different routes, a
micelle nucleation or a homogeneous nucleatiorolmtinuous phase, when concentration of
surfactant is above critical micelle concentrati@MC), the obtained particles follow a
micelle nucleation mechanism, and the formatiopasticles is assisted by the homogeneous
nucleation mechanism in the case when concentratfosurfactant is below CMC. For
example, the CMC of SDS is about 8 mM at 25 °C [163ere, the nanoparticles are
obtained via homogeneous nucleation mechanism,ubecghe concentrations of both
surfactants (SDS and CTAB) are below the CMC. atitin starts when thermal radical
attacks on the monomers at 97 °C and forms theeated particles. Simultaneously, the
surfactant molecules are adsorbs on the surfacandthe homogeneous nucleation, the
adsorbed surfactant molecules may desorbs out ambmers addition (diffusion) takes
place meanwhile to the small nucleated particlesrdter to obtain the primary growth [163].
The process of the monomers addition to the growiagicles is continued until the end of
polymerization reaction. Finally the surfactant ewlles adsorbed irreversibly on the surface
of obtained polymer nanoparticles at the end ofpekization reaction. The density of the
surface charge, and therefore the nanoparticles, siepends on the concentration of
surfactant used in the agueous ph&sgufe 3.2). Thus, when higher concentration of CTAB
or SDS was used, the number of particles is highdrdue to the suppression ability through
charges, the particles are of smaller sizes. Thehgcal results for the tuning of size and

surface charge of PMMA nanoparticles are showigire 3.2 (a, b).

E (@) Different sized PMMA nanoparticles Zeta potential of the obtained particles (b)
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Figure 3.2 (a) and (b) are the graphical representations afoparticles size and zeta potential in

dependence of the concentration of cationic CTAB @amonic SDS surfactants in agueous phase.
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3.2 Shape controlled polymer nanoparticles

The deviation from a spherical shape means a symrbetaking. Shape and morphology
controlled polymer nanoparticles are particularlgteresting for various biological
applications such as, phagocytosis and targeted delivery [37-39]. Therefore, it is of
interest for obtaining new functional propertiepedal aggregation behaviour or nano
architectures, and realizing new materials. Thepshat the simple nanoparticles is either
determined by a minimization of interfacial areabgrminimization of energy by arranging
the atoms or molecules in regular lattices. Tharagement of the atoms and molecules in
crystalline materials is uniform in the regular dt& under thermodynamic control, and
therefore, the shape-directed inorganic crystaictires can easily be controllable [44, 164].
In direct contrast, the polymer is an amorphousemi-crystalline material with flexible
molecular natureTherefore, the ability to construct the shape ofyper particles in a
single-step process via bottom-up synthetic appr@am at nanometer scale level is highly
challenging.

In the liquid solution, binding by complementaryrfage functionalization is a powerful
strategy for connecting the nanoparticles. Thiategy can be applied, for instance, for the
assembling of metal nanoparticles after functiaagion with complementary
oligonucleotides and selective hybridization [188preover, such type of assembly particles
can be achieved by use of charged ligands, by fimmaf suited electrochemical potential
or even simply by utilization of charged surfactamtf surface-attached polyelectrolyte
molecules. The accessibility of surface active agesve several functions during the
polymerization process, such as stabilization efémulsion via micelles formation and the
interfacial interactions with solvent as well agshwother components and growing particles
in solution. It can be well imagined that the st for irreversible interactions between two
or more growing nano sized spherical particles lmamused for the generation of composed
non-spherical nanoparticle of different types. Theneration of differently shaped
nanoparticles by particle/particle interactionsigeneral route for the synthesis of complex
nanomaterials [37, 166]. Various methods have l@eployed previously for the synthesis
of non-spherical polymer particles [45-49]. Butedk reported methods demand for the
multistep synthetic procedures to achieve the ddsshapes. In the following, a new
microfluidic method for the single-step synthesit different non-spherical polymer
nanoparticles by emulsion polymerization is preserere in this section (3.2). Furthermore,

the formation of composed non-spherical polymeroparticles is described by proposing
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the electrically dominated mechanism for the cdrafan-situ interaction of particles during

the continuous growth.

3.2.1 Formation of ellipsoidal and dumbbell-like polymernanoparticles

In general form of the polymer nanoparticles olsdirvia emulsion polymerization is a
spherical shape at lowest interfacial energy. Titeraction between the solvent (water) and
surfactant at interface between the growing nanmarand aqueous phase suppresses the
direct contact between the separately growing gastiin solution. In addition, if ionic
surfactants are used, the electrostatic force sefhed particles and keeps them at certain
distance from each other. Such electrical forcgiven by the type of used surfactant. The
strength of electrical repulsion is determined lty density of surfactant molecules inside the
liquid/liquid interface and by the number of chageer molecule. The electrical polarization
of nanopatrticles in case of an approaching othargdd nanopatrticle is low. It is derived by
the field-induced deformation of particles or bysbing the charged surfactant molecules
inside the liquid/liquid interface to opposite |8dé# is to assume that the both effects are low
in case of surfactants with low molecular weigliig(re 3.3 A(a, b)) Under these

conditions, the polymer nanoparticles are “hardtiralilarged nano-objects”.

The situation concerning the electrical polarizépibf growing nanopatrticles is completely
changed if interfacial agent with polyelectrolyteacacter is used. In this case, the mobile
charged part of the molecules is well solvated lagew and more or less stretched by the
electrostatic repulsion between the single charygedtional groups. This results into a
“hedgehog” shape of the particles consisting ofpitblymer core and radially stretched chains
of the surfactant macromolecules. If two of theagiples are approaching, the charged chain
of polyelectrolyte molecules moves to the oppositections in order to minimize the
electrostatic repulsion which corresponds to anmd#on of particles Kigure 3.3 A(c, d))

In such situation, the nanoparticles with adsonag-ionic molecules behave as “soft multi-
charged nano-objects”. This polarization effect ngealso a reduction of repulsion in
comparison with stiff objects with the same surfaekarge. This might cause a direct contact
(joining) between two nanoparticles if their relativelocity overcomes the repulsive forces.
Two nanoparticle cores, in such conditions, camriged irreversibly, and this joining event
can take place at different phases of nanopartictevth during the ongoing emulsion
polymerization. The shape of the final nanopartiagke deviated to different degrees from a
spherical one in dependence of the time of coremalskng. Ellipsoidal nanoparticles will be
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formed in case of the earlier binding events anailshell-like particle dimers are obtained in
the case of late binding evenEBdure 3.3 B).
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Figure 3.3 (A) The cartoons (a-d) represeitte scheme for the interaction of growing polymer
nanoparticles and role of adsorbed polyelectroiptdecules. (B)Principle of in-situ dimerization and

assembling of nanoparticles at different stagebefjyrowths.

At high flow rate ratio of agueous phase (contgini®.09 mM poly(4-styrenesulfonic
acid-co-maleic acid) sodium salt (PSS-co-PM)) andnomer phase, the formation of
ellipsoidal nanoparticles was observed, in gendtals assumed that these particles are
formed by joining events between two spherical panticles at an early stage of the
nanoparticle growth. The further growth of the méet dimers in ongoing polymerization

leads to a compact but non-spherical (ellipsoifiadl particle shapeHigure 3.4).
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Figure 3.4SEM images of the ellipsoidal polymer nanoparti¢emed by early dimerization of spherical
nanoparticles in the presence of PSS-co-PM. Effefiow rate ratio and concentration of PSS-co-PM o
the size of particles: 0.09 mM, (a) 3430/32 (ag/mddmin), (b) 2230/32, and (c) 2030/32; 0.05 mHl), (
2430/32, (e) 2230/32, and (f) 2030/32. Scale baalidmages is 300 nm.

In particular, the fast emulsification and regutreaming conditions in the microfluidic
arrangement support a fast initiation of polymera@aas well as a synchronized growth of
the particles. It is to suppose that the electtmstzonditions in all growing particles are
comparable, which leads to similar conditions fteceostatic repulsion. The postulated
homogenous condition at nm-scale is probably thecqndition for nearly exclusive
formation of the ellipsoidal particles and the oarrdistribution of particle shapes. The
applied high flow rate ratio in the experimentatiee leads to the formation of ellipsoidal
particles, which can be hypothesized by nucleativey nanoparticles at higher density of
polyelectrolyte molecules. It can be supposed timatstrong Brownian motion of the small
nanoparticles at early stage of particles growtipshéo overcome the repulsive forces and
leads to the dimerization of small polymer core$e Thigh number of polyelectrolyte
molecules at the liquid/liquid interface seems itevent a further particle aggregation in the
later phase of particle growth. The formation @ gllipsoidal nanoparticles is comparatively
robust against deviations in the process conditidiie obtained aspect ratios shows only
slight deviations if the flow rates and the surdattconcentrations are changed moderately
(Table 3.1).
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Table 3.1.Effect of various concentrations of polyelectrelyPSS-co-PM, aqueous phase) and flow rate

ratio of both liquids on PMMA nanopatrticles sizelamape.

Ellipsoidal shape regime (Aqueous phase) Dumbbell shape regime

Flow rate ratio | Length | Width | PSS-co-PM conc| Flow rate ratio | Length | Width

(ag/mon, pL/min) | (nm) (nm) (rep. unit conc.) | (ag/mon, pL/min) | (nm) (nm)
3430/32 ~150 ~120 0.09 mM 800/40 ~405 ~210
2230/32 ~160 ~125 or 300/40 ~450 ~236
2030/32 ~170 ~130 (0.0030%) 260/40 ~460 ~240
2430/32 ~155 ~125 0.07 mM 360/40 ~450 ~240
2230/32 ~180 ~130 or 300/40 ~470 ~240
2030/32 ~200 ~140 (0.0023 %) 260/40 ~480 ~250
2430/32 ~170 ~130 0.05 mM 360/40 ~480 ~240
2230/32 ~200 ~150 or 300/40 ~500 ~250
2030/32 ~280 ~200 (0.0017 %) 260/40 ~510 ~260

Higher number of polyelectrolyte charges causega@edse in particles size. Therefore, at
constant PSS-co-PM concentration (0.09 mM), theerdht diameter of the obtained
nanoparticles is about 120 nm and 130 nm at theaguflow rate of 3430 uL/min and
2000 pL/min, respectively. On other hand, the catre¢ion of polyelectrolyte affects the
particle size at constant total flow rate ratiogp.t When three different PSS-co-PM
concentrations (0.09 mM, 0.07 mM and 0.05 mM) wased, the diameter of the obtained
nanoparticles are of 125 nm, 130 nm and 150 nmnaitas flow rate ratio, respectively.
These both effects, flow rate ratio and concerratif polyelectrolytes, support the exclusive

effect of polyelectrolyte charges to control theesof particles.

A significant other type of particle dimers (dumbpevas formed if the flow rate ratio
(aqueous/monomer) of both liquids was drasticatjuced down to the range between about
800 pL/min and 260 pL/mirF{gure 3.5). During the lower aqueous flow rate (300 pL/min),
the polyelectrolyte charge density on the surfagecomparatively low and, therefore,
comparatively lower suppression ability is realiZedthe particle growth. In such situation,
there is a competition at the early stage of polyraion between assembling of two cores
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and individual growth of the spheres. In the dyraadsorption and desorption process, the
MMA monomers enters very quickly into the soft pelgctrolyte micelles-like network, and
this process is realized by all individual growiegheres at same time into the ongoing
polymerization reaction at 97 °C. Therefore, thewgh of individual particles is preferred
over the assembling event at very early stage. Mewedhe assembly obtained at critical
middle stage of growth as shownFhigure 3.3 B Particularly at this stage, the charges are
dense enough at the particles surface after joiauent of two cores to repel the additional
particles in the solution for further assemblingheliefore, the controlled assembly of

dumbbell particles is obtained in high yield at émel Eigure 3.5).

Figure 3.5 SEM images of the dumbbell shaped nanoparticlaaddrby late pairing of growing PMMA
nanoparticles in the presence of PSS-co-PM. Effefiow rate ratio and concentration of PSS-co-PM o
the size of particles: 0.09 mM, (a) 800/40 (ag/moamin), (b) 300/40, and (c) 260/40; 0.07 mM, (d)
360/40, (e) 300/40, and (f) 260/40. Diameter ofgihdticles increases with decreasing continuous@ag!
flow rate. Scale bar for all images is 500 nm.
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3.2.2 Formation of controlled rodlike polymer nanoparticles

The control over the number of assembling eventgrofving particles in the polymerizing
solution depends upon the available charged mascpér particles. The ratio of charged
molecules and number of particles core can be ggcmanaged by actuating the accurate
flow rates of individual liquid phases. Longer ambéy with aggregation of three and four
cores were formed typically at 80-100 pL/min floates of the monomer phase and 300-
600 pL/min aqueous PSS-co-PM flow ratéggyre 3.6) The dominance of stretched over
compact aggregates can be explained by the assumpfi electrostatic effects on the
nanoparticle interaction. Compact particles of ¢hoe more cores can only be formed when
electrostatic repulsion is much lower than the ipafparticle affinity. In contrast, a
significant repulsion and a polarization of onetighe in case of the electrostatic field of an
approaching second charged particle leads to thectebf “single-particle contact” as

described above. The particles are growing rapidhd therefore the surface energy is

lowering.

@) () Colloidal PMMA particles mimicking the space-filling mechanism of
simple molecules (energy minimization):Effect from polyelectrolytes
g Higher PSS-co-PM conc. Comparatively lower PSS-co-PM conc.
o @ / Cl—Be—Cl) & © - \ FPE
H-Bp - © © = S = =
0.0 0~ -00
H-H <& 2 © = = g/ \@
(d) ¢ 2 5 AONE
H s H
= = ASAYE
@ X" b . LPS6 ©
:.‘: :“\-_ > i @ AoE = ©
*Further assembling prohibited because = oW= - { <
of excessive surface charge. - - = &1 5 ©
. +Poly. rea. finished when dumbbell particles C I When “;:a spheres are
formed. No furth tion. is sli
v are Tormed. To furfher aggregation One sphere is slight ¢ gimilar size in dimer
bigger in dimer
o_r - ~ -
—_— Non-preferred e © O
(only formed when . =
“ one sphere is smaller Long-chain preffered
. Preferred in initial dimer) (Non-Branched)

Figure 3.6 SEM images of thgolymer nanoparticle assemblies formed at lowew ftate ratios: (a-c)

nanoparticle assemblies formed by three core esticin one direction at 600/80 pL/min
(aqueous/monomer), (d-f) rod-like assemblies fortogdour core particles at 440/80, (g-i) necklaike-|
particles formed by five core nanoparticles at 800mhe concentration of PSS-co-PM in aqueous pkase
0.09 mM. The scale bar is same for all (a-i) imaf3) nm). On right side, schematic of the proposed
mechanism for particles assembly and final shapatrimic the space-filling mechanism of colloidal

molecules.

An assumption from the effect of concentrationadtetween the polyelectrolyte molecules

and growing nanoparticles on the electrical forbesveen polymer nanoparticles is well
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supported by the measurements of the zeta pot@ftaitained nanoparticles. In all cases, a
negative zeta potential was observed which corregpavell with the negative charge of the

polyelectrolyte components. This potential sigrifidy increases in negative direction with

increasing polyelectrolyte concentration and alkghdy during the variation in flow rate

ratios Figure 3.7).

The way of particles clustering, here, is domindigeénergy minimization, and therefore, the
colloids adopt the shapes similar to mimic the sgdtng mechanism of simple chemical
molecules, such as.B, CQ, acetylene, and so forthFiQure 3.6) In other terms, the
particles are so-called colloidal molecules [47]. @&e controlled clustering via depletion
interaction is well-known [69, 167], but the phereamon of the depletion is occurs when two
different sized colloids or entities are presentthe liquids. In contrast to such phenomenon,
here the controlled assembling of identical sizedtiges is obtained during the ongoing
polymerization reaction. The adoption of the finarticles shape is governed by the
dominance of energy minimization, and entire ass$@glprocess in precise manner is
depends on the polyelectrolyte charge density (whifferent chain-length and different
concentration). On other side, when polyanetholesid acid sodium salt (PAES) and
poly(sodium-p-styrene sulfonate) (PSSS) were usetthe aqueous phase, the assembly of

many spherical particles in one direction are ot@difigure 3.8 f, g)
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Figure 3.7 Graphical results for the dependence of the zetngal (final stage) of polymer nanoparticles

suspensions on the concentration of (a) PSS-cofPMPAES and (c) PSSS at different flow rate ratio.
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When PSS-co-PM concentration in aqueous phase deereasing gradually, the final shape
of the particles are transforming from dumbbelldeformed dumbbell to spheroidal-like
(Figure 3.8 a-c) Spherical shape is the usual form in emulsioyrpelization. Therefore, at
0.009 mM PSS-co-PM concentration, the shape isassisted by dominance of limited
polarization through polyelectrolyte. At the end,donfirm the particle assembly inside the
polyelectrolyte layer at surface, the dumbbell aod-like shaped polymer particles were
kept longer time under the influence of electroarhen SEM vacuum chambefigure 3.8
h-k).

