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Anotácia: 

Diplomová práca sa zameriava na fytosyntézu zlatých a strieborných nanočastíc na 

mikrofluidnom čipe. Teoretická časť sa zaoberá konceptom zelenej chémie 

v nanotechnológiách, opisuje mikrofluidiku a mikrofluidné zariadenia, prípravu nanočastíc 

s ohľadom na mikrofluidnú fytosyntézu a faktory ovplyvňujúce výsledný charakter 

vyprodukovaných nanočastíc. Cieľom experimentálnej časti práce bolo previesť pilotné 

experimenty fytosyntézy nanočastíc zlata a striebra na mikrofluidnej platforme. Bola 

skonštruovaná jednoduchá mikrofluidná aparatúra na fytosyntézu nanočastíc zlata a 

striebra a výsledné nanočastice boli charakterizované UV-VIS spektrofotometrom, 

transmisnou elektrónovou mikroskopiou a zeta potenciálom. Na záver boli popísané 

budúce aspekty mikrofluidnej fytosyntézy nano-kovov s ohľadom na ďalšie aplikácie v 

praxi. 
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1. Introduction 

 

 There are various physical and chemical methods that are used for synthesis of 

nanomaterials. Some of these methods can cause damage to the environment; therefore it is 

necessary to develop new eco-friendly ways how to produce nanomaterials. Fortunately, 

green nanotechnology was developed to minimize the potential environmental and human-

health risks associated with the production and use of nano-based materials [1].  

 Green chemistry is also known as sustainable chemistry. The most important goals are 

to minimize or eliminate the use or generation of hazardous chemical reagents, solvents 

and products. Hence it is essential for human health and the environment to replace 

dangerous or non-sustainable reactants and/or input raw materials for harmless ones and 

exploit more “natural” technologies [2]. The green chemistry concept in 

bionanotechnology and biosynthesis are described in detail and follow-up text is mainly 

focused on the preparation of gold and silver nanoparticles, which have great potential in 

catalysis and disinfection.    

 Microfluidic technologies are here for some time and have already intersect a number 

of disciplines and applications, but only in recent years they started to be used in 

nanotechnology as well. The cooperation of both disciplines brought faster, cheaper, more 

efficient way how to produce nanoparticles with lower consumption of chemicals and 

reagents than in conventional chemical synthesis. The microfluidics market is expected to 

reach 27.91 billion USD by year 2023 [3]. Theoretical part of thesis introduces the term 

microfluidics and describes some typical microfluidic devices used in synthesis of 

nanoparticles. Some examples of microfluidic preparation of nanoparticles with focus on 

phytosynthesis are mentioned as well. The resulting character of nanoparticles can be 

influence by many process parameters. Therefore, it is necessary to understand how 

technical and microfluidic device parameters can affect size and size distributions of 

produced metal nanoparticles.  

 The aim of the experimental part of the thesis was to perform pilot experiments of 

phytosynthesis of gold and silver nanoparticles on microfluidic platform (chip) and to get 

familiar with on-chip microfluidic synthesis and with biosynthesis as such. Secondly, 

evaluation of experiments of phytosynthesis of gold and silver nanoparticles outside the 

microfluidic chip and on-chip was performed. The whole procedure of preparation of gold 

and silver nanoparticles in both cases is described in detail. The gold and silver 

nanoparticles prepared in the form of colloids were characterized by UV-VIS 
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spectrophotometer, transmission electron microscopy and zeta potential. Finally, all 

achieved phytosynthesis results were compared and the best option for synthesis of 

nanoparticles was evaluated.  