- >
Decreasing PSS-co-PM conc. leads the PMMA particles shape from ellipsoidal to dumbbell to spheroidal

Effect of different surfactants on particles shape
PSS-co-PM

Dumbbell
Ellipsoidal Aqueous flow rate >
1Tl (High aq. flow) gradually decrease =
E—

¢v-

Chain-like structure
(High mon. flow,very low ag. flow)

Figure 3.8 SEM images of the particles at different conceitrst of PSS-co-PM: (a) 300/40
(aqueous/monomer, pL/min), 0.05 mM, (b) 1220/6920nM, and (c) 1220/65, 0.009 mM. (d-g) SEM
images represent the different shapes of partwgained from the effect of different surfactanDS
PSS-co-PM, PAES, and PSSS, respectively. (h-k) dand trimer particles after longer focus of elewtr
beam in the SEM chamber, and the drawing showsdoption of particles shape at different reaction

condition.
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3.2.3 Formation of linear and branched polymer nanopartides

The linear (with high aspect ratio) and branchetymer nanoparticles is the results of a
function of long chained PSSS used in the aquebase At very low ionic strength with
lower charge concentration of PSSS, long-rangetrelgatic repulsion is important. For
moderate or high ionic strength, minimum inter-debpseparation is determined by the
physical space occupied by species in adsorbed. |®&Herent chain lengths (molecular
weights) of PSSS play a major role for tuning tbatmlled size (length and width) of the
obtained in-situ linear assembly. In particularSBS70 kDa, molecular weight) provides the
anionic charge density where the length of nanapest is obtained of about 400 nm
(Figure 3.9 A). PSSS having a flexible molecular nature and banarranged on the
growing nanoparticles surface. An approximate lengft PSSS (70 kDa) molecule on the
particles is about 135 nm. But, the linear geomefrgbtained nanopatrticles is a result of the
controlled assembly of spheres at central rangecaftinuous growth in ongoing
polymerization reaction. Thus, the final lengthaditained polymer nanoparticles is indeed
longer than the total length of PSSS molecule astirface. Three parameters, an appropriate
PSSS chain-length, the density of adsorbed PSS&8cmiet as well as controlled repulsive
force during the growth phase of polymer nanopladicherefore, determine the final size of
linear assembly. Typically, the polymer nanopaesabf about 500 nm and 600 nm length are
obtained when 500 kDa and 1000 kDa (molecular wigiBI8SS were used in the aqueous
phase, respectivelyFigure 3.9 A). The final length of linear (non-branched) nantipkas
can be tuned between 300 nm and 900 nm duringtility aof different PSSS concentration

at varied flow rate ratiod~(gure 3.9 and 3.10.

In general term, the nanoparticles which initidte interaction with other entities required a
certain kind of external force to direct them iratdefined structure or assembly [167]. Here,
the conformation of PSSS and their appropriate eoination in aqueous phase provide the
platform through a principle of limited polarizatio The nanoparticles are more in total
numbers when higher concentrations of PSSS (10 map&ating unit conc.) were used in the
agueous phase as obtained dispersion is less ifgséyi-transparent). In this case, at high
PSSS concentration, it is believed that the contisudiffusion rate of the monomer units
through surface layer in the growing nanopartisleslower during the dynamic adsorption
and desorption events of polyelectrolyte at 97 8ymerizing temperature. Resultantly, the
obtained lateral diameter of polymer nanopartidesdightly smaller compare to the particles

obtained at lower PSSS concentration. As PSSS ntmatien decrease down to 7 mM and
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5 mM, the width of the obtained nanoparticles iases up to about 250 nrRigure 3.9 B
and Figure 3.1Q.

A1

Figure 3.9 SEM images of linear PMMA nanoparticles obtaineéddiferent reaction conditions. (A)
Effect of PSSS mol. wt.: (A1) 70 kDa, (A2) 500 kzend (A3) 1000 kDa, at flow rate ratio (1200/70f an
PSSS concentration (15 mM). (B) Effect of differ@8SS concentrations (repeating unit concentration)
(B1) 15 mM, (B2) 10 mM, and (B3) 7 mM, at flow ratatio (1200/100) and 500 kDa PSSS molecular
weight. (C) Effect of the flow rate ratio of bothminiscible liquids: (C1) 1800/70
(aqueous/monomer, pL/min), (C2) 1800/110, and (€300/150, at 8 mM PSSS concentration and
500 kDa PSSS. (D) SEM images of the polymer narigfes obtained at different flow rate ratio:
500 kDa PSSS, (D1) 1200/100, (D2) 700/100, and (B®) /100. (E) SEM images of the polymer
nanoparticles obtained at different flow rate raff® kDa PSSS, (E1) 1200/70, (E2) 1200/80, (E3)
1200/90, and (E4) 1200/100. Scale bar for image€)Aand (E1-E4) are 300 nm and for (D1-D3) is
500 nm.

58



3 Results and discussions-1: Polymer nanopartiidgheir assembly

£_ (@) (b)
£ 900 . —~ 165 1 .
e Nanoparticles E Nanoparticles
o ~ .
o Iength » 150 width
E 750 %’
Q. £
< T 1354
% 600 - <
9_ § 120
o o
£ 450 - s
g Flow rate ratio £ e Flow rate ratio
= Ag/mon, 1200/70 pL/min) g Ag/mon, 1200/70 pyL/min)
r 300+ 90
< T T T T
© 1 10 1 10
PSSS concentration in agueous phase (mM) PSSS concentration in aqueous phase (mM)
= C
E ( C)onc. of PSSS = 180 _(d) Monomer flow réte
g 8 mM (rep. unit) £ -m-40 pL/ml_n
© 750 1 » | @80 pL/min
f = © 160+
2 2
< ©
= S 140
600 <
: -
k] - Conc. of PSSS
g Monomer flow rate | 5“7 g ;M (rep. unit)
5 450+ -m-40 pL/min £
£ e 80 pL/min S 100+
(]
= T T T T T T T T
© 500 1000 1500 2000 500 1000 1500 2000
Aqueous flow rate (pL/min) Aqueous flow rate (uL/min)

Figure 3.10Graphical representations for the tuning of polymemnoparticles size (length and width) with

respect to the flow rate ratios of both immiscildeid phases and the PSSS concentrations.

In continuous flow synthesis, the number of chaggesgenerated droplets can be precisely
controlled by variation in the flow rate ratios bbth immiscible liquid phases. Higher
aqueous flow rate supply more anionic charges &jttehspace for Brownian motion for the
growing particles. Therefore, at a high flow ratatioc of 1800 puL/min/70 pL/min
(aqueous/monomer), the obtained polymer nanopastidre comparatively thinner in
diameter (about 100 nm) because of the low monamis are available for similar number
of electrical charge particles in high volume. Width of the polymer nanoparticles can also
be tuned by varying the monomer flow rates at astaomt aqueous flow rat&igure 3.9 C
and Figure 3.10. When PSSS of particular molecular weights (7@kdas used at defined
flow rate ratio, the tuning in the width and lengththe obtained nanoparticles were realized
as shown irFigure 3.9 E Polymer nanoparticles with lower aspect ratimdtd/width), in
case of 70 kDa PSSS, are the results of a shart-tdragth of PSSS.
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On other side, when repulsive effect between tih@ng nanoparticles is significant lower,
the nanopatrticles with branched character are mddafigure 3.11) It is assumed that the
repulsive effect, which is the most probable reafwrthe formation of linear nanoparticle
assembilies, is reduced in case of lower PSSS/neiubpaatios. In resultthere are certain
probabilities of joining events in the central @yiof preformed linear assembly. A low
PSSS-loading per nanoparticle results in a weaksarigation in case of electrostatic
interaction between the preformed linear nanodar@nd a joining spherical particle; the
branched particles are formed at the end. The asarg branching tendency in the assembly
formation with decreasing ratio of PSSS to monomiture supports the proposed model of
electrostatic interaction, moderate repulsion aadigd polarization due to the flexibility of

attached polyanionic molecules.

A1

Figure 3.11 SEM images of the branched polymer nanoparticldsimdd at different flow rate ratio:
(A1-A3) 800 pL/min/150 pL/min (aqueous/monomer),1{B3) 600 puL/min/150 pL/min and (C1-C3)
1500 pL/min/300 pL/min. The concentration of PS5@)(kDa) was 6 mM (repeating unit concentration).
The scale bar for images (A1-A3, B1-B3 and C1-G300 nm.

The linear and branched joining site obviously aelseon the highly controlled and limited
polarization which is systematically observed btazsotential measurementsigure 3.12.
Therefore, for the assembling of the particles eaetateral position, the reduced charge
potential is minimum prerequisite. Branched nantigdas of comparatively smaller size
were obtained when flow rate ratio of about 5.30(880) has been applieHigure 3.11 A)

With decreasing aqueous flow rate in such rangé/(D), the total size of the nanoparticles
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in pole as well as lateral direction slightly ineses which support the result of assembling
under the reduced repulsive force at surfaéégure 3.11 B. During the ongoing
polymerization, the particles are growing with hignownian motion and the controlled
assembling as well as continuous diffusion of trenamer units also depends on the total
reaction volume of mixing solution. Therefore, earthe constant flow rate ratio of about 5
(1500/300) with higher flow rates of the individuagimes, the obtained nanopatrticles are of
slightly different size as shown kKigure 3.11 C
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Figure 3.12 Zeta potential measurements of the polymer nanicfestobtained at different reaction

conditions. The standard deviation for the all widlial measurements is + 4-8 mV.

Overall, it is to assume that the combination ofderate electrostatic repulsion with
molecular flexibility of nanoparticle-connected mamolecules is a promising general

strategy for generating non-spherical particlesmsitu hanoassembly principle.
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3.2.4 Formation of flower-shaped polymer nanoparticles

The composed flower-shaped polymer nanoparticlese weynthesized via emulsion
polymerization process in the identical microflagidirrangement (as shown kigure 2.2)
The interpretation of the character of processesinguthe synthesis of composed
nanoparticles depends on the reaction conditiodsoandifferent approaches. The formation
of nanoparticle assemblies in solution can be dEghras a chemical reaction between
nanoparticles on one hand or as the interactioveof small solids on the other hand. The
first viewpoint corresponds well with the stochastharacter of nanoparticle motion, which
is in connectivity and through energy exchange. iBdeeteriorates from the distribution of
shapes and sizes of nanoparticles, which is oldam@mally in a typical nanoparticle
synthesis. Moreover, it stays in strong contrasth® uniform character of molecules of a
pure chemical substance. The second approach porm@s well with the condensation of
atoms and molecules to the particles, and withfdhmation of phases and interfaces. But it
is almost unable to describe the specific propemiedispersed states and specific character
of the systems with enormous high internal intexfaceas, in particular, in case of a larger
distribution of sizes and shapes of the elememarnpoparticles. Thus, the desire to control
the formation of regular composed nanoparticledignid phase demands for two basic
things: (a) the state of colloidal system shouldsta&ble and uniform during the whole
process of nanoparticle assembling in order to cavitie uncontrolled coagulation,
precipitation and large-scale agglomeration, andh® formations of nanoparticles assembly
should be well defined in size, shape and compmosifrast destabilization, short interaction
time and efficient reconstitution can be a prongsivay for a controlled assembling. Here,
the microfluidic technique provides the entire fdanh for realizing all required
preconditions of fast mixing, fast heat transfed amagular streaming patterns, which is also
an efficient strategy for controlled nucleation agr@dwth of the elementary nanoparticles
[108, 168]. In this section, we have investigatemvhthese processes can lead to the

formation of flower-shaped polymer nanoparticles.

Effect of different PVP concentration

The continuous phase is made up of the preciseeotration of polyvinylpyrrolidone (PVP),

which attached to the particles surface and contitd size. The nucleation of the polymer
particles initiates when emulsified solution of lbammiscible liquid phase comes to the
contact with polymerizing temperature (97 °C). tmtrast to the formation of usual spherical
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shape, the formation of structured and mainly flellee polymer nanoparticles were
obtained when PVP was used in the agueous phasenfdsion polymerization process. The
character of the obtained flower nanoparticlestigngly depends on the ratio of monomer
and the used PVP concentrations. This ratio canvdméed either by changing the
concentration of PVP in aqueous phase or by theatian of flow rate ratio between
dispersed and continuous phase. Many parametels asicflow rate ratio, mass ratio,
concentration of PVP, different chain length of P¥R influencing the final particulate
product. Particularly when different concentratimisPVP were used, slight changes in the
nanoparticles mean diameters are observed. As shioviAdigure 3.13 the nanoparticles
diameter is smaller at higher PVP concentratiomly) compared to the particles obtained at

lower PVP concentration (from 3 mM down to 1 mM).

Figure 3.13 SEM images of flower-shaped PMMA nanoparticlesaoted at different concentration of
PVP (25 kDa) in continuous phase: (a) 5 mM (repgatinit conc.), (b) 3 mM, (c) 2 mM, and (d) 1 mM.
Carrier/monomer flow rate ratio: 1200/70 (uL/miSgale bar for all images is 1 um.

Proposed mechanism

Different types of nanoparticles formation can beplained by a nucleation/assembling
mechanism, for instance, in case of the star-lidel panoparticles [169-171]. It is assumed
that the electrical charges, their changes durlregy garticle growth and variation in the
electrostatically caused repulsion between the paicles in colloidal solution play an

essential role in these processes [172]. Electiacaks are also responsible for the formation
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of elliptical, dumbbell and linear polymer nanoasbées, which are formed in the presence
of polyelectrolyte molecules. PVP is a non-ioniciophilic polymer, and it is well soluble
in agueous medium. Moreover, it has ability to bettdhe surface of polymer patrticles. It has
to be assumed that the stabilization of the pagiah a colloidal state with non-ionic polymer
is mainly due to the solvation parameter. PVP mdésadsorbed at the surface of growing
polymer particles and contributing the effect fotvation of nanoparticle. At lower PVP
concentrations, the nanoparticles are not enougbiliged by solvation and tend to
aggregate. The strength of aggregation is deperutetite mobility of particles in relation to

their solvation or repulsive forces. The mobilitgncbe roughly characterized by the mean

3kT _3
u~ ’4pm3 ~T (3.1)

Where k is the Boltzmann’s constant, T is tempeeatand r is the radius of the particles.

particle velocity u:

N

The solvation s can be roughly derivedsas 1/r. In addition, the solvation s should be
determined by the number of surface-attached mawemules in the form of their density
and their lengths. The PVP-supported solvation colok lowered if surface-attached
molecules are incorporated partially or completetg the polymer matrix during the growth
process of a nanoparticle. Larger particles areimgoglowly according to dynamic light
scattering theory and their solvation is supporgda higher number of adsorbed PVP
molecules. Therefore, an assembling of the fewigdastto a little larger particle can lead to
the stabilization of the colloidal solution in forof dispersed assembled nanopatrticles due to
their higher solvation and lower thermal motion.iditial growth stage, the solvation power
is very high, and mobility of small particles ingithe solution is also higher. Subsequently
when small particles are growing continuously, nhebility and solvation power decreased
down considerablyScheme 3.1 In result, the reduced mobility can be realiaéi@r certain
growth; and several of such primarily grown pagscare aggregates by adjusting the position
of PVP macromolecules to minimize the local inteidaenergy of the individual particles in
the reaction system. Furthermore, the mobility emen decreased down significantly at
primary aggregation stage of the particles becatisige bigger size, but the solvation power
is again sufficient (high) at this phase compa®dhe phase before primary aggregation.
There are still free monomers available in the tsmiuwhich adheres on the primarily
aggregated particles and therefore the growthnsirmeed. Obviously, the solvation energy is
again decreased down along with continuously dearganobility of the particles at certain
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point. To minimize the surface energy of whole sgsta second aggregation can realized.
The aggregation tendency is everlasting until ladl free monomers are consumed and the
polymerization reaction is completed. At the endgrdrchically composed aggregated

particles with homogeneous character are obtainedta the homogeneous nucleation and

growth condition throughout the polymerization re@t (Scheme 3.1
} : ticle  \ ’ ‘
»“ i ‘ gpfc:tvlv?r? ’,/ | rowth ’ ‘ aggregation
low aggregation increasing aggregation ’
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Scheme 3.1Scheme for the flower-shaped PMMA nanopatrticlesleation and growth in the ongoing

polymerization process.

Effect of PVP molecular weight

The solvation, mobility and aggregation tendencygeaierated particles largely depends upon
the lengths and concentrations of PVP. To studydtiect of PVP chain length on the
formation of final particles assembly, four diffatenolecularly weighed PVP were used (10,
25, 40 and 55 kDa) in the agueous phase. Spheradikoparticles are obtained when 10 kDa
PVP was used in aqueous phase. In this case, itbeaassumed that the step by step
aggregation is rapid and the growth process isHidl at early stage before the aggregation
of two or more separately growing particles takiexg because of the low solvation power.
If PVP with middle chain-length (25 kDa) was usadhierarchical growth of particles was

observed. Obviously the number of aggregation stepshanced if 40 kDa PV# 55 kDa
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PVP have been used in the aqueous phase. The meantelaesmilts of the final structured

polymer nanoparticles are shownFigure 3.14.

Mol. wt. of different PVP in aqueous phase

—— 10 kDa
—o— 25 kDa
——40 kDa
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Concentration of PVP (mM)

Mean diameter of PMMA assembly (nm)

Figure 3.14 Graphical representation for the dependence ofnndiameter of PMMA nanopatrticles

assembly upon various concentration of differentecar weighed PVP in the continuous phase.
Effect of different flow rate ratio

Upon the variation in flow rates and flow rate oadf both immiscible phases, a strong effect
of PVP on the obtained particles character is agoed he transition from a flow rate ratio
of about 50 (2050 puL/min/40 pL/min) to 4.5 (450 mir/100 pL/min) causes the formation
of more compact particles as shownFigure 3.15 The aggregate character is still clear in
case of 4.5 flow rate ratio, but with certain retiturc in comparison with the higher flow rate
ratio. Higher flow rate of the aqueous phase, afrge, supply more number of the PVP
molecules, and additionally also provides more sgacthe mobility of growing particles in
the solution. When mobility of growing particles lsgher in solution, the hierarchical

aggregation takes place and the structured asserablgbtain at the end.
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Figure 3.15SEM images of PMMA nanoparticles obtained when R& kmolecular weight) PVP (1 mM,
rep. unit conc.) was used in the continuous phasifarent flow rate ratios of both liquids: (ap20/40

(UL/min, aqueous/monomer), (b) 1200/70, and (cYH4®D. Scale bar for all images are same (1 um).

Nanoparticles formation is divided in two main péssnucleation and growth. Growth of the
nanoparticles proceeds with the time factor, andyrevents occurred in between until the
end of final particles formation. As discussed ahosmaller the particles at early stage,
higher the solvation power and higher mobility lo¢ fparticles in solution. The fusion of the
particles during the continuous growth can be dididin three different processes:
agglomeration, aggregation and coalescence. Thgolagration’ is defined as a collection
of weakly bound particles where external surfaaaas similar to the sum of the surface
areas of the individual components [171]. The fergelding agglomerate together are week
forces, for example, van der Waals forces. On otfeerd, ‘aggregation’ is described as
comprising strongly bonded or fused particles wheesulting external surface area
significantly smaller than the sum of calculatedfate areas of the individual components.
PVP layer on the nucleated PMMA particles beconmsparatively weak at certain critical
point during early growth and initial aggregati@alized. Finally, the term ‘coalescence’ is a
process where two phase domains forms the largeeptdamain, and it reduces the total
interfacial area [171]. A merging of aggregates msea&oalescence. In other words,
coalescence is the aggregates of aggregates. @wtd flower shaped PMMA nanoparticles
is the integration of many aggregated phase whargyrdomains attached with strong forces
(Figure 3.16 a) The complex shape of most of nanopatrticles repottere, is obviously the
product of a multi-step assembling mechanism. fgmothesis is suggested by the structure
of nanoparticles as shown Kigure 3.13 The whole flower-like particle of size between
about 500 nm and 1 um obtained at various read@rditions is composed by compact
component particles. These component particles@rspherical, but structured, and seem to
be formed by an earlier assembling process. THerdift particle characters are given by
different levels of assembling and the time betwednation of polymerization, the single

assembling steps and the duration of final grovatin€iple shown inScheme 3.1 The
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advantage of the microfluidic emulsification cotsis the efficient and regular convection
of liquids and it caused high homogeneity of logaction conditions. This results in to the
formation of particles with similar shape and simeler the constant conditions. Moreover, it
supports the suppression of formation of largereggtes and precipitations, and contributes

to the stabilization of the nanoparticle suspension
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Figure 3.16(a) Schematic for the particles nucleation and bieptep growth in dependence of time. (b)
Graphical drawing for the relation of particles gtb with mobility, solvation and aggregation tendgn
(c) SEM images of final PMMA particles obtained different repeating unit concentration of 25 kDa
PVP: (i) 5 mM, (i) 4 mM, (iii) 3 mM, and (iv) 2 mMscale bar for all four SEM images are same
(500 nm).

Effect of interfacial agents

The addition of ionic surfactant, 0.1 mM sodium dog sulfate (SDS), to the agueous phase
along with non-ionic PVP leads to the formatiorsofall spherical PMMA patrticles of about
100 nm in diameterHigure 3.17). The interaction between solvent (water) andasats at
the interface becomes important to decide the shalpe of the nanoparticles during mixed
surface active agents is being used. Moreoveryah sase, the final shape is dependent on
the dominating concentrations of individual suréatt The strength between inter-particles
repulsive force is determined by the type and derd surfactant molecules in agueous
phase. For investigating the dominating effect btaiming shape of particles, two systems
(PVP:CTAB and PVP:SDS) were used separately. Theremement of CTAB and SDS

concentration at constant PVP concentration caasddcrease in the diameter of spheres
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down to 150 nm and 100 nm, respectivdig(re 3.17 a-l). Nanoparticles with assembly
character are obtained if the SDS concentratidawgred down to 0.1 pum at constant PVP
concentration (5 mM). At high concentration of ionsurfactant (SDS or CTAB), the
formation of sphere-like particles is governed higetiar mechanism whereas the flower-like

formation of particles is resulted from solvationdamobility factors during high PVP

concentration.

Figure 3.17 (a-h) areSEM images ofPMMA particles obtained when mixed surfactants (PVP and
CTAB/SDS) were used in aqueous phase at differemicentration. 50:50 (%) PVP/CTAB, (a)
5mM/0.1 um, (b) 5mM/1pm/, () 5mM/10 um, and) (8 mM/100 pm; 50:50 PVP/SDS, (e)
5 mM/0.1 pum, (f) 5 mM/1 um, (g) 5 mM/10 pum, and ShinM/100 um. Scale bar for images a-d (500 nm)

and e-h (300 nm) are same.

The obtained result of dominating effect of thetipatar surfactant on shape-controlled
polymer nanoparticles is well supported by zetapihal measurements. The particles
obtained by increasing SDS concentration in aqueabiase showing increasing electrical
charge in negative directiorFifure 3.18) Eventhough zeta potential does not describes
direct potential of the particles, it can be assuithat the particles potential is correlated with
zeta potential and the shift of particles chargesesan the same direction as zeta potential
indicates. In case of only PVP in aqueous phasal{sence of SDS or CTAB), the particles
shows always about -15 mV potential. The zeta piatenf particles is lowered down to
about -20 mV in case of only SDS (1 mM) surfactantaqueous phaserigure 3.18 3.
Shape of the polymer nanoparticles is transfornfiogn flower to sphere-like structure when
SDS concentration is step by step increases atatrBVP concentration in aqueous phase.
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3 Results and discussions-1: Polymer nanopartiidgheir assembly

Meanwhile, with increase in SDS concentration,dbkective zeta potential (PVP + SDS) is
move to high value in negative direction up to abd0 mV Figure 3.18 d.
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Figure 3.18 (a-f) are thegraphical representation of the zeta potential omessents of PMMA patrticles
obtained when different concentration of individaald mixed surfactants (CTAB, SDS and PVP) were

used in the continuous phase.

On other side, a shift of the zeta potential in dpposite direction is observed if CTAB is
mixed with PVP in aqueous phase. The surface patantreases from about -2 mV up to
about +40 mV in case of only CTAB from 0.1 um tenM concentration, respectively. The
enhancement of particle charge by SDS (in negativection) or by CTAB (in positive
direction) supports the stability of nanopartidbgsthe contribution of electrostatic repulsion
at all levels. A decrease of ionic surfactant comegion at constant PVP concentration
causes the formation of flower-like nanoparticlésaccomplex structure, which is formed
after a primary and a second assembling processgdoingoing polymerization reaction. The
mutual interaction of mixed-surfactants with eatheo during the ongoing polymerization
makes strong suppression on particles growth. Towerethe particles of comparatively
smaller size with planar surface are obtained atethd of thermal polymerization reaction.
Figure 3.19 represents the size tuning effect of obtainedigest when individual and
mixed-surfactants were used in the agqueous phadifexent concentrations. In all cases, it
is clear that the size of the final particles isréased down significantly with increase in the

concentration of individual or mixed surfactantiqueous phase.
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Figure 3.19(a-f) Size measurements (by dynamic light scaitgrof the PMMA particles obtained when
different types (CTAB, SDS and PVP) and at différeoncentration of individual and mixed surfactants

were used in continuous phase. Particles sizesgiyrdepend on the concentration of surfactants.

Overall, the complex flower shaped polymer nanaoglag is prepared in the controlled
semi-microfluidic platform by the application of maonic polymer (PVP) in aqueous phase.
The mechanism of the formed particles is explaibgdmobility, solvation and multiple

aggregation phases during ongoing polymerizatiocgss.
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3.3 Shell-like layered polymer nanoparticles and theimanoassembly
synthesis

Here, anin-situ copolymerization approach for obtaining hydropic core with hydrophilic
shell layered polymer nanoparticles is presented smimilar semi-microfluidic arrangement
as shown irFigure 2.2 It is particularly interesting for various biomeal applications that a
single system (delivery vehicle) occupies hydraphds well as hydrophobic regimes to
deliver the triggered release two or more typesarsf-miscible active components at targeted
sites. A major challenge in the synthesis is olmagirthe reproducible and homogeneous
nanoparticles with minimum number of preparatiogpst Here, due to the advantages of
microfluidic platform for providing fast phase tsdar and efficient mixing condition, the
polymeric nanoparticles with surface layer are preg in a single-step. Moreover, their
electrostatic assembly with oppositely charged pellyand metal nanoparticles is shown for
the optical application such as SERS.

3.3.1 Formation of surface layered polymer structure

The requirement of drug delivery system for higlcagsulation yield and potential for
specific targeting is the development of smart rfurittional targeted nanoparticles [173,
174]. To control the shell thickness of metallic sgmiconducting materials is a reliable
process due to their crystalline nature [175, 1T®]direct contrast, due to the amorphous
nature of polymeric materials, the core size withlklike structure in a single-step together
with tunability in the shell thickness is a complpsocess. Here, a systemairesitu co-
polymerization approach of the surface layeredmelynanoparticles synthesis in single-step

is performed.

Early stage of initiation should occur under therexely homogeneous environment for
obtaining regular nucleation and therefore the ghoww uniform manner. For obtaining the
polymeric shell-like layered nanoparticles, hydrniphmonomer diallyldimethyl ammonium
chloride (DADMAC) in aqueous phase and hydrophabanomer MMA in dispersed phase
were used. DADMAC can also act as interface adiyent to control the particles size and
surface charge simultaneously. Droplets of MMA muoeos generates by the shear force of
DADMAC solution in micro continuous flow. Thermatitiator dissolved in the dispersed
phase which forms radical at heating temperatuke°(® and initiates the nucleation of
PMMA core particles. Together with growing PMMA eoithe simultaneous attack of core
radicals can realize by the hydrophilic monomersDDAAC at the interface and forms the
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3 Results and discussions-1: Polymer nanopartcidgheir assembly

soft poly polyDADMAC layer as a shell in the agus@nvironment. MMA is a hydrophobic
monomer and also showing partial solubility in Hypieous phase. Therefore, the inner core
of growing PMMA nanopatrticles is completely hydropic and surface remains slightly
hydrophilic which can cross-link with polyDADMAC #te outer surface through weak force
(such as van der Waals force). Here, no any additicntermediate agents required for
connecting the hydrophobic and hydrophilic regiraeshe interface. The polymerization of
shell layer is obtaining in the aqueous environnaeTd therefore, this layer is not dissolved
but swells in the solution phase. Meanwhile, dutimg swelling phase of shell layer, it can
be assumed that the continuous addition of DADMA&: fmonomers takes place together
with diffusion of MMA units through the pores of shell layer. Thus, the simultaneous
growth of the core and surface shell layer is olgdiwith high homogeneity as schematically

shown inFigure 3.20 A
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Figure 3.20Schematic representations for: (il}situ formation of the shell-like surface layered polyme
nanoparticles in semi-microfluidic platform and (Byntrolled electrostatic nanoassembling of smaller

polymer nanospheres with charged polymer particles.
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3.3.2 Tuning in particles size

Mean size of the nanoparticles can be uniformlyesuby changing the reaction parameters
such as concentrations and flow rate ratios of bathiscible liquid phases in microreactor.
Hydrophobic PMMA core is comparatively harder thdahe growing hydrophilic
polyDADMAC shell layer in agueous environment. Maver, as aqueous monomer playing
role of interfacial stabilizing agent too, the wiaigamount is certainly lower compare to the
core monomers amount. Polymer particles of aboQtrBb mean size were obtained at 6 mM
DADMAC concentration in aqueous phase and 1200&tugous/monomer, pL/min) flow
rate ratio of both immiscible phases. Average plgisize is increases consistently with step
by step increase in MMA flow rate at constant aagisefbow rate. Polymer particles of about
700 nm are obtained at flow rate ratio of 2000/X00.other hand, at enhanced aqueous flow
rate, the particles size is decreased considedadtyause of strong charged surface layer
which are responsible for nucleating the more nuslmé particles. Hence, the obtained
particles are of only 400 nm at 1800/40 flow ratga. Beside the total flow rate ratios, the
concentrations of agueous monomer contributinggtheerning impact to tune the particles
size. It is well known that the particles size iscokase with increase in surfactant
concentration [61]. Therefore, the particles ardamled of about 650 nm and 500 nm
respectively at 1.5 mM and 3 mM DADMAC concentration the agueous phase with
constant flow rate ratio of 1200/70. The interagtafifect observed here is; the particles size
constantly increases (instead of decreasing) witlthér increase in the DADMAC
concentration in aqueous phase. The particles 85 and 600 nm sized are obtained at
6 mM and 12 mM DADMAC concentration, respectivaiere, it is assumed that the shell
thickness is increases with constant core sizetagtfeer DADMAC concentration. The size

tuning effect of the obtained particles is showfigure 3.21

Surface charge of the obtained particles is medshyezeta potential measurements. It is
always positive because of the positively chargaedase layer of polyDADMAC on the

PMMA cores as shown iRigure 3.21 e Moreover, the particles potential is changingrupo
variation in concentration of hydrophilic monoménsaqueous phase. Graphical results of

size tuning of obtained particles is showrrigure 3.21 {
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Figure 3.21(a-d) SEM images of the particles obtained at dhffie flow rate ratios (aqueous phase: 6 mM
DADMAC): (a) 1200/70 (aqueous/monomer, uL/min), (b300/40, (c) 1000/100, and (d) 900/150.
Graphical representation of the (e) zeta poteatia (f) size with respect to DADMAC concentratiaon i
aqueous phase. Standard deviation for zeta pdtemsi@asurements is 4 mV and for size measurement is
50 nm. SEM images of the obtained particles deriht concentrations of DADMAC in aqueous phase
(flow rate ratio: 900 pL/min/150 pL/min): (g) 12 migh) 6 mM, and (i) 1.5 mM.

3.3.3 In-situ electrostatic polymer-polymer nanoassembly

Hydrophilic shell is a highly dense cationic chatdayer of polymer particles and allows
further entrapping of oppositely charged colloigalymer nanoparticles in porous interior.
An in-situ approach of the hydrophobic-hydrophilic-hydroplwoassembly is performed here
for preparing the assembly polymer particles. Fawgng the smaller nanoparticles at the
surface of pre-formed charged polymer nanoparticestrolled emulsion solution is inserted
to the particles suspension through microreactor saswn in Figure 3.20 B The
polymerization reaction starts at 95 °C. The us&db oncentration in aqueous phase is
between 10 um and 1 mM, and is responsible for rothimg the size of growing
nanoparticles accordingly. Once the polymerizatieaction is completed, the negatively

charged smaller nanopatrticles amesitu assembled with positively charged particles thioug
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electrostatic interaction. Size and density ofgh@ving nanopatrticles is depends on the SDS
concentration in aqueous phase and total emulsioouat to the surface layered charged
particles suspensiorFigure 3.22) When very high emulsion volume is supplied to the
diluted particles suspension, the smaller partiakesformed in the shell interior as well as
separately in aqueous medium. The particles sizkdrshell interior is always smaller than
the separately growing nanoparticles in wakégire 3.22 d) The negatively charged SDS
molecules binds to the positively charged shelfazigr and therefore the rate of monomer

diffusion is comparatively slower than the freetp\ging nanopatrticles.

. o o L™
Increasing size of growing hydrophobic nanoparticles

Controlled electrostatic nanoassembly of particles in hydrophilic sheII>

Density of particles increases at interface

< O (d) \ >0

Figure 3.22 SEM images of the controlled electrostatic polymelymer assembly at different reaction
condition: emulsion solution contained (a) 0.1 mivi b) 0.01 mM SDS in the aqueous phase. Assembly
obtained at different volume of emulsion soluti¢g), 60 pL and (d) 100 pL. Scale bar for all SEM dgaa
(a-d) are same (400 nm).
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3.3.4 Electrostatic polymer-metal nanoassembly

Metal nanoparticles, particularly gold (Au) nandpaes, exhibit intense optical phenomena
which are useful for many photonics as well as l@diwal applications. The association of
Au nanoparticles with polymeric nanoparticles cameisi the properties of two different
regimes. Therefore, in this work, the controlled-gpalymer assembly particles of different
concentration ratios are prepared in the flow coowlithrough electrostatic interaction. It is
shown inFigure 3.21 ethat the surface charge of the surface layeregnpei particles is
between +20 mV and +45 mV. On other side, the meggtcharged Au nanoparticles
(zeta potential about -22 mV) have strong affinibhgrefore, to bind the surface of positively
charged polymer patrticles. For the preparatiorheftieterogeneous nanoassembly particles,
both suspensions have been filled in the glass\ggsi and 25 pL/min flow rate of both

syringes were actuated simultaneously for 10 miauth knot mixture at room temperature.
PMMA-polyDADMAC particles of about 600 nm size isad for the preparation of PMMA-
Au assembly particles={gure 3.23 a)

08 {(b)
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Figure 3.23(a) SEM image of the polymer-Au assembly partielad (b) UV/vis spectra of the pure Au
nanoparticles and PMMA-Au assembly particles. (6EM images for the increasing Au density on
polymer particles (50 pL particles suspension inLlwater): (c) 5 pL, (d) 10 pL, (e) 25 pL and (f) BL

Au nanoparticles suspension in 1 mL water. Scalédsdhe images (c-f) are same (500 nm)
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High density and strong binding of the Au nano#et is observed as the positively charged
polymer shell layer is swellable in the aqueous iomad Colloidal Au nanoparticles exhibit
the plasmon resonance at about 515 Rigufe 3.23 b) However, the bathochromic shift
and broadening of the plasmonic peak is realizedmndolloidal Au nanoparticles (of about
30 nm) assembled with polymer particles. Polymera&gembly particles show the plasmon
peak at 560 nm. Various weight ratios of both congms were used for tuning the Au
density on the surface of polymer particles. Theeawbly particles with high Au density is
observed when 50:50 (uL) ratio of Au:polymer hasrbasedKigure 3.23 f)

On other hand, silver (Ag) nanoparticles is moreaative for optoelectronic and sensing
because of its higher plasmonic efficiency and sapelectromagnetic enhancement in the
visible range [177]. Surfactant is usually requirbm the stability against undesired
aggregation in a solution based Ag nanoparticleshggis. Such adsorbed surface layers of
molecules restrict the application of silver matkein biosensing because they prevent the
adsorption of the reporter molecules on the nanmpes surface [177]. Here, metal catalyzed
metal nanopatrticles synthesis approach is appliethé polymer/Au/Ag controlled assembly
where Au acts as nuclei for additional Ag enhancamBifferent concentrations of Ag

amount are realized as shownFigure 3.24 Ag surface is more suitable for the interaction

of different analytes for the surface-enhanced Rameattering sensing applications. A
detailed SERS study of the different analytes scdbed in chapter 4 (section 4.2.4).

Figure 3.24SEM images of the Ag enforced Au-polymer assembiyiges with increasing density of Ag
on the surface: (a) 3 mM, (b) 5 mM, (c) 10 mM adiiZ0 mM AgNQ (50 pL) to the 20 pL particles

suspension in presence of 50 pL 25 mM ascorbic &ddle bar for all SEM images are same (500 nm).