 Due to the considerable application potential of gold and silver nanoparticles being 

prepared, there are further possibilities for optimizing or modifying both the microfluidic 

synthesis and phytosynthesis, so that the process meets criteria of green chemistry, while 

producing the nanoparticles with desired parameters. 
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2.  Green chemistry concept in nanotechnology 

 

 In addition to classifying of methods of nanoparticles preparation to “top-down” and 

“bottom-up”, we can further divide the methods into "abiotic" and the methods in which 

the properties of a biological matter/bio-phase are employed, called biosynthesis. Abiotic 

methods are chemical, mechanical and physical techniques that have advantages such as 

high speed and efficiency of reactions, offer better control of reaction parameters, large 

volumes production and can be easily repeated. On the other hand they have a lot of 

disadvantages, such as a low productivity, cost-intensiveness, using of toxic and dangerous 

chemicals. Figure 2.1 shows classification of the abiotic methods and various biological 

materials used in the preparation of functional NPs. 

 

Figure 2.1: Presentation of abiotic methods and green synthesis (biosynthesis) procedures 

leading to the preparation of functional NPs. 

 For this reasons, the importance of “green” methods is being highlighted globally. The 

urge for eco-friendly, low cost and sustainable green preparation of NPs and 

nanomaterials/nanostructures is a driving force for researchers to explore new and better 

ways of synthesis [1].  

 The main advantages and disadvantages of abiotic methods compared to biosynthesis 

are contained at table 2.1 [4].  
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Table 2.1: The comparison of advantages and disadvantages of abiotic methods of 

nanostructures preparation and green synthesis of nanoparticles. 

Abiotic methods Green synthesis  

Well defined product Resulting bioNPs and biomolecules in the mixture-

polysaccharides, proteins, polyphenols, etc.  hardly 

defined system 

Further stabilization of NPs Biomolecules are working as reducing/transforming 

and stabilizing agent in one step 

Easily repeatable synthesis Worse reproducibility because of living cells/tissues in 

the system 

Mechanism of synthesis could be 

easily defined or predicted 

Mechanisms in biotechnology are generally specific 

and complex 

Toxic chemicals may be used or 

produced 

Non-toxic chemicals, only metal precursors are needed 

Cost-intensive experimental setup Low-cost methods without any additional devices 

High temperatures and pressures, 

etc.   

Mild conditions 

 

2.1  Green chemistry definition  

 The green chemistry is whole concept of methods, where is the need to precisely 

define the term "green chemistry". The English Oxford Dictionary describes noun green 

chemistry as “An approach to applied chemistry whose aim is to reduce or eliminate the 

use and generation of environmentally harmful substances in industrial processes, in 

agriculture, and in the life cycles of products.„ [5]. The most important goal is to reduce or 

eliminate the use or generation of hazardous substances [6]. 

 Green chemistry is enclosed by 12 principles which lead to a design of new materials 

and processes. These principles are listed below.  

1. Prevention- design process to prevent waste and leave nothing to treat or clean up. 

2. Atom economy- design synthesis where the final product involves the maximum 

quantity of the starting materials. Waste few or no atoms. 

3. Harmless chemical synthesis- methods to use and form substances with little or no 

toxicity to either humans or the environment. 
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4. Safer chemicals- chemicals with desired function while minimizing their toxicity. 

5. Use safer solvents and accessories - avoid using solvents, separation agents, or 

other auxiliary chemicals. If you must use these chemicals, use safer ones. 

6. Increase energy efficiency- run chemical reaction at room temperature and 

atmospheric pressure to minimize energy requirements.  

7. Use renewable materials- use raw materials that are renewable, agricultural 

product, fossil fuels or materials from mining operations. 

8. Avoid derivatives- minimize using blocking or protecting groups and additional 

reagents, because they generate waste. 

9. Catalysis- use catalysts to reduce waste, they are effective in small amounts and 

can carry out a single reaction many times.  

10.  Design for degradation- chemical products should be designed to break down after 

use into harmless products and do not remain in the environment.  

11.  Real-time pollution prevention analysis- in-process, real-time monitoring and 

control during syntheses to reduce or eliminate the generation of harmful by-

products. 

12.  Accident prevention- chooses materials and their physical forms (solid, liquid, or 

gas) to minimize the potential for chemical accidents including explosions, fires, 

and releases to the environment [2, 6]. 