Overall, in this section, the controlled polymenaparticles with tunable core size and shell-
like surface layer thickness together with PMMA/PMMPMMA/Au and PMMA/AU/Ag

nanoassembly is prepared in a semi-microfluidi¢fqoten.
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3.4 Fluorescent polymer nanoparticles

Fluorescent nanopatrticles play a vital role in é&argumber of labeling, barcoding and other
biomedical related applications [178]. In most bk tcases, inorganic semiconducting
guantum dots (Qdots) are used as appropriate pfobeke multiplexed targeted analysis
owing to their narrow tunable emission peaks armhdbrexcitation bands [80]. But, because
of their toxicity for some sensitive uses, they re@nbe applicable forn vivo and other
cellular activities. Moreover, free molecular dya® also not perfect candidates for the
development of high-sensitive imaging techniqued high-throughput assays because of
their low absorptivity and poor photostability [287, 88]. As a direct replacement
(alternative), dye-doped fluorescent polymer nanageas (Pdots) can be used as promising
probes for multiple biological applications becausk their simple preparation and
exceptionally bright and stable fluorescence naji@e 86]. Moreover, polymer particles are
non-toxic and, therefore, can be frequently usethein vivo applications too along with
some other uses for instances, as photonic cry®a]sused for confocal microscopy [26],
for multiphoton fluorescence imaging [85], and swth. In addition, for the uniform
performances in various applications, the homodgradi the polymer nanoparticles is key

requirement.
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Scheme 3.2Schematic overview of the different strategies foeparing four different classes of

fluorescent PMMA nanoparticles.

In this work, the size and surface charge contloll®mogeneous florescent polymer
nanoparticles of four different types are preparesemi-microfluidic platform (as shown in
Figure 2.2) Different strategy for preparing the fluorescgrdlymer nanoparticles are

demonstrated where dyes can be embedded, adsamethred and functionalized to the
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nanoparticles. The schematic overview of differsinategies is shown iBcheme 3.2and
obtained results are described below.

3.4.1 Dye-embedded fluorescent polymer nanoparticles

Two different routes are shown here for the dye-@sdied polymer nanoparticles: (a)
non-covalent linking and (b) covalent linking ofudirescence dye in the nanoparticles
interior. There are various methods available tmiporate the fluorescence dyes inside the
polymer matrix such as, by swelling methods ancesth92, 179]. But, these methods are
multi-steps processes and also the homogeneousbuigtn of dyes inside the polymer
matrix cannot be achieved. Therefore, in first pamo different fluorescence dyes are
randomly dispersed (non-covalent linking) sepayatéh the monomer phase and
subsequently polymerized in microfluidic platforsingle-step process) to generate the nano
fluorescent beads of high homogeneity and of dfieemission wavelengths. Here, Nile red
dye is used as a model hydrophobic fluorescenceatykthe obtained nanoparticles showing

fluorescence emission at 593 nkigure 3.25 c)
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Figure 3.25 (a) Camera picture of the Nile red and NBFD-emleeldBMMA nanoparticles suspension
(smaller nanoparticles suspension (left) is starld bigger nanoparticles (right) are settled down a
bottom after 2 hours), (b) the chemical structurfessed dyes, and (c) and (d) are the fluorescepeetra

of the Nile red and NBFD embedded PMMA nanopariciespectively.

Moreover, the nanoparticles surface is covered whiirged surfactant layer of CTAB and
therefore, the particles are well-dispersed in agaanedium which is particularly interesting
for several of fluorescence application such asellag, sensing and materials for photonic
crystals. The particles size can be tune by vanatn applied CTAB concentrations in
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agueous phase and also by varying flow rate rafideth immiscible phases in microfluidic
setup. Smaller particles have higher surface changetherefore, the particles suspension is
stable for longer time period due to the high Br@amnmotion Figure 3.25 9. On other
hand, the fluorescence strength of the obtainesttsized nanoparticles can be managed by
varying the dye concentration during synthesis. NE8ye of another emission wavelength)
embedded polymer nanoparticles shows fluorescen@ak pat about 532 nm
(Figure 3.25 a, d.

Usually, an aqueous suspension of fluorescent raatioles is preferred for the labeling
application. But, sometimes due to the contact afanic medium (solvent), free dye
molecules released to the surrounding medium fieenpiarticles interior during a swelling
phase and then the brightness of label particletetseased down. To avoid such leaking
concern, the fluorophore (dye) should be covalelliged in a polymer network. For the
covalent linking, the monomer units were functiared with fluorescent organic compound

prior to the polymerization reaction as showrscheme 3.3
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N )\ o
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nanoparticles methacrylate -4-yl methacrylate

Scheme 3.3Scheme shows the chemical synthesis of fluoropfwretionalized monomer (5-Methyl-2-
(pyridine-2-yl)thiazol-4-yl methacrylate) molecudad polymerization reaction for the covalent lirkiof

fluorophore in the nanoparticles interiors (parthef Scheme is modified from [180]).

An organic molecule 4-hydroxythiazol sub-structwas prepared as described earlier [180]
by a Hantzsch like reaction; employing 2-cyanopyedand 2-mercaptopropionic acid under
solvent-free conditions at elevated temperatures\gupyridine as a catalyst. The
functionalization of MMA with 5-Methyl-2-(pyridin-Z/)thiazol-4-ol forms 5-Methyl-2-
(pyridin-2-yl)thiazol-4-yl methacrylate(Scheme 3.3) Functionalized MMA is a solid
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compound and dissolved to the pure MMA solutiondiditerent ratio for performing the
liquid phase polymerization reaction. Here, a nflom process is performed to obtain the
covalently linked fluorophore-PMMA nanoparticles different sizes between 70 nm and
400 nm Figure 3.26 a-g where different mixing ratio of fluorophore-fuimalized MMA

and pure MMA were used in the monomer phase.
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Figure 3.26 (a-c) SEM images of the covalently linked fluoroptv@mbedded PMMA nanoparticles
obtained when different concentrations of SDS1(a)M, (b) 0.1 mM and (c) 0.01 mM were used in the
aqueous phase (flow rate ratio 1200/70 pL/min, agsénonomer). Scale bar for all three SEM images
are same (500 nm). (d) Graphical result of padidize dependent on SDS concentrations in aqueous
phase. (e) Fluorescence spectra of the obtainedpaditles at different % ratio of pure MMA and
fluorophore-functionalized MMA in the monomer phase

By varying the concentrations (weight ratio) ofdiaphore functionalized-MMA in the pure
MMA solution and also by varying the SDS concemdrain agueous phase at different flow
rate ratios, the size and surface potential cdettofluorescent polymer nanoparticles is
obtained Figure 3.26. Fluorescence intensity of the obtained nanogladiis consistently

increases with increasing amount of functionalikédA.
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3.4.2 Dye-anchored fluorescent polymer nanoparticles

Surfactant plays a dominating role for controllitige size and surface charge of the
nanoparticles during polymerization reaction. Isecaf high surfactant concentration, the
nanoparticles are obtained of smaller size andial&rge numbers. The challenging task for
preparing the functional nanoparticles is; it sklobke obtained in a minimum number of
preparation steps and should consume minimum tgpesactants. Interestingly here, the
aqueous phase is made up of the charged amphifihtiophore (chemical structure shown
in Figure 3.27 a, Titan yellow) which play a role similar to the chged surfactant for

controlling the size and surface charge simultaslgoés shown irFigure 3.27 ¢ the size of

the PMMA nanoparticles decreased from about 20@omn to 80 nm when concentration
of Titan yellow in aqueous phase increases fronl ™ up to 1 mM. A complete

mechanism is not clear about the role of Titanoyelfor tuning the particles size. But, it can
be assumed that the diffusion rate of monomersadithie ongoing polymerization is higher
when surface layer of the Titan yellow is weak @wwoncentration), and therefore, the
bigger sized nanoparticles are obtained. Moreottes, surface charges of the obtained
particles can be tuned between about -10 mV andmM5by using Titan yellow

concentration between 0.01 mM and 1 mM in aquedwse Figure 3.27 d) Besides the

size and surface charge, Titan yellow concentradiotine particles surface also contributing
the key effect for tuning the fluorescence inteasit(emission at 425 nm) of polymer

nanoparticles simultaneously as shdvigure 3.27 b

3.4.3 Dye-functionalized fluorescent polymer nanoparticle

A detection of targeted site by particle-based liabeand sensoric materials relies on the
fast, sensitive and reproducible interaction [18Pfarticles homogeneity and surface
functional groups are, therefore, important forfomn interactions [182]. Different sized
PMMA nanoparticles between 60 nm and 300 nm aretimmalized with layer-by-layer
modification approachHigure 3.28 3. At initial point, CTAB covered 160 nm sized PMMA
nanoparticles (surface potential of about +20 migract with poly-L-glutamic acid (PGA)
in agueous suspension (interaction betweenz-Nidd -COQ). After first modification, the
particles surface charge (zeta potential) beconegmative (about -10 mV) as shown in
Figure 3.28 d Surface potential of the PMMA nanoparticles agasomes positive (about
+40 mV) after second modification step with catopolypeptide, poly-L-lysine (PLL).
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Figure 3.27(a) SEM images of the obtained PMMA nanoparticléemvdifferent concentrations of Titan
yellow were used in the aqueous phase, (1) 0.1 m§1(2) 0.025 mM, and (3) a chemical structure of
Titan yellow. (b) The fluorescence spectra of theIMA nanoparticles obtained when different
concentration of Titan yellow was used in the amgse@hase. Graphical results of the obtained
nanoparticles (c) size and (d) zeta potential wdifarent concentrations of Titan yellow were usedhe

agueous phase.

Various types of polyelectrolytes can be used faitding functional layers [183-190], and
due to the biocompatibility as well as strong bimgdaffinity through electrostatic interaction,
PGA-PLL assembly is most promising [191]. To stildg biological processes such as cell
reporters and labeling of targeted site, biotinglatis widely used in which biotin interacts
with various functional targeted sites [192, 19Bhe process of biotinylation is rapid and
specific due to the small size of biotin molecu244 Da), and therefore, can be conjugated
to many proteins without altering their biologicadtivities. Therefore, in this work, biotin
molecular layer is applied on the surface of PLLvesed PMMA nanoparticleszéta
potential:becomes about -40 mV). On other hand, biotin hssang affinity to linked with
streptavidin through secondary interaction [1934]19This interaction takes place at a

dissociation constant of about 1.3 Xx'2®, besides the electrostatic and covalent intamact
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[195]. To make the entire PMMA nanoparticles netwarfluorescence-active, therefore, the
dye-labelled streptavidin (AlexaFluor 594 conjugdtave been applied to the biotin-covered
particles. The streptavidin covered nanoparticles excited at 590 nm and emit the
fluorescence light at about 619 nm as shévgure 3.28 e

Dye-labelled streptavidin —p (a)

| . PLL d
NHS-biotin  —p o ? (d)

CTAB

¥ pGA
-20 1 Particles with varying Streptavidin
surface charges at

n
different level after L )
J Biotin
-40 modification *\/
4 5

Zeta potential (mV)
o

T T T

1 2 3
Surface modification levels of particles
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i —1/10 mg
o4 —1/15mg
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o
™
)

Fluorescence intensity (a.u.)
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Wavelength (nm)
Figure 3.28 (a) Schematic of the layer-by-layer surface modtfan via electrostatic, covalent
and secondary binding. Camera pictures of the thless vials which possess biotin covered particles
dye-labelled streptavidin covered particles andy ahje-labelled streptavidin solution, respectively)
without UV lamp and (c) with irradiation of UV ligh (d) Graphical results of the nanoparticles
zeta potential after layer-by-layer surface modiian. (e) Fluorescence spectra of PMMA nanopasticl

after functionalization with different concentratiof dye-labelled streptavidin.

In general, in section 3.4, four different stragsgifor preparing the fluorescent polymer
nanoparticles is shown with obtained results. Thases of fluorescent nanoparticles can be
used as labels and probes in various biologicalnaiedofluidic applications.
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3.5 Heterogeneous nanoassembly of the particles

In this work, electrostatically assisted nanoasseslof metal/polymer particulate materials
are performed. Ag microrods are prepared in a bsyothesis and PMMA nanoparticles of
different sizes are prepared in the semi-microftumatform. In below section, the synthesis

of individual components and nanoassembly partisleiescribed with obtained results.

3.5.1 Synthesis of Ag microrods

A facet directed growth forms the Ag microrods whed aspect ratio in polyol synthesis at
elevated temperature. Agons are reduced by reducing agent and form théenwgth
fluctuating structure by combining several of Agras together and most nuclei incorporate
twin boundary defects to minimize their surfacergpg¢196, 197]. Ethylene glycol (EG) acts
as milder reducing agent as well as solvent atatéeltemperature. A reaction solution is
made up of 5mL EG, 3mL 0.25M AgN(din EG) and3mL 0.35M PVP (in EG).
Moreover, the aspect ratio of Ag microrods (lendjgwheter) strongly depends upon the
concentration of ascorbic acid (external reduciggnd) in reaction mixture. At 160 °C, a
simultaneous addition of 1 mL 0.1 M ascorbic acmitially forms the penta twinned
nanostructures and finally they grown as long Agcroriods via subsequent growth
mechanism [198, 199]Figure 3.29 (top drawing) shows the synthetic strategy of Ag

microrods in batch arrangement.

Noble metals, which adopt a face-centered cubic) (fattice, possess different surface
energies for different crystal planes. For thedigstal structure, the surface energies of low
index crystallographic facets is given in the ordef111) < (100) < (110) [200]. Therefore,
the growth of Ag microrods obtained in one parteudirection of high energy surface (110)
by passivation of the side surface (100) with PVBletules. It is claimed that the PVP
molecules are adsorbing on the microrods surfacaigin Ag-O co-ordination bond [201]. In
this work, it is found that the PVP:AgN©@oncentration ratio of 1.4 (that is the concentrati
of PVP is 0.35 M and of AgN®is 0.25 M) is critical to obtain the highest yietd Ag
microrods and also of high aspect ratio. Ag micdsrof wider diameter are obtained because
of early nucleation in the case when high concéptreof ascorbic acid is used during the
synthesis. The size tuned Ag microrods at differemdction condition is shown in
Figure 3.29 a-d
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Figure 3.29 Top drawing is achematic of Ag microrods synthesis. Bottom: SEM images of the size
controlled Ag microrods synthesized by adding défé concentration of 1 mL ascorbic acid (AA) at
different time interval along with 3 mL of each28M AgNG; and 0.35M PVP (repeating unit conc.) in
ethylene glycol at 160 °C: (a) 0.1 M AA, simultansodrop-wise addition of AgN$) PVP and AA
together within 7 minutes by keeping ratio of aidait 3:3:1 (60:60:20 pL) of AgNEPVP:AA in
sequences, (b) 0.1M AA, first successively additidr600 puL of each AgN©and PVP, then 200ul of
AA, all addition within 7 minutes simultaneouslyjda(c) and (d) 0.3 M AA, simultaneously drop-wise
addition with addition ratio 3:3:1 (60:60:20 puL) #gNOz:PVP:AA within 7 minutes and 4 minutes,
respectively. Scale bar for all SEM images are s@dnem).

An assembling concept and the obtained resultsaoba&assembly particles are described

below in detail with obtained results.

3.5.2 Electrostatic concept for nanoassembly

Coupling of nanoparticles by use of the attractimees between antagonistically charged
objects can be a powerful approach for the formatb complex composed nano objects.
The real challenge is to avoid an uncontrolled eggtion of mixed composed three-
dimensional particle networks which resulting indasired precipitates. This issue can be
solved by applying reaction in diluted mixtures abosing suitable concentration ratios of
the reactants. The concept is based on the geappabach of electrostatically supported
assembling similar to the deposition of polyelegted multilayer [202]. An interaction

between a multi-ionic object and a surface of nanige is frequently accompanied by an
overcompensation of electrical surface charge.niilar way has been chosen here for the
interaction of two antagonistically charged nantpkes. A precipitation by the formation of

larger aggregates was suppressed by the redudtitie concentration of larger components
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(Ag microrods) together with spherical PMMA nandpdes. Furthermore, a higher weight
ratio of polymer particles to larger components vegplied in order to push all larger
particles quickly into the oppositely charging stat PMMA particles by fast compensating
and overcompensating of the original particles gbar A schematic overview is given in
Scheme 3.4

- >

Stirring for

.. p
o0 A
o9 -

® 30 mi S
Sco o | MEENNS LU0>
o2 %¢ T 90°C T 4y i by
Secly ' ImmmD N O
P
00 - + i F +
++

PMMAnps  Ag microrods %XQ&X

Scheme 3.4Schematic overview of the heterogeneous nanoassmmbf PMMA nanoparticles/Ag

microrods.

3.5.3 Formation of PMMA/Ag nanoassemblies

PVP is strongly adsorbs to the Ag microrods surfaaeng synthesis. The free oxygen atoms
of the PVP molecules create negative charges &t @utrface through enolization process
because of the slight basic pH of aqueous dispermsiocAg microrods. This assumption is
well supported by zeta potential measurement asobitained microrods shows negative
potential (about -35 mV). On other hand, PMMA ngauticles of positive charges were
prepared by emulsion polymerization (as explaimedédction 3.1) with positively charged
CTAB as surface layer. The PMMA nanoparticles pssshkigh affinity to bind with

negatively charged surface of Ag microrofiggure 3.30 a, bshows the regular order of the

spherical PMMA nanopatrticles attached on the Agronads surface.

88



3 Results and discussions-1: Polymer nanopartiidgheir assembly

Figure 3.30SEM images: (a) low and (b) high magnified SEM iemgf regularly arranged 110 nm sized
PMMA nanoparticles on 5 um longer Ag microrods. gnjl (d) are the assembly of 70 nm sized PMMA

nanoparticles on shorter and longer Ag microrogspectively.

PMMA nanoparticles adsorbs on the Ag microrodsasi@fby maintaining certain distance
from adjacent PMMA particles. There must be a mema for controlling the arrangement
of polymer particles on the Ag microrods. It is alus that the distance between polymer
particles is almost uniform. It is to suppose tthat inter-particles repulsion between PMMA
nanoparticles is responsible for this effect. Ti@gulsion as well as the binding to the Ag

microrods can be interpreted by an electrostayiciiminated assembling mechanism.

The maximal loading of the Ag microrods surface mige controlled by the complementary
charges of its surface and the binding polymerigagt Figure 3.30 a-d compares the

binding density between PMMA nanoparticles of 70amd 110 nm sized, and Ag microrods
with small diameter of 150 nm and large diamete®@ nm. Smaller PMMA nanopatrticles
have high surface charge (zeta potential aboutm¥pand initiate the strong interaction at
room temperature with Ag microrods (zeta poten&ihbut -35 mV). Therefore, a dense
particulate assembly is obtained as showirigure 3.30 ¢, d A similar type of assembly

behavior was also found in case of PMMA nanopasiaf larger diameter of about 110 nm.
The zeta potential of 110 nm sized PMMA nanopatids about +22 mV. The reaction has
been performed for about 25 minutes at 90 °C teatper in heating bath for obtaining the
controlled nanoassembly. In this case, a high eegyl of the assembled polymer

nanoparticles is obtained. Moreover, the surfaggghof 110 nm sized PMMA is critical to
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obtain the heterogeneous nanoassembly by maingaggrtain distance between adsorbing
spherical nanoparticle§igure 3.30 a, b) The assembling behavior becoming weakens with
further decrease in surface charge of the PMMA parles (size of nanoparticles
increases). Therefore, for the 240 nm sized PMMAoparticles (zeta potential about
+8 mV), only a weak and irregular assembly is atgd] and at certain point the assembly is

not obtained at all for larger PMMA nanopatrticles.

Overall, the heterogeneous nanoassembly of twoganistically charged heterogeneous
particulate materials is performed in batch reactibhe assembly behaviours have been
explained on the basis of controlled surface chamfeparticles through electrostatic

dominated interactions.

3.6 Flow assembling of polymer nanopatrticles

In many of the particles system, a basic probletiénprocess of assembling the particles in
batch platform is the formation of undesired, randand irregular aggregations due to the
lack of homogeneous environment at nanoscale ldmetirect alternative, a microflow
platform, particularly continuous flow and segmehti#ow, provides very homogeneous
reaction environment due to low volume and reducedrface area. Moreover, micro
segmented flow is particularly important due toptrameter such as, decoupling between
reaction solution and wall, droplet (slug) flownsport behaviour, compartmentalization of a
liquid in distinct volume, and fast phase and heatsfer by flow-induced segment internal
convection among the others [6]. The controlledenattion is realized between two
antagonistically charged heterogeneous or homogesnearticles in a flow platform for
obtaining the size-tuned nanoassemblies with diffeconcentration ratio. In this work, the
flow assembling process of two different size ahdpe controlled polymer nanopatrticles is
performed: (a) flower-sphere flow assembly andsfif)ere-sphere flow assembly. The flower
shaped polymer nanoparticles is covered with PMRrlgdetail description is given in
section 3.2.4) and spherical polymer nanopartidesovered with SDS and CTAB layer
(section 3.1). Moreover, for the layer-by-layer mggeh, different levels of specific surface
functionalization are applied for adjusting the éyand density of the available charges at

outer surface of nanoparticles.
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3.6.1 Flower-sphere flow assembly

At first, the negatively charged flower-shaped PMM#anoparticles (zeta potential
about -15 mV) is modified to positively chargedté&potential about +40 mV) by applying
cationic polyelectrolyte polyDADMAC layer on the rface. Afterwards, the interface
interaction between the flower nanoparticles andalkn spherical nanoparticles
(zeta potential about -24 mV) is performed in flawangement as shown kigure 2.6 for
obtaining the controlled assembly particles atedéht parameters. In the arrangement, T-
shaped junction allows the mixing of two agueolspdisions in continuous flow. The flow
is travel through knot mixture for realizing theostg interaction between oppositely charged
polymer nanoparticles. It is found that the assgméction of about 110 nm sized spherical
nanoparticles on the surface of flower particlegaster at 90 °C reaction temperature. The
interaction at room temperature is realized at cmamjpvely longer time interval and also
with irregular assembly. The effect of temperatore the obtained assembly particles is
summarized inTable 3.2 On other side, the spherical nanoparticles wiiffer@nt
concentration ratios can be systematically tunecapylying appropriate concentration of
individual particles as shown Figure 3.31

Besides the temperature effect, assembling interacs depends on the applied residence
time in flow condition as well as on the spherigahoparticles size and therefore the surface
charges. Higher the surface charges, stronger ffinetyato bind on the flower surface.
Therefore, smaller sized nanoparticles arrangedktyuand as sphere size increases (with
decrease in surface charge) the assembling belmdacomes weaken. Moreover, the critical
residence time is important for the flow assemblnegction. Different sized positively
charged PMMA nanoparticles have high affinity tondithe flower surface without
modification with cationic polyelectrolytes too. flower-sphere assembly, it is possible to
fluctuating and adjusting the surface charge of ib#éh types of nanoparticles by surface
modification. All different parameters for obtaigirthe nanoassembly particles in flow

condition are summarized rable 3.2
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Flow assembly

1. At different temperature
2. At different concentration
3. At different residence time

Figure 3.31Flower-sphere flow assembly: (a-c) are SEM imageshfe different concentration of 110 nm
sized positively charged spherical polymer nandgag assembling on the surface of negatively atirg
flower-shaped nanoparticles (50 pL); (a) 10 uL, 0L and (c) 30 pL. Scale bar for all SEM imaiges
same (400 nm). Drawing represents the Scheme $endsing of oppositely charged flower and spherical
polymer nanoparticle.

3.6.2 Sphere-sphere flow assembly

Initially two different sized spherical polymer raparticles were prepared by using different
concentration of SDS in aqueous phase. The smadlgicles of about 110 nm size and -
24 mV surface charge is obtained at 1 mM SDS cdragon whereas larger spherical
particles of about 280 nm size and -8 mV surfacargd is obtained at 0.01 mM SDS
concentration in aqueous phase. Surface of theerlargnoparticles is then modified with
cationic polyelectrolyte as shown kiigure 3.32(drawing) for the interaction with oppositely
charged smaller particles. Larger particles (zetamtial about +28 mV) make strong
assembling interaction with smaller sized polymanaparticles at 95 °C within a 10 min in
continuous flow condition. Assembly particles weratained at different temperature and
also at different residence time for assemblingabi&tur. The complete result of sphere-
sphere nanoassembly is summarized able 3.2 (bottom rows). By applying the suitable
concentration ratio of both particles in agueouzash, the ratio of smaller spherical
nanoparticles can be systematically tuned on thksei of larger spheres. Therefore, when
10 pL aqueous suspension of about 110 nm sizedngolganoparticles in 1 mL water mixed
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with 50 pL suspension of larger spheres, the ders#haviour in assembly particles is
minimal. The density behaviour increases with iasgein suspension amount of smaller

sphere at constant larger sphere volukigure 3.32 a-c).Further increase in the amount of

smaller sphere forms the assembly particles witdoen coagulation.

Table 3.20btained flow assembling result at various reagtiarameters.

Assembly | Type of Diff. reaction parameters Asserr_lbllng
type particles for obtaining assembly SUENTYS) )
(product)
Flower: zeta At different temp. (res. time RT Average
potential: : 10 min, sphere size: 50 °C High
-18 mV. 110 nm) 95 °C Strong
70 nm Strong
n Sphert_a: zeta At diff. sphere size (temp: | 110 nm | High
Q potential: 95 °C, res. time: 10 min) | 160 nm | Average
= between +2 mV 250 nm | Not at all
8— At diff. resi. time (temp: 5 min Controlled
c Flower- 95 °C, size: 110 nm) 10 min | High/Strong
© -
c sphere 20 min | Strong
= Flower with : . RT Low
Q o :
= modified ﬁg'g'n;[errzg' ,fisrﬁé]?;% ?r|12|rel) 50 °C Low/average
> surface: zeta T ' 95 °C High
o ial: i
potential: . . 110 nm | High
o .
- +43 mV. At (Zn‘f. sph_ere.s,lze (t_emp. 165 nm | Negligible
o 95 °, res. time: 10 min)
- 240 nm | Not at all
5 Spthert'e:lzeta 1 min | Not at all
= potential. : : . 5 min Negligible/low
) between At (3|ff. resh. time (te_mp. 10 min Higgh g
g)) 3 mV and 95 °C, sphere size: 110 nm) : :
@ 22 mV. 20 min | High
= Surface 1 min | Negligible
o modified sphere] At diff. res. time (temp.: 5 min Average
L zeta potential: | 95 °C, sphere size: 110 nm)10 min | Strong
Sphere- | +33 mV. 20 min | Strong
sphere RT Low
Small sphere: | At diff. temp. (res. time: 10| 50 °C High/strong
zeta potential: i ize:
e n?V. min, sphere size: 110 nm) 95 °C Strong
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Figure 3.32 Sphere-sphere flow assembly: (a-c) are SEM ima§diseocontrolled assembly of different

concertation ratio of smaller PMMA nanoparticled@ihm sizedpn the surface of 280 nm sized larger
nanoparticles (50 puL suspension); (a) 10 pL, (bpRGnNnd (c) 30 pL. Scale bar for all SEM images are
same (400 nm). Right side drawing is a Schemelémtrestatic assembly of two different sized sptedri
PMMA nanoparticles.

The layer-by-layer surface modification techniquighwpolyelectrolyte macromolecules is

particularly interesting because of the availapilif the intense charges with flexible or

fuzzy surface [202]. Such active surfaces allowabsembling of different types of charged
nano-objects. Here, four levels of the alternatitiarged polyelectrolytes layers are applied
and the particles were characterized by zeta gateneasurements-igure 3.33)
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—
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surface modification with diff. polyelectrolytes SDS

Figure 3.33 Top drawing is a schematic for the surface maodlian of spherical and flower shaped
polymer nanoparticles with different polyelectre@yiayer-by-layer). Bottom left is a graphical ritsaf
the spherical and flower-shaped polymer nanopestiekta potential at various modification levelse T
standard deviation for all measurement is aboun¥4

Overall, the flow platform provides very homogengoand efficient environment for
assembling the oppositely charged polymer nanapestiof different size/shape and with
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different concentration ratios. Resultantly, thenaessemblies are obtained with high
homogeneity which is interesting for combing thendtional properties of two different

regimes such as mixed fluorescence.
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4 Results and discussion-2: Polymer microparticles
and their composition

This chapter mainly presents the results of siz#grcand composition tuned polymer
microparticles for the fluorescence labeling andRSEsensing applications. Different kinds
of hydrophobic and hydrophilic microparticles (nugel) have been prepared in the cross-
flow microfluidic arrangement through photopolynzation process. The effects of different
microfluidic parameters such as flow rate variatidanctionalization of microreactor,
continuous flow composition of various reactants @ffect of surfactant concentration on
particles size, among the others are systematisaligied here. In first section, the effect of
various fluorophores for the fluorescence outconielabelled particles is described.
In second part, the size and composition tuned cseparticles were prepared in the
microfluidic platform and their SERS sensing effasth different analytes are studied. In
last section, the flow and sequential SERS measanewf different analytes and rinsing

solution is shown with obtained results.

4.1 Microfluidic synthesis of polyTPGDA microparticles

Here, the monochromatic and mixed-colored fluonesoaicroparticles of different size are
prepared in normal and modified microfluidic arramgent, respectively. The different

features of the obtained microparticles are deedrib below subsections.

4.1.1 Size tuned microparticles by surfactant and flow rée control

A cross-flow microfluidic platform as shown Rigure 2.3 was used for the synthesis of
poly(tripropylene glycol diacrylate) (polyTPGDA) anoparticles. The monomer phase is a
mixture of hydrophobic monomer liquid, cross-linkerd photoinitiator, and the carrier phase
is made up of the aqueous surfactant (SDS or CTABg. generated droplets in continuous
flow are solidified by UV light source and the pelgs with different loading of active
compounds are obtained similar to droplets sizee Sif the microparticles is strongly
depends upon the surfactant concentration and feie ratios of both immiscible liquid
phases. Therefore, when a flow rate ratio of 7@ (@L/min/40 puL/min, carrier/monomer)
was applied, the polyTPGDA particles of about 150 gize were obtained. Particles size
gradually decreased down with consistently increpssDS concentration in continuous
agueous phasé-igure 4.1). At constant flow rate ratio of 20 (400 pL/min/gQ/min), the
obtained particles size were about 120 um and 70vhem 3 mM SDS and 5 mM SDS have
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been used in the aqueous carrier phase, respgctdellogous to anionic SDS, cationic
CTAB also tunes the particles size in a similar wajle SEM images of the obtained
microparticles are presented figure 4.1 a-c Moreover, at a similar concentration of SDS
(3 mM) in aqueous phase, the diameter of the obtlparticles can be tuned between 50 um
and 155 pum at varied flow rate ratio between 54M@igure 4.1 d) The obtained particles
are of smaller size because of the early releaseopiets during the high aqueous flow rate.
Furthermore, the particles size consistently ireesawith increasing monomer flow rates.
The particles size can be tuned between 50 um &AduB (broad size spectrum), if the
agueous phase was replaced by a perfluorinatect gNasec 7500 with picosurf) as shown

in Figure 4.1 e

150_(d) ' Conc. of surfactant in (e) a Bigger particles
aqueous phase -
—=—5mM SDS 300
= ——5mM CTAB| .
3 120 g Conc. of surfactant in
9 ;’ 200 - flu.orinated phase
‘® % (Picosurf surfactant)
3 @
£ 804 S
K E 100 -
a
40 T : r T 0
0 10 20 30 40 0.04 0.08 0.12 0.16 0.20
Carrier/monomer flow rate ratio (uL/min) Conc. of Picosurf in Novec 7500 (%)

Figure 4.1 SEM images of polyTPGDA microparticles obtainedddterent flow rate ratio: (a) 400/10
(carrierymonomer, pL/min), (b) 400/15 and (c) 3@0/Zhe graphical representation for tuning of the
particles size at different concentration of (d)SS&nd CTAB in aqueous phase, and (e) Picosurf ireblo
7500.

4.1.2 Droplets generation mechanism in microreactor

Droplets, enclosed with different fluorescence tdels, generated in the microreactor when
monomer thread breaks down by a strong shear tdrtee continuous phas€igure 2.3 e)

For generation of the precise sized droplets, @hffe parameters playing crucial roles: (a)
The surface tension [162] due to strong shear fofceontinuous phase have tendency to

breaks-off the liquid monomer thread to releaseditoplets. (b) Viscosity of the continuous
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phase influences considerably to release the dsopfalifferent size. (c) Channel diameter is
also contributing the dominating effect for conlirgj the droplets diameter. As the droplets
are of micrometer size, the parameters such a®sitge inertial stress, surface tension,
diffusion becomes significant to understand thamfaiton mechanism of droplets [203].
Moreover, in the microfluidic techniques, the paeten such as Reynolds number, Peclet
number and Capillary number are playing cruciaé rfolr the droplet generation mechanism
[203]. The Reynolds number is defined as the ratioounter laminar flow force to viscous
force, and can be calculated as Rex~/v, wherel is the channel diameter, and v andre
the velocity and viscosity of the applied liquigspectively. The generated droplets are of
smaller size because of high Reynolds number whearsforce of the continuous phase is
very high. On other hand, the Capillary numbertisrgly related to the surface tension,
carrier liquid flow and viscosity of the carrier gge [54]. Droplets of different size are
generates at T-junction of microreactor when charigkes place in the Capillary number.
The Capillary number can be defined as, Gy, whereu. is the velocity of the flow, [ is
the viscosity of the fluid, ang is an interfacial tension [49]. Surfactant reduttes surface
tension at the interface of particles [162, 204]or&bver, the reduced surface tension
enhancing the Ca value, because Ca is the ratwsobus force to surface tension forces.
With same diameter of the micro channel, the sfarae increases with increased velocity of
the continuous phase. Resultantly, with increag@enCa value, the shear force increases in
comparison to the surface tension forces whichddld generation of smaller sized droplets
[162, 205].

4.1.3 Monochromatic fluorescent microparticles

The functional polymer particles can be efficientiged in the bead-based labeling and
sensing applications for read-out of chemical imfation from micro fluid segments. To
progress with this criterion, here, the fluoreseenmicroparticles are prepared by
incorporating specific fluorophores during the itsynthesis in droplet-based microfluidic
platform. Four different hydrophobic fluorescenggesl were used separately for producing
the polyTPGDA micropatrticles of different colorsigure 4.2 represents the fluorescence
microscope images of colored microparticles. On baed, the red colored microparticles
were generated when a long ranged emission waveléagrophore (Nile red) mixed to the
monomer solution prior to the particles synthedide red embedded microparticles are
excited at the 510-560 nm light wavelendgigre 4.2 g. Similarly on other hand, when 12-
(7-Nitrobenzofuran-4-ylamino)dodecanoic acid (NBFBldan Black B, and Reichardt’'s dye
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were used; yellow, bluish violet and violet colomattroparticles are obtained, respectively.
Strong emission of fluorescence light at about ®iibwavelength is observed in the NBFD

embedded microparticlesigure 4.2 b).

o 450-490 nm 395-440 nm 300-390 nm

)\' . 510-560 nm
ex " lllumination of single dye-doped poly-TPGDA particles
Mixing of single dye-doped poly-TPGDA at different excitation wavelength >
Dark field image A ! 510-560 nm 450400 300-390 nm

Figure 4.2. Fluorescence microscope images of different dymedopolyTPGDA microparticles at
different excitation wavelength: microparticles tined (a) Nile red dye, (b) NBFD dye, (c) Sudaadgl

B dye, and (d) Reichardt's dye. Mixer of three indually colored particles at different excitation
wavelength: (e) dark field image, (f-h) excitatiandifferent wavelength (same spot of the partielested
at different fluorescence light filter).