 Nowadays, the most produced NPs by using green synthesis are noble metals such as 

gold, silver and platinum NPs [7, 8, 9]. They have a lot of applications because they show 

special properties comparison to bulk materials depending on their size and shape. Green 

synthesis of metal NPs will be described below. 

 

2.2    Green synthesis of metal nanoparticles  

 Metal NPs have been produced by abiotic methods for a long time, but the 

biotechnological production has been investigated in recent years intensively [4]. The 

fundamental principle of green synthesis of NPs (as a “bottom-up” chemical method in 

principle) is the reduction and stabilization of metal ions by various biomolecules like 

proteins/enzymes, amino acids, vitamins, polysaccharides, phytochemicals originating 

from the used biomass which is mixed with a metal precursor. We are talking about 

bioreduction in the case of monometallic NPs production (Ag, Au, Pt, etc.), eventually 

their alloys (Au-Ag, etc.). When nanostructured compounds are biosynthesized (e.g. ZnO, 
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TiO2, FeOx, etc.) other than redox-processes may be involved in the formation of NPs, e.g. 

substitution [10]. 

The experimental design of green synthesis of metal NPs includes four main steps:  

(1) The selection of eco-friendly and environmentally benign biomass. The choice of 

easily available and harmless biomass, non-pathogenic microorganisms, non-endangered 

species, possible to use currently popular waste biomass from food and agricultural 

production. Biomass plays the role of reducing, transformation and stabilizing agent in the 

biosynthesis of NPs.  

(2) The selection of the solvent medium. Choice of solvent and type of extraction of 

active substances from biomass, water and aqueous extracts are preferred over complicated 

extraction processes and organic solvents.  

(3) The selection of nontoxic reagents. Precursors should be commonly available, 

water-soluble salt of metal whose NPs we intend to prepare.  

(4) The conditions of green synthesis. Most of the pilot tests are performed under 

laboratory conditions (temperature around 23 ˚C, mild light). Optimization is a question of 

further change of synthesis parameters in order to prepare both size-stable and 

homogeneous NPs [1, 6].  

The most used biomass to produce metal NPs is a plant biomass. Plant biomasses are 

available, easy to use and manipulate, cost effective and accessible. The subset of green 

synthesis using plants to generate metal NPs is called phytosynthesis.  

 

2.2.1 Phytosynthesis of metal nanoparticles 

 Phytosynthesis is type of green synthesis where phytochemicals contained in plants are 

used to produce NPs. Phytosynthesis of NPs is more preferable than microbial synthesis 

because the growth and maintenance of microbial cultures are time consuming [11]. 

 The biggest advantages of the phytosynthesis of NPs are environment-friendly and 

stable fabrication, free of chemical contamination and less expensive without need for 

special equipment and devices. If the NPs phytosynthesis is in line with the principles of 

green chemistry, then we can talk about some methods of sustainable nanomaterial 

preparation, if we do not count on the secondary impacts of NPs on the environment, 

which is a very actual issue [12]. 

NPs synthesized using plant extracts have a functionalized surface that can include 

proteins, organic ligands, polysaccharides and alcohols that are missing in NPs synthesized 

using physical and some chemical methods. NPs produced by these methods should by 
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stabilized additionally. On the other hand, biological components increase the stability of 

the NPs and may contribute to biocompatibility regarding medical application and 

coupling with further active components may be realised to design multifunctional hybrid 

materials [4]. 

 The reduction process of metal ions with making of NPs in affected by number of 

parameters such as concentration of plant extract, mixing time, pH, temperature, reaction 

time, type of plant which contains active biomolecules and also concentration and 

electrochemical potential of metal ions. For example, the change of pH results in a charge 

change of the phytochemicals contained in an extract, which affects their ability to bind 

and reduce metal ions in the course of NPs synthesis. This in turn may influence the shape, 

size, and yield of NPs.  

Another significant factor is temperature. Generally the rise of temperature increases 

the speed of reaction and efficiency of NPs formation. However, crystal particles are often 

formed at higher temperature that at room temperature, because of higher nucleation rate. 