In a next step, three identical sized different pwmomatic microparticles were mixed
together and differentiated them by the colorsthie particles mixture, Nile red contained
microparticles (red colored) are excited at the el@vgth range of 510-560 nm. Likewise,
NBFD (yellow colored) and Reichardt’'s dye (blue ared) embedded microparticles are
emitted the fluorescence light at 515 nm and 420 maspectively Figure 4.2 e-h)
Similarly, when four different colored particlesxad with the particles of four different size,
(4 x 4)' fluorescence patterns can be obtained. This migimgess of microparticles with
many different colors and size can creates ever momber of distribution and sequence for

the controlled fluorescence labeling and screeapmications.

4.1.4 Mix-colored microparticles: color tuning in flow condition

By modifying the droplet generating microfluidicrangement, mix-colored polyTPGDA
microparticles of two, three, and four differenidtescence emissions were prepared. For
such purpose, a Y-shaped flow device is arrangédeémqmonomer nozzle prior to the central
orifice of the main microreactor. The controlledxmg of two different fluorophores with
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specific concentration was inserted through Y-jiomctto microreactor for generating the
droplets of precise size by the shear force ofinants flow. Total monomer flow rate is
50 uL/min at different carrier flow rates. Heree ttontinuously tuned concentration ratio of
binary composition of two different fluorophoresiliNred and NBFD) at 30 s of time
interval can produces the microparticles with systec color transformationF{gure 4.3).
Only red colored particles (excited at 510-560 nve)je obtained when total monomer flow
rate was supplied from Nile red contained mononwut®n. On other side, when total
monomer flow was supplied from NBFD-dissolved mororsolution, the obtained particles
were yellow colored (excitation at 450-490 nm). Mindored microparticles of two different
fluorophores can be obtained as showirigure 4.3 by continuous varying composition of
total monomer flow rate such as, 40:10 (uL/min),280 20:30, and so on. The color of the
particles is transforming from red and yellow tcegmish yellow as NBFD amount is

increasing step by step.

Increasmg individual dye amount in two dyes mixture from Nile red (red) to NBFD (yellow) through microractor

Bright field image
of particles
Fluorescence
image of particles
5 . L
Total monomer 50/0 40/10 30/20 20/30 12/38 10/40 5/45 0/50
flow rate (50 pL/min) (Nile red/NBFD ratio) (monomer phase) > Poly-TPGDA microparticles

Figure 4.3 Fluorescencemicroscope images of polyTPGDA microparticles gatext by in-situ
composition of two different colored dyes (Nile r&BFD) during the continuous synthesis of particle

Total flow rate of monomer phase is 50 pL/min.

For controlled fluorescence tuning, the micropéetiovere prepared by embedding different
concentrations of fluorophores during the flow $yasis. Red colored particles with lower
fluorescence intensity were obtained when 0.05 nig i¢d dye was used in the monomer
phase. Fluorescence intensity continuously inceeasdep by step with increasing dye
concentration from 0.1 mg up to 1 mg in 1 mL sauati Similarly, the tuning in the
fluorescence intensity was obtained at about 535wiman different concentration of the
NBFD dye has been used in the microparticlegure 4.4). In next experiment, thm-situ
variation of flow rates was tuned for realizatidraamixed fluorescence signal by mixing the
two different dyes in the identical particles. limdry colored system, when a monomer flow
rate of 25 uL/min (50 %) from each of the two momonsolution was applied (total

monomer flow rate is 50 uL/min), the obtained mpamuicles showing two different peaks at
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different wavelength in a single fluorescence sprct Peak intensity of the individual dye
depends on the related concentration of respedyee in the composed binary colored
particles. For instance, an equivalent amount efNiie red dye and NBFD dye (50 % each)
in the identical microparticles shows the fluoresme spectrum with two different peaks at
530 nm and 620 nm with similar intensity. In a danway, the individual peak intensities
can be systematically tune by varying the approprigoncentration ratio of the mixed

fluorophores in microparticles.
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Figure 4.4 Fluorescence spectra of the NBFD (with differenhaantration) embedded polyTPGDA

microparticles.

The mixing of hundreds of different sized particleish tens of different typed mix-colored
particles can produce thousands of different padtéor mixed and tuned fluorescence at
same time. Particularly, as shownHRigure 4.5 athat the similar sized two different colored
particles integrated at single spot and createtu@eiscence pattern where red colored
particles are excited at higher wavelength (510+®Q and yellow colored particles at lower
one (450-490 nm). The particles which are generatent controlled in-situ composition of
two different fluorophores retain mixed fluorescemroperty. Therefore, the mixture of two
differently mix-colored particles creates a fluarsce pattern where red-color dominated
particles are excited at higher wavelength (510+4®0). In these experiments, fluorescence
strength of the particles depends on the concémraf used fluorophores, size and in-situ
composition of different colors. Hence, the compbs@&ary colored particles were mixed
together which produce the colourful pattern obfescent polyTPGDA particles and they

can be easily distinguished on the basis of c@srshown irFigure 4.5 h

102



4 Results and discussion-2: Polymer micropartiales their composition

(a) Mixing of two types of particles (b) Mixing of three types of particles
Fluorescence excitation wavelength
(510-560 nm) (450-490 nm)

Fluorescence excitation wavelength
(510-560 nm)

Bright field Bright field

Particles with
Nile red:NBFD

64 35:65 ratio

In-situ composition
of dyes during
particles synthesis

Bright field microscope image

400 500 600
Wavelength (nm)

Figure 4.5 Fluorescencenicroscope images of (a) two different types oflyptPGDA microparticles
(different conc. of Nile red and NBFD): (1) 50 plim® puL/min (Nile red:NBFD) and 0:50 (Nile
red:NBFD), (2) 30:20 and 50:0, (3) 15:35 and 5@8d (4) 35:15 and 5:45; (b) and (c) three and four
types of poly-TPGDA patrticles with in-situ compdsit of two dyes, respectively: (1) 50:0, 35:15 and
0:50, and (2) 50:0, 30:20, 10:40 and 5:45, samdssfutark field images) excited at two different
wavelength (510-560 nm and 450-490 nm); and (@rélscence spectrum of the particles embedded with
35 % (Nile red) and 65 % (NBFD).

Large number of chemical, genetic or pharmaceutests can be performed at a same time
in the microfluidic platform via high-throughputreening process. It is because of a specific
microreactor which provides a highly homogeneousashing condition and produces a
broad library of desired product via in-situ comigioa of many reactants. Particularly here,
a library of fluorescent polyTPGDA microparticlegthivcontrolled composition of quaternary
colored fluorophores are obtained by modifying tleneral microfluidic arrangement as
shown inFigure 2.3 c. The continuous composition via online monitoredwfleariation
program takes place in the manifold device whidlarsged in the monomer nozzle prior to
the central orifice of microreactor. Twenty distimompositions of four different monomer
solutions such as, 25:10:10:5 (uL/min), 20:15:51M10:10:20 and so forth were supplied at
the changing frequency of 30 second (total mondioer rate 50 pL/min). Resultantly, the
microparticles of mix-colors are produced accortlinghich emit the fluorescence light at
different wavelengths. Nile red and NBFD dye-dopeutroparticles are excited at 510-
560 nm and 450-490 nm ranges, respectively. Twaerdges Sudan Black B and Reichardt’s
dye were used here. The quantum yield is not so fagthese latter two dyes, but they give
the composed color patterns for color tuning. Theroparticles embedded with Sudan Black
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B visualized as violet colored at the excitationvelangth of 395-440 nm range, and
Reichardt’'s dye embedded blue colored micropagiale excited at 300-390 nifigure 4.6

shows the obtained microparticles which are exatedifferent wavelength.

Fluorescence excitation wavelenqgth
510-560 nm 450-490 nm 395-440 nm 300-390 nm

Dark field images
Fluorescence images

Figure 4.6 Fluorescence microscope images of trinary (top ramg quaternarybottom row)different
kinds of microparticles produced by in-situ combima of variable concentration of four differentedy
Nile red, NBFD, Sudan Black B and Reichardt’s dye.

In all above cases of monochromatic and mix-coloredroparticles where different
hydrophobic fluorophores were embedded in the geastiinterior and the entire polymer
network realizing a fluorescence-active. To extethé strategy, different hydrophilic
fluorescent microgel particles were also prepangtubed composition of different aqueous
fluorophores. A detailed procedure for the synthesid different properties of the hydrogel
microparticles is given in section 4.2. In belowctgm, a brief description of fluorescent
hydrogel particles is given with obtained results.
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4.1.5 Fluorescent hydrogel particles

Fluorescent polyacrylamide microgel particles ameppred byin-situ embedding the single
and mixed fluorescence dyes during the dropletaserofluidic synthesis in the cross-

flow setup as shown iRigure 2.4

Transmission Fluorescence excitation wavelength
light image 395-440 nm 510-560 nm 450-490 nm 300-390 nm

8)

) (
> > | d
‘h 4& -

Figure 4.7 Optical microscope images of fluorescent polyaenjtie hydrogel particles: (a), (c) and (e) are

the transmission light images of fluorescein, titgllow and four different dye-embedded particles,
respectively. (b), (c) and (f-i) are the fluoresoerimages at different excitation wavelength (b drate

excited at 450-490 nm and 300-390 nm wavelengthelarScale bar for all images is same (500 pum).

The monochromatic particles where fluorescein d@ad tyellow dyes were embedded in the
particles interior individually. The fluorescein bedded particles excited at the light range
450-490 nm and titan yellow embedded particlesvemgalized as blue colored by excitation
at 300-390 nm light wavelength. Moreover, four eliéint dyes (fluorescein, titan yellow,

orange G and sulforhodamine B) were mixed contpblléo obtain the size and color-tuned

hydrogel particles as shoviaigure 4.7.

Overall in section 4.1, the size and color-tunedrbghobic and hydrophilic microparticles

were prepared and characterized them by fluoresa@nmroscopy and spectroscopy.
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4.2 Microfluidic synthesis of sensor particles for SERSensing

Here, size and composition tuned polyacrylamiderdwyel particles are synthesized in the
cross-flow microfluidic arrangement. Size parameteidy, tuning of the surface properties
such as metal enhancement, simultaneous mechani$m phmtopolymerization-
photoreduction, and tuned surface-enhanced Ramatteiscg (SERS) sensing effect of
different biochemical and organic compounds arerilgsd in detail.

4.2.1 Size-tuned composite hydrogel microparticles

The generation of the polymer/silver compositeipkag is resulted from the co-initiation of
photopolymerization and photoreduction during tigiatl exposition in droplet-based micro
flow arrangement. The monodispersed droplets faomdR06] is crucial for homogeneous
polymer particles production [11, 207] because size¢he particles is comparable to the
droplets diameter. Stable spherical droplets okags solution are generated in the flowing
continuous phase in the Si chip (with 40 um hoserditer) embedded microreactor as shown
in Figure 2.4 The carrying nozzle diameter is of 500 pum anddiaeneter of formed droplets
is about 60 um which explains for the fact that dineplets are embedded inside the carrier
solution. The droplets are solidified at irradiatmone within shorter residence time of about
0.5 sec. Heran-situ formation of silver (Ag) nanopatrticles inside {h@ymer matrix is takes
place during the photosynthesis as color of thainbt microparticles corresponds well with
typical plasmonic absorption of spherical Ag nantples [208, 209]. When 10 mM AgNO
solution of 30 % acrylamide monomer was used, thghb yellow colored composite
polymer particles were obtained. Yellow, brown dntaick colored polyacrylamide particles
sequentially generated when Agbl@ncentration was gradually increased from 15 ngM u
to 100 mM. Here, the homogeneous distribution oinagoparticles in the polymer interior is

achieved during the synchronized photopolymerizaibotoreduction process.

The whole process is robust against a variatiosudfctant concentration and flow rate ratio
of both immiscible phases. Particles of about 55@md 220 um diameter were obtained
when 0.125 % and 0.062 % picosurf (in Novec 75@3 Ibeen used in the continuous phase
at a flow rate ratio of 35 (350 puL/min/10 pL/min,arder/monomer), respectively
(Figure 4.8) A late release of droplets resulted when surfdatancentration was not high
enough. Therefore, the particles are obtained rgietasize. Polymer rods of about 500 pm
diameter are obtainedrigure 4.8 d with further increase in the monomer flow at éased

carrier flow rate (200/80, carrier/monomer). Whemfactant was not present, smaller-sized
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particles of about 230 um were also formed at Vyegn carrier flow rate (1000 pL/min).
Here in such case, the residence time for the g&wdroplets at irradiation zone is very
short and hence the obtained particles are semiv@mrlzed which finally fused with each
other in the collection tube. At 0.062 % picosurhcentration, the obtained particles are of
220 pm when flow rate ratio was 35 (350/10 pL/neaxrier/monomer). Similar sized (about
220 um) particles were obtained at the flow ratéioraof only 5 (200/40 pL/min,
carrier/monomer) if a higher concentration of pio$40.125 %) was usedrigure 4.8 e and
4.8 fsummarizes the result of obtained polymer partisiess with respect to the variation in

surfactant concentration and flow rate ratio ofhbiatmiscible phases.

300 - 450 4 . Conc. of Picosurf in
= = Carrier phase:
5 Carrier/Monomer flow rate: 5. 0.0125 oz
Q (350/10 pL/min) 8 500 ’
g 200 4 \ @ (Carrier/monomer, uL/min/pL/min)
% ® Picosurf dissolved in Novec 7500 % (400 pL/min/40pL/min = 10)
g 5 150-
8 100 - ) 8 P
L . L
s ‘\—\i\é s \;\‘\.
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Conc. of Picosurf in carrier phase (%) Carrier/Monomer flow rate ratio (uL/min)

Figure 4.8 SEM images of the size-tuned polyacrylamide micriglas obtained in the microfluidic
platform at different flow rate ratios of carri€r.125 % Picosurf in Novec 7500) and monomer ph@ge:
300/50 (carrier/monomer, pL/min), (b) 300/20, (€0AL2 (smaller particles), and (d) 200/80 (without
Picosurf in carrier phase). (e) and (f) are theohieal results of obtained particles from the dffafcflow
rate ratio and surfactant concentration, respdgtive
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4.2.2 Surface porosity of the sensor particles

For enhanced sensing effect, particularly SERSsémsor particles have to satisfy two basic
requirements: (a) high porosity for the larger tl@de surface area to interact with analytes
and (b) high density of metallic materials at therface. The water content in the

microfluidically formed droplets is responsible tbe formation of a gel-like state [24] of the

obtained particles and is dependent on their shiétla The porous structure of polymer

beads becomes clearly visible at the surface dit@gng process. The nano-pores with a
diameter in the order of magnitude of about 200amd below were obtained as shown in
Figure 4.9 a. It is supposed that the additional much smalleepare also present in the

polymer matrix. As the amount of cross-linking agéhisacylamide) increases in the

monomer mixture, the matrix becomes harder and pbeosity decreases gradually

(Figure 4.9 b)

(b) Amount of cross-linking
=3 agent tunes the porous
size on the surface

400+

{Particle size

=40 Mm
—— 250 um

0 3 6 9 12
% of MBAm in monomer phase
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o

Figure 4.9 (a) SEM image of polyacrylamide particle possess ptyosh the surface, (b) graphical
representation for the relation between obtainedysosize on polymer particles surface and crossAg

agent amount in a monomer phase.

4.2.3 Silver tuning in sensor particles for SERS sensing

The UV source induces the photochemical activatfon in-situ formation of Ag
nanoparticles in the polymer matrix during micradic synthesis. In a triplet state,
photoinitiator is known to underggscleavage and generates a pair of radicals [216hasn

in Scheme 4.1The radicals quickly provide electrons and redgdhg” ions to form the Ag
nanoparticles together with photopolymerization nebnomer droplet. The homogeneous
distribution of the formed Ag nanoparticles in polr interior is achieved because of well
dissolution of Ag salt in monomer solution. The eeff of different concentrations of
embedded Ag in the polymer matrix has been invaidhere; higher the salt concentration,
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more the numbers and larger Ag nanopatrticles wetaireed which can be concluded from
the obtained colors of sensor particles. Opticatrasicope images of the Ag embedded
particles are shown iRigure 4.10 a-c Obtained polymer particles with high embedded Ag
nanoparticles amount (80 mM) are dark brown in ic(ffagure 4.10 b)compared to the light
brown colored particles of lower Ag loading (40 mMgure 4.10 a) The particles without
Ag content are visualized colorless.

Oy CH, NH,
CH3 | . . (:H3 -
(0]
O OH
O OH Silver Monomers v
Photoinitiator Photoradicals source
AL HN_ O
Sy, Ag°® , .

/// Ve,\?e// * ’ 'n
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Asc. = : Silver .. %e
acid + _ salt °
N —— sy, P
/);@/. ' - )

& . ) o o
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In-situ Ag embedded Ag enforced composite
polymer microparticles polymer microparticles

Scheme 4.1Scheme for the simultaneous photopolymerizationtgrieduction of polymer

composites microparticles.

The embedded Ag nanopatrticles act as nuclei fahdurenforcement of Ag on the surface,
because SERS sensing activity of the primarily #anparticles can only be enhanced by
higher density of Ag at bead surface. Thus, in otdefurther Ag enhancement, 50 puL
aqueous solution of ascorbic acid (5 mM) was adaedhe particles suspension which
contains about 20 particles of 80 um diameter. 5AgNO;3 (in the range between 2.5 mM
and 10 mM depending on the intended degree of Agreement) have been added in small
portion of about 50 pL under vigorous stirring ciiaeh to this mixture. The rapid formation
of enhanced metallic Ag is observed on the polysueface as color of the polymer particles
converted to black immediately. The color changeealized due to the growth of Ag
nanoparticles inside the polymer matrix throughegasnd at the surface. The formation and
tuned deposition of Ag at different concentratiam @asily be identified by light microscopy
characterizationKigure 4.10 d-§. Additionally, further variation of Ag nanopatiés (size
up to 250 nm diameters) on surface can be systeatigittuned by altering the concentration

ratios of AQNQ and ascorbic acid. When 2.5 mM ascorbic acid aunagon was used, the
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formed Ag nanoparticles are of about 40 nm andr5size at 2 mM and 5 mM AgNO
concentration, respectively. With further increaseascorbic acid concentration, the Ag
nanoparticles size increases at constant AgNOncentration because of spontaneous
aggregation during growth. On other side, the fdiomaof bigger Ag nanoparticles is
resulted at higher AgN£concentration. Therefore, about 110 nm sized Awpparticles on
the bead surface are formed at 5 mM ascorbic awid7amM AgNQ solution.Figure 4.10

g-i andFigure 4.11 a-cshows the obtained results for size-tuned Ag naricfes and their

densities on the surface of polymer microparticles.

Figure 4.10(a-c) Light microscope images of the polyacrylamidieroparticles with different amount of
embedded Ag: (a) 40 mM, (b) 80 mM, and (c) micrtipkas mixture with different amount of embedded
silver (0 mM, 10 mM, 20 mM and 30 mM), (d-f) opticenages by transmission light of 60 mM Ag
embedded particles with different concentratioemforced Ag: (d) 2.5 mM, (e) 5 mM, and (f) 10 mMg- (

i) SEM images of composite particles with differentoamt of enforced Ag: (g) 2.5 mM ascorbic acid and
2 mM AgNG;, (h) 5 mM ascorbic acid and 2 mM AghGnd (i) 5 mM ascorbic acid and 5 mM AghNO
Scale bar for image a-c is 1 mM, for d-f is 500 @mal g-i is 5 um.

Plasmonic character of the sensor particles is waihplemented by the optical spectra of
particles suspensiorFigure 4.11 d. The collective oscillation of the conduction alen

takes place at the surface of Ag nanoparticles ugadiation of light [211]. In the colloidal
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suspension of pure Ag nanoparticles, it is markethk characteristic strong absorption near
about 400 nm of Ag nanoparticles.
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Figure 4.11 Graphical results for the enforced Ag nanopartieclesrage size at the matrix surface with
respect to different reaction conditions: (a) affedént concentration of silver salt, (b) at diffat
concentration reducing agent, and (c) at differagNO; concentration in the matrix during in-situ
synthesis. (d) UV/vis spectra of the polyacrylansdeer composites microparticles of only colloicked
nanoparticles (black line), 40 um sized polymerrixatith 60 mM embedded Ag (in-situ formation of Ag
nanoparticles when 60 mM AgNQvas used) (red line), and 40 um sized polymer imatith 5 mM
enforced Ag nanopatrticles (blue line).

In contrast to the sharp plasmon absorption peahnadler Ag nanoparticles [212], the peak
become significantly broadened when Ag nanopasdiale embedded in a microgel interior.
In addition, the absorption peak of composite ngetoparticles shifts to the higher
wavelength. As shown ifigure 4.11 dthe absorption peak moved to about 425 nm when
Ag nanoparticles were distributed (during in-sitynthesis) inside the polymer matrix.
Broadening and bathochromic shift of a fundameptasmon peak is also enhanced with
increasing silver deposition amount (aggregatiare)sion the surface of Ag-embedded
polymer particles. It is proven that the plasmoakpeecomes red-shifted and broadened with
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enhancement in the Ag nanoparticles size [213]alllgin anisotropic Ag nanopatrticles, the
SPR band is often divided into two different modadransverse mode and a longitudinal
mode [211]. Here, the formation of larger Ag nantipkes takes place in the case of higher
AgNO; precursor solution which also gives two differ@aaks similar to the anisotropic
nanoparticles. A detail study for the differentg&dorming mechanisms of Ag nanopatrticles
is beyond the scope of this thesis. But, the dstaBERS study of differently composed

sensor particles with various biochemical molecalesdescribed in below section.

4.2.4 SERS sensing application

Raman spectroscopy is an influential technique detecting and identifying the analyte
molecules in corresponds to their unique energyellesf vibrations [214]. The local
electromagnetic field around the roughened surf#cenetallic nanostructure enhance the
Raman scattering outcome [95]. An intense locattetefield within a few nanometers at
nanostructure surface can be generated by LSPR Sermr-field effect can optimize the
Raman scattering cross-section of molecules addorbeto the surface of metal
nanoparticles. This phenomenon of enhancing theadRasgattering cross-section is called
surface-enhanced Raman scattering (SERS) [215].LBRR is a heart in the SERS effect,
because the SERS intensity depends crucially ow#wvelength and strength of the plasmon
propagating at the surface of nanostructure [2I6 SERS enhancement factor (ratio of
Raman signals from the applied number of moleculgbe presence and in the absence of
the nanostructure) strongly depends on the sizgeshnd composition of the SERS substrate
that give rise to the effect [217]. Rapid and s@sifingerprint information of various
analyte molecules with high reproducibility can yile obtained by using reliable, stable,
well-defined and uniform SERS substrate [216-220h this thesis work, the
polyacrylamide/silver composite particles were ussda powerful SERS substrate due to
their enhanced Ag surface provides plenty of ‘hpmits’ for the uniform SERS outcome and

also provide long term stability.
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Figure 4.12 SEM images of the silver/polymer composite micrtipees with different Ag amount on
surface: (a) 2 mM, (b) 5 mM, (c) 20 mM, (d) 80 mahd (e) 160 mM. (f) Tune8ERS spectra at different
Ag concentration. (g) Test SERS measurement ofoseparticles at 10 mM adenine concentration
(analyte). (h) and (i) normal and magnified SER&csa at different concentrations of adenine.

SERS primary measurement is performed by usingerdifit size and composition tuned
sensor particles. No any Raman signals were olatameen the particles without Ag
enforcement are applied to the focus of Raman l&s&m (green laser with 532 nm
excitation laser source). On other hand, high SERfhals intensity realized if Ag
nanoparticles were deposited on the surface ofnpadymatrix significantly Eigure 4.12 a-

f). The obtained Raman peaks correspond to thetidhreesonances of polymer matrix. The
signal intensities consistently increase with iasiag amount of Ag enhancement up to an
applied concentration of 150 mM AgNOn the enforcement procedure. Further AgNO
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concentrations (200 mM) causes the deposition of dense Ag aggregateBigure 4.12 ¢

on the surface and hence the SERS signal intetsdseased down drastically. In such case,
the random and intense aggregation of Ag nanopestmovers the entire matrix surface and
fills the nanogaps between adjacent Ag nanopastitten where huge enhanced effect might
begin (hot spots) [217, 220].

For sensing the biochemical species through SEREopih, adenine analyte has been
applied to the surface of sensor particles. The SEfect is well reflected by the comparison
of three spectraFgure 4.12 g) Pure adenine solution as well as only sensorichest
(without analyte interaction) is not showing angrsficant fingerprint information. The
feature of the fingerprint information detected whadenine solution interact with sensor
particles by enhancing Raman scattering crosseseofimolecules adsorbed onto the surface
of Ag nanoparticles. The broad band peaks ariseselem about 1450 cthand 1650 ci
could be due to the interaction of Ag nanoparticeth polyacrylamide matrix. An intense
and sharp SERS signal arise at 738'evhen adenine solution applied to the Ag enforced
porous sensor particles. A strong Raman peak at@B&eatures due to the ring breathing
effect, and another strong peak at 1330' @an realized due to the ring stretching effece Th
enhancement of SERS signals (intensity) is stromtggends on adenine concentrations.
SERS signal at 738 chobserved with low intensity at lower adenine comiion (1 pm)
and increases regularly with increasing adenineceatnation up to 1 mM and 10 mM
(Figure 4.12 1.

SERS biosensing is a highly selective techniqueagpgmiication in the detection of wide range
of biological samples and disease [221]. Molecslesuld possess polarizability to show the
Raman scattering effect [222] where deformatiorihef electron configuration takes place
upon light irradiation. L-lactic acid (analyte) Wwisensor particles, for instance, is showing
Raman fingerprint information by giving intense cjpal peaks at about 860 ¢mand
1410 cni* (Figure 4.13 a-c) These characteristic Raman bands can be obtdinedo the
Ag-OH and Ag-O bond of carboxylic acid group of L-lactic aciddaalso could be due to
the substrate (sensor particles with 40 mM embedudgd It is also assumed that 860tm
band can be obtained from the C-CO stretching lafctic acid [223]. In case of free L-lactic
acid solution (10 mM) and L-lactic acid on sensartigles (without Ag deposition), no any
Raman signals were obtaineBligure 4.13 ¢ blue line). The tuned SERS signals were
observed when L-lactic acid (down to the lowestosmtration of 10 um) interact with Ag-
enforced polymer beads (sensor particles). Thezefbrs supported by the fact that the used
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sensor particles can be used as a versatile SEBSrate for the particles-based sensing
application of various biomolecules. L-lactic agsda significant metabolite in blood and an
effective indicator for estimating physiologicafttion [223-225]. The severe enhancement
in the L-lactic acid concentration cause severaliadl symptoms such as congestive heart
failure [225]. Thus, the SERS platform provides easy identification of L-lactic acid
information upon utilization of a reliable SERS strhate.
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Figure 4.13SERS spectra of the sensor particles upon interaatith different concentrations of different
analytes: (a) and (b) Normal and magnified SERStspeat different concentrations of L-lactic acid
(analyte). (c) Controlled measurement and compamgSERS signal position with average and very low
concentration of L-lactic acid analyte on microjdes. (d) Tuned SERS spectra of sensor partides a
different concentrations of pantothenic acid amalyithe sensor particles with 60 mM embedded Ag and

40 mM enforced Ag was used for all measurementisisnmage.

Many other analytes such as vitamins and aminosac@th also be detected through SERS
platform by using microfluidically prepared sengarticles as a SERS substrate. Pantothenic
acid is a water soluble vitamin and also an esalentitrient for many animals. The SERS
band between 1300 ¢hand 1650 cii can be obtained after the interaction of Ag with
polyacrylamide surface in presence of pantothecit @ mM). The moderate peaks between
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700 cmi* and 900 cnit might be appeared due to the-Aybond vibrationsKigure 4.13 9.
The SERS signal intensities consistently incredseapplying enhanced concentrations of
pantothenic acid. Particularly here, the SERS nreasent with obtained results is compared
with different concentration and type of analytgsulsing 532 nm laser powers. Overall, the
composition tuned Ag/polyacrylamide sensor parsiatan be used as a powerful particle-
based SERS substrate for identification of biomaks in a batch condition. Moreover, the
flow SERS measurement can be a promising strategyidentification and sequential

analysis of multiple analytes at a time. This stgatis described in below section with detail.

4.3 Flow and sequential SERS measurement

Integration of microfluidic techniques with SERS cnoiscopy offer the platform where
analysis, detection and accurate monitoring of dewange of analytes can be performed.
Microfluidic processes works at highly reduced vo&uof the reaction solution and provides
efficient mixing atmosphere at continuous streamaumdition [203]. It is therefore a
powerful platform because many chemical and bialalgiests can be performed in a single
experiment of high-throughput screening in flow. burrent time, the sequential
measurements of multiple analytes through a siSfikS substrate have captured broad
attention [225]. Hence, here in the compact Rameteation arrangement, the sequential
SERS analysis in the continuous flow conditionasf@rmed by the application of alternative

ringing procedure.

4.3.1 Flow measurement concept and device arrangement

For the arrangement of device, three syringe puagisating different active solutions
alternatively to the sensor particles (aboutl00gired Ag/polyacrylamide microparticles
with Ag enforcement) which are placed in the gleapillary as shown ifrigure 2.5 The
dark and reference spectra were captured prioneddSERS spectra of different analytes in
flow at 1 second integration time. High reproduldipiof SERS signals was observed with
the two test analytes adenine (2 mM) and histit@mM) by use of a compact Raman
spectrometer (Raman System, R-3000). Typical measamt cycles were set at 1 minute
range with flow rates of 40 pL/min of individualawgte solution. The Raman laser (50 mW
power with 532 nm excitation range) spot size isut8 mM in diameter in compact glass
capillary. In arrangement, the applied particlesthe SERS sensing of another analyte can
be regenerated by the application of a flow ringgngcedure by diluted sulphuric acid. Thus,

this process is well suitable for the sequentiahsneements in continuous flow condition.

116



4 Results and discussion-2: Polymer micropartiales their composition

4.3.2 Sequential SERS measurements under flow conditions

Here in a flow arrangement, the switching of thalgie and rinsing solution (which make
desorption of the adsorbed analyte from particlease) produces the Raman fingerprints
signature. Before the analyte actuate to sensdiclgs; only small Raman signal were
observed from the particle matrix itseFigure 4.14 basic line 1). In this case, a SERS
signal at about 1180 ¢hran be interpreted by a polymer skeletal vibrafg26]. The small
band at about 2935 chis probably related to the symmetric G-$tretching in the polymer
matrix which was found at 2931 €nin polyacrylamide gel [226].

1200
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Figure 4.14Flow SERS measurements in the compact arrangemsérg sensor particles inside a glass
capillary: (1) only sensor particles, (2) during tapplication of histidine solution and (3) aftersing by

diluted sulfuric acid.

The SERS signals with high intensity arise durimg application of 10 mM histidine solution
to the sensor particles. Histidine (amino acid) hasigh affinity to Ag surface of sensor
particles, and therefore the strong signals aréably realized which corresponds to the
well-known SERS effect of histidine [227, 228]. Hen SERS spectra, very broad and strong
double was found between about 1200'and 1600 cr. Very strong absorption at around
1300 cn corresponds to the strong resonances of breaéinidgleformation vibration of the
imidazole ring in aqueous solution [229]. The serabhands around 700 &hand 780 cri
could be related to the ring breathing and outlaf@ bending [229]. The actual confirmation
of histidine chemisorption at the surface of sermoticles is supported by the effect that the

histidine spectrum was also observed after ringiitg aqueous solution. But, it was found
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that a simple rinsing of sensor particles by sidfacid (regenerating solution) leads to a
complete removal of histidine and the subsequesapgiearing of the SERS spectrum
(Figure 4.14 base line 3). This effect is probably due tophatonation of nitrogen atoms in

the amino group and imidazole-group leading toranst reduction of the interaction forces

between histidine molecule and Ag surface of sepadicles.

600 ~

500 -

H

o

o
1

w

o

o
1

Raman intensity

200 -+

100 -

LTI T

0 200 400 600 800 1000 1200 1400 1600 1800 2000
wave number [cm -1 ]

Figure 4.15Reproducibility of SERS-flow sensing: IndividUBERS spectra of sensor particles during the
flow of an adenine solution (40 uL/min) at frequgraf 1 Hz (the base line of the single spectra was

shifted by 5 units between the individual measurgséor better visibility).

A high signal-to-noise ratio was also observedhgyapplication of other analytes. Molecules
containing N-heterocycles or amino groups are stible for sequential sensing because of
their high affinity to Ag surface. The continuouswWw SERS spectra of the adenine, for
instance, have been measured as showigure 4.15
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Figure 4.16 Application and measurement of different analytgsdpeated switching of flows of analytes
solution and rinsing solution (flow rate: 40 puL/miapplied concentrations: histidine: 10 mM, adenine

2 mM, sulfuric acid 3 %).

An intense peak at 734 ¢hcan be assigned to the ring breathing effect [22@jother
prominent resonance at 1336 tmorresponds to the ring stretching, and it is lg@avery
strong resonance and was found in the single partieasurement, too. The reproducibility
of SERS spectra is high as repeated measuremethtamvintegration time of only 1 second
was demonstratedrigure 4.195. Moreover, no any thermally induced degradaticocpsses

have been observed in the continuous flow expetisnesing the fiber-coupled compact
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Raman arrangement. The response of the sensoclgartn the application of different
analyte solutions was investigated by a repeatettiswg between a histidine solution, the
rinsing solution and an adenine solution. This satjal measurement was realized by on-
and off-switching of the different syringe pumpsflow arrangement without any change in
the applied sensing particles. In all cases, th@ic#y SERS spectra of the analytes
disappeared after rinsing the sensor particleshbyrégenerating solution (diluted sulfuric
acid) as shown ifrigure 4.16 The spectra of the alternative analytes (histidind adenine)

in sequence were always found without any distwwzbaim SERS peak positions. The
investigation reveals that the concept of a mitwavfRaman sensing by sensor particles can
be realized in the compact SERS arrangement faresgigl measurements of different types
of analytes. The change between analyte applicaimh rinsing for regeneration can be
realized by a microfluidic setup which allows artcamated switching between fluid input
channels for analytes and for regeneration solstion sequential continuous flow. An
approach is well applicable for the mobile systemnsl for the site-of-care applications
because of the application of compact Raman comysrand fiber coupling. It is clear in
this finding that the realized accumulation timeooie second and complete measurements
cycles of about one minute show that the sequerms@hple application in series of

measurements and miniaturized screenings can f@ped in wide range.
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5 Conclusion

In this work, various types of complex polymer npaxticles and microparticles with their
assembling and composition characters for labedimd) sensoric applications are prepared in
the microfluidic platform. The primary focus of shithesis was the optimization of
microfluidic platform for producing the size, shapaorphology and composition tuned
multi-scale polymer particles via emulsion and smgon polymerization process. The

performed work leads to the following major conaus:

. Here, the investigation reveals that the Si holeplzased cross-flow microfluidic
arrangement is perfectly suitable for the produrciod well-defined hydrophilic and
hydrophobic polymer nano and microparticles of etd#ht size, shape and

composition.

. Spherical poly(methyl methacrylate) (PMMA) nanopdes of the size range
between 60 nm and 500 nm can be produced by vathieglow rates, flow rate
ratios, concentration of anionic (SDS) as well atsonic (CTAB) surfactants and
reactants composition in the microfluidic setup.eTdéharacterization by SEM and
zeta potential measurement supported the dominataffpct of surfactant

concentration for uniform tuning in the nanopadgckize.

. It was observed through experiments that the regtleaming condition and efficient
mixing of the reactants in the microreactor abl@raduce highly controlled compact
non-spherical polymer nanoparticles in a singlg-gt@cess. The analysis shows that
the ellipsoidal-like PMMA nanoparticles can be isadl at higher aqueous to
monomer flow rate ratio whereas the dumbbell-lilaparticles were obtained at
lower flow rate ratio. The PSS-co-PM (polyelecttelyin aqueous phase play a key
role for the formation of compact nanoparticles @rahn be hypothetically explained
by in-situ nanoassembling of growing particles on the basipastial repulsion,
limited polarization and controlled electrostatiteraction. By varying the PSS-co-
PM concentrations and flow rate ratios, the elligab and dumbbell-like
nanoparticles of aspect ratio between 1.1 andl@n@ih between 150 nm and 510 nm
whereas width between 120 nm and 260 nm) were peatitMoreover, it was found
that the high monomer flow rates allow the formatad elongated linear (aspect ratio
up to about 8) and branched polymer nanoparti€esother side, by using non-ionic
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polymer polyvinyl pyrrolidone (PVP) in the aqueopkase, the controlled flower-
shaped PMMA nanopatrticles of the size range betw&@hnm and 1 um were
produced. It can be assumed that the formatioramftdred structure is a result of
aggregation of multiple aggregate phases on thie basolvation power and mobility

factors.

Polymer nanopatrticles with shell-like surface laygr controlled copolymerization
approach of PMMA (hydrophobic) and polyDADMAC (hygbhilic) domains were
performed. It was observed that the mean partgilesis consistently decreases with
increasing concentration of hydrophilic monomerschtsupports the standard effect
of interfacial stabilizing agent for size contrdlranoparticles. But, interestingly, it is
found that with further increase in the hydrophitimtonomers concentration, the
particles size is gradually increases which rettealresult of surface thickness of the
hydrophilic polymeric (polyDADMAC) layer at constaRMMA core size. Here, it
can also be summarize that the integration of @scent and plasmonic nanomaterials
with such polymeric nanoparticles forms the comdblnanoassembly for LSPR,

SERS and fluorescence activities.

Four different strategies have been developed aocessfully implemented here for
the formation of fluorescent PMMA nanoparticlestioé size range between 60 nm
and 350 nm. In first strategy, the microfluidic iatsd production of non-covalent
linking of fluorophores in the nanoparticles interis recognized. It was found that
the high loading of fluorophore is realized in thanoparticles interior by this

technique. To avoid the leaking problem, the secsindtegy is developed where
fluorophore can be covalently-linked to the netwoflpolymer nanoparticles. In third

strategy, hydrophilic charged fluorophore can actaasurface stabilizing agent too
which control the size, surface charge and fluaese intensity of the polymer

nanoparticles simultaneously in a single-step m®cd&he multi-layer approach is
well-known for the planar surface, but here wenedrthat this strategy can be well
applicable to the colloidal polymer particles, tGtwree major functionalization steps
were performed by covalent, electrostatic and sgagninteractions on the spherical
nanoparticles as a model system. The investigatwws that the interaction of
dye-labelled streptavidin on the outer surface makbe entire network a

fluorescence-active.
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The investigation and experimental results revdaist the Si holeplate-based
microreactor able to produce the simultaneous aizé color-tuned polyTPGDA
microparticles of size ranges between 50 um and p380 Moreover, the
modification in microreactor was applied for theogbuction of multi-coloured
microparticles which can be used for the fluoresedabeling applications.

Highly controlled PMMA/Ag heterogeneous nanoasséssblwere prepared by
precisely adjusting the surface charges on bothvithdal components in batch
synthesis. It was found that the controlled surfabarge and appropriate thermal
conditions are key issues for producing the distacuntrolled nanoassembly
particles. Moreover, for providing the highly honeogous reaction environment, a
flow assembling process of the size and shape atedrpolymer nanoparticles were
performed for producing different types of assenyiyticles after discrete layers of
the surface modifications. It was found that beeanisthe flow parameters such as
efficient mixing and reaction at high interface aréhe assembly particles were
obtained with extraordinary high homogeneity.

An investigation shows that polymer/silver compesiensor particles of cross-linked
polyacrylamide with controlled diameters betweepwB30 pm and 600 um can be
reproducibly prepared by the application of a micress-flow arrangement via
droplet generation for a suspension polymerizatibime required high content of
distributed metallic silver inside the polymer nmatis achieved by a combination of
in-situ formation of smaller metal nanoparticles during tthow process and a
silver-catalyzed silver deposition in a subsequeatch process for SERS-active
sensor particles. From the obtained experimentlli® it can be concluded that
these polyacrylamide/silver sensor particles chadldised as versatile SERS substrate
for sensing applications.

It is found that the concept of a microflow SER8sseg by sensor particles could be
realized using silver nanoparticle-doped polymemposite microparticles. Despite
the fact that a direct exchange of analytes igossible, the investigated examples of
adenine and histidine demonstrate that an easyheegfgon of the surface of the
sensing-active gel-embedded silver nanoparticpossible by a fast rinsing with acid

solution in microflow condition.
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7 Appendix

7.1 Chemicals

All chemicals were used as received without furirification in the work and listel them

in Table 2.3. Deionized water (Aqua purificator G 7795, Mielegr@any) was used

throughout the experiments.

Table 2.3Chemicals list used in the experiments.

Chemical name

Abbreviation/Chemical
formula

Source

Silver nitrate AgNQ@ Merck, Germany
Ascorbic acid GHgOe Roth, Germany
Polyvinyl pyrrolidone PVP (25 kDa, 40 kDa, | Sigma Aldrich
55 kDa)
Ethylene glycol EG VWR, Belgium
Methyl methacrylate MMA Sigma-Aldrich
Ethylene glycodimethacrylate EGDMA Sigma-Aldrich
Azobisisobutyroniltrile AIBN Sigma-Aldrich
Cetyl trimethylammonium bromideCTAB Sigma-Aldrich
Sodium dodecylsulfonate SDS Sigma-Aldrich
Sodium hydroxide NaOH Merck Germany
Poly(4-styrenesulfonic acid-co- | PSS-co-PM (20 kDa) Sigma-Aldrich
maleic acid) sodium salt
Poly(sodium-p-styrenesulfonate) PSSS (70 kDa,kipd), | Sigma-Aldrich
1000 kDa)
Polyanetholesulfonic acid sodium PAES (10 kDa) Sigma-Aldrich

salt

Acrylamide:Bisacrylamide 19:1

CgH 5NO: C7H10N202

Fischer scientific

Novec 7500 Solvent Product of 31
Picosurf 5 % in Novec 7500 Sphere fluidic
2-Hydroxy-2- CsHsCOC(CH).OH Sigma-Aldrich
methylpropiophenone

Tripropylene glycol diacrylate TPGDA ABCR GmbH, Gany
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Nile red GoH1sN20, Sigma, Sigma-Aldrich
12-(7-Nitrobenzofuran-4- NBFD Fluka, Sigma-Aldrich
ylamino)dodecanoic acid

Sudan black B &oH24N6 Merck, Germany
Reichardt’'s dye GH>oNO Sigma-Aldrich

Titan yellow GsH19NsNapOsSy Merck, Germany
Poly-L-lysine PLL Sigma-Aldrich
Poly-L-Glutamic acid PGA Sigma-Aldrich
NHS-LC-LC-Biotin GeHa107NsS Thermo Fisher Scientific

AlexaFluor 594 conjugate

Dye labelled-streptavig

linife Technologies

Adenine GHsNs AppliChem GmbH,
Germany

Histidine GHoN3O, AppliChem GmbH,
Germany

Sulfuric acid HSO, Merck, Germany

Fluorescein GpH 1205 Sigma-Aldrich

Orange G @sH1oN2NapO7S, Merck, Germany

Sulphorhodamine B HogNoNaO,S; Fluka

Tetrachloroauric acid trihydrate HAuGI 3HO Roth, Germany

Sodium borohydride NaBH Merck, Germany

Trisodium citrate NgCsH50; Merck, Germany

Diallyldimethyl ammonim chloridg DADMAC Sigma-Aldrich

Poly(diallyldimethyl ammonium | polyDADMAC Sigma-Aldrich

chloride)

6-propionyl-2-dimethyl CisH17NO Molecular probes

aminonaphthalene (Prodan)

L-(+)-Lactic acid GHsO3 Sigma-Aldrich

D-Pantothenic acid calcium salt 1d83,CaNO1 AppliChem GmbH,

Germany
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7.2 Abbreviations

ID

LCST
LBL
PDMS
RTD

FEP

SDS
CTAB
MMA
PMMA
EGDMA
AIBN
PS-co-PM
PSSS
PVP
DADMAC
PLG

PLL
TPGDA
HMPP

PolyTPGDA

SERS
SEM
UV/Vis
DLS
EG
NBFD
CMC
Qdots
PTFE

Internal diameter

Lower critical solution temperature
Laye-by-layer

Polydimethylsiloxane

Residence time distribution

Fluorinated ethylene propylene

Sodium dodecyl sulfonate

Cetyl trimethylammonium bromide
Methyl methacrylate

Poly(methyl methacrylate)

Ethylene glycol dimethacrylate
Azobisisobutyronitrile
Poly(4-styrenesulfonic acid-co-malei@asiodium salt

Poly(sodium-p-styrenesulfonate)
Polyvinylpyrrolidone
Diallyldimethyl ammonium chloride
Poly-L-glutamic acid

Poly-L-lysine

Tripropylene glycol diacrylate
2-Hydroxy-2-methylpropiophenone
Poly(tripropylene glycol diacrylate)
Surface-enhanced Raman Spectroscopy
Scanning electron microscopy
Ultraviolet/visible spectroscopy

Dynamic light scattering

Ethylene glycol
12-(7-Nitrobenzofuran-4-ylamino)dodecanoiciaci
Critical micelle concentration

Quantum dots

Polytetrafluoroethylene
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7.3

Scientific publications

Journal publications

1.

10.

N. Visaveliyg C. Hoffmann, A. Grol3, E. Tauscher, U. Ritter, dntl. Kohler.
“Micro-flow assisted synthesis of fluorescent pogmmanoparticles with tuned size
and surface propertie®lanotechnology Reviews, 2015(Accepted).

N. Visaveliyaand J. M. Kohler. “Microfluidic Assisted SynthesisMultipurpose
Polymer Nanoassembly Particles for FluorescencBR,&nd SERS Activities”
Small, 2015 DOI: 10.1002/smll.201502364 (In press).

N. Visaveliya S. Lenke and J. M. Kohler, “Composite Sensori€las for Tuned
SERS Sensing: Microfluidic Synthesis, Propertied Applications”,ACS Appl.
Mater. Interfaces, 2015 7 (20), 10742-10754.

N. Visaveliya S. Lenke, and J. M. Kéhler, “Microflow SERS Mesmmuents Using
Sensing Particles of Polyacrylamide/Silver Commobiaterials”,Chem. Eng.
Technol., 2015 38 (7), 1144-1149.

N. Visaveliyaand J. M. Kohler, “Role of Self-Polarization irsangle-Step
Controlled Synthesis of Linear and Branched PolyNemnoparticles”Macromol.
Chem. Phys., 2015 216 (11), 1212-12109.

N. Visaveliyaand J. M. Kéhler, “Simultaneous Size and Colorimgrof Polymer
Microparticles in a Single-Step Microfluidic Synthe: Particles for Fluorescence
Labeling”,J. Mater. Chem. C, 2015 3, 844—-853.

D. Kirsten, F. Mdller, A. Gross, C. LenN, Visaveliya T. Schuler, J. M. Kéhler, ,
“Identification of Response Classes from Heavy Mé&tderant Soil Microorganism
Communities by Highly Resolved Concentration-Deggnidscreenings in a
Microfluidic System”Methods in Ecology and Evolution, 2015 6 (5), 600-609.

N. Visaveliyaand J. M. Kéhler, “Control of Shape and Size ofyRer Nanoparticles
Aggregates in a Single-Step Micro Continuous FloacEss: A Case of Flower and
Spherical Shapesl,angmuir, 2014 30, 12180-12189.

N. Visaveliyaand J. M. Kohler, “Single-Step Microfluidic Synsig of Various Non-
Spherical Polymer Nanoparticles via in-Situ AsseénthlDominating Role of
Polyelectrolytes MoleculesACS Appl. Mater. Interfaces, 2014 6 (14), 11254—
11264.

J. M. Kéhler,N. Visaveliyaand A. Knauer “Controlling Formation and Assemblin
of Nanoparticles by Control of Electrical Chargifmplarization, and Electrochemical
Potential”,Nanotechnology Reviews, 2014 3(6), 553-568.
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11.

12.

13.

14.

15.

P. Dhasaiyan, P R Pand&y, Visaveliya, S. Roy and BLV. Prasad “Vesicle
Structures from Bolaamphiphilic Biosurfactants: Exmental and Molecular
Dynamics Simulation Studies on the Effect of Unsation on Sophorolipid Self-
Assemblies”Chem. Eur. J., 2014 20 (21), 6246-6250.

N. Visaveliyg S. Li and J. M. Kbhler, “Heterogeneous Nanoasdiegb
Microfluidically Prepared Poly(methyl methacrylatédnoparticles on Ag Microrods
and ZnO Microflowers”Part. Part. Syst. Charact. 2013 30, 614—623.

N. Visaveliyaand J. M. Kohler, “A Self-Seeding Synthesis of Mgrorods of
Tuned Aspect Ratio: Ascorbic Acid Plays a Key Rph#notechnology, 2013
24(34), 345604.

A. Knauer,N. Visaveliyaand J. M. Kohler “Spontaneous Transformation of
Polyelectrolyte-Stabilized Silver Nanoprisms byehatction with Thiocyanated.
Colloid and Interface Science, 2013 394, 78-84.

P. Dhasaiyan, A. Banerjeld, Visaveliyaand BLV Prasad “Influence of the
Sophorolipid Molecular Geometry on their Self-Asédaa Structures”Chem. Asian
J., 2013 8, 369 — 372.

Posters and Talks (Conferences)

1.

1st International Conference & 3rd International ditdNano Colloquium on the
Challenges and Perspectives of Functional Nandstes; July 29-31, 2014,
Organized by Technical university of Ilmenau, llrmanGermany.

Talk:  “Microfluidic Synthesis of Non-Spherical Polymer iNgparticles”.

Poster: “Microfluidically Prepared Size-Tuned polymer/Sitv€omposite Particles
for SERS Sensing”.

7th Workshop of Chemical and Biological Micro Laatory Technology, February
25-27, 2014, Elgersburg, Germany.

Poster: “Microfluidic Synthesis of Polymer Composite Micropeles for SERS
Sensing Application”

11th Workshop on Polymer Reaction Engineering" N2dy24, 2013 University of
Hamburg, Hamburg, Germany.

Poster: “Microfluidic Synthesis of Elliptical, Dumbbell an€hain-Like Polymer
Nanoparticles”.
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4, 6th Workshop of “Chemical and Biological Micro Labtory Technology”, March
20.-22, 2012, Elgersburg, Germany.

Poster: “Microfluidic  Synthesis of Shape-Controlled Anisgio PMMA
Nanoparticles”.

5. 4th European Conference on Microfluidics, Decendlied 2, 2014, Limerick, Ireland.

Paper: “Production of Size-Tunable Nanoemulsion in an Igkonal Flow
Microdevice and its Application to the SynthesisMidilti/Scale Composite
polymeric Microparticles”. By W. Yu, N. Visaveliyd, U. Khan, C. A.
Serra, J. M. Kohler, R. Muller, Y. Holl, and M. Bguey.
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7.4 Curriculum vitae

Personal Information

Name: Nikunjkumar Visaveliya

Birth date: 12.04.1986

Nationality: Indian

Email: nikunjkumar.visaveliya@tu-ilmenau.de

Education Background and Work Experience

September 2010 —
November 2015

July 2011 — August
2011

January 2009 - May
2010

July 2006 - May 2008

PhD in Microreaction Technology

Technical University of Ilmenau, Germany

Topic: “Microfluidic Synthesis and Assembly of Multi-Scale
Composite Particles Towards Sensoric and Labelopyjcations”.

Research Visit

Institute of Bioprocess and Analytical Measureméifits),
Heiligenstadt, Germany.

Topic: “Bio-functionalization of polymer and metal nanojpees”

Research Project Assistant
National Chemical Laboratory, Pune, India
Topic: “Biosynthesis of Sophorolipids Biosurfactants”.

Master of Science(Organic Chemistry)
Sardar Patel University, India

June 2003 - May 2006 Bachelor of ScienceChemistry)

Sardar Patel University, India
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7.6 Selbststandigkeitserklarung
Promotionsordnung — Allgemeine Bestimmungen -

Ich versichere, dass ich die vorliegende Arbeiteolumzulédssige Hilfe Dritter und ohne
Benutzung anderer als der angegebenen Hilfsmitgfartigt habe. Die aus anderen Quellen
direkt oder indirekt Gbernommenen Daten und Koreephd unter Angabe der Quelle
gekennzeichnet.

Bei der Auswahl und Auswertung folgenden Materidlaben mir die nachstehend
aufgefuhrten Personen in der jeweils beschrieb¥veise unentgeltlich geholfen:

1. Die in Abschnitt 3.4.1 angegebene chemische Veturigd
(5-Methyl-2-(pyridin-2-yl)-
thiazol-4-yl methacrylate) wurde von Dr. Eric Taec (TU limenau, FG Chemie)
hergestellt.

2. Die Arbeiten in Abschnitt 3.4.3 wurden von Dr. Ghian Hoffmann und Olga Artes
(IBA Heiligenstadt) unterstutzt.

Weitere Personen waren an der inhaltlich-materiefgstellung der vorliegenden Arbeit
nicht beteiligt. Insbesondere habe ich hierfir hidie entgeltliche Hilfe von Vermittlungs-
bzw. Beratungsdiensten (Promotionsberater oderrané@&rsonen) in Anspruch genommen.
Niemand hat von mir unmittelbar oder mittelbar gedde Leistungen fur Arbeiten erhalten,
die im Zusammenhang mit dem Inhalt der vorgeleBtissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Augdan gleicher oder &hnlicher Form einer
Prifungsbehdrde vorgelegt.

Ich bin darauf hingewiesen worden, dass die Urigkbit der vorstehenden Erklarung als
Tauschungsversuch angesehen wird und gefa@bs. 10 der Promotionsordnung den
Abbruch des Promotionsverfahrens zu Folge hat.
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