The efficiency of synthesis depends on the electrochemical potential of metal ions. If these 

ions have a large positive electrochemical potential the ability of a plant extract to reduce 

metal ions is higher than in the case of ions with a low electrochemical potential [12].    

Green synthesis of gold nanoparticles (Au NPs) and silver (Ag NPs) will be described 

below.  

 

2.2.2 Green synthesis of gold nanoparticles  

 Over the years gold became one of the most valuable metals in the world used in 

jewellery, medicine, computers and electronics. Many scientists are working to develop 

methods for non-toxic and environmental friendly synthesis of Au NPs, because of wide 

range of possible applications. The ordinary methods of Au NPs synthesis use toxic 

solvents that can be explosive, health damaging or flammable.  

 Au NPs can be used at medicine, because of their antimalarial, antiartheric and 

biocompatible properties, they can pass through biological membranes, can affect the 

physiology of any human cell, but their toxicity has not been fully investigated [13].  

 In general, the chemical synthesis of Au NPs starts by reduction of gold salts in a 

convenient solvent, followed by the addition of stabilizers to prevent aggregation. As a 

source of Au ions required for the synthesis tetrachloroauric acid (HAuCl4), is usually used 

but it can be also gold (III) chloride trihydrate (HAuCl4.3H2O) or gold (III) chloride 

tetrahydrate (HAuCl4.4H2O). Synthesis requires a stabilizing agent, whose role is to adsorb 
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onto the surface of the newly formed NPs to prevent further growth and particle 

agglomeration. Usually used stabilizing agents are thiol-modified ligands, sodium 

borohydride or sodium citrate [1]. In biosynthesis of NPs, additional stabilization is not 

necessary due to the stabilising function of biomolecules present in the reaction mixture. 

 The formation of Au NPs can be seen as a change in coloration of the solution to dark 

violet. Due to huge application potential, there is still increasing interest in synthesis of Au 

NPs. Table 2.2 shows examples of various biomasses used for biosynthesis of Au NPs. 

Table 2.2:  Examples of biomasses used for preparation of Au NPs. 

Type of 

biomass 

Name of biomass Average size 

of NPs (nm) 

Shape of NPs Reference  

Plant-leaf 

extract 

Stevia rebaudiana 17 Spherical  [14] 

Bacteria Deinococcus 

radiodurans 

36 Spherical [15] 

Algae Cystoseira 

baccata 

8.4 Spherical [16] 

Fungus  Mesophilic 

filamentous 

12 Spherical [17] 

Bio-waste 

(fruit)  

Citrus limon 32 Spherical, 

Triangular 

[18] 

Plant-flower 

extract 

Mimosa pudica 24 Spherical [19] 

Yeast  Saccharomyces 

cerevisiae 

13 Spherical [20] 

 

 The shape of Au NPs can be influenced e.g. by pH.  Chakraborty et al. produced Au 

NPs with spherical shape along with hexagonal and triangular NPs at basic and neutral pH 

(pH 9 and pH 7) [21].  

 Concentration of precursor is another factor which influences the size of Au NPs. With 

increase of concentration of precursor, the size of NPs decreases. Generally, the 

temperature of reaction play crucial role in the synthesis of Au NPs as well. As the 

temperature of reaction rise, the particle size decreases and concentration increases [22].  
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 The Au NPs are chemically inert and highly stable once synthesized and can be used as 

effective catalyst in many ways such as photochemical material, photo catalyst, 

chromopores, in gas sensors, for their ability to detect different gases like CO, NOx [23].  

  

2.2.3 Green synthesis of silver nanoparticles 

 In the last years, Ag NPs have got significant attention due to their potential 

applications in photonics, biomedical science, water purification or in catalyses. 

 One of the most important properties of nanosilver is its antimicrobial activity, which 

can be employed in water disinfection, cosmetics, bandages, ointments, clothing, as a 

sorbent, coatings, food containers etc. [24, 25]. In the other hand, when released and 

cumulated in the environment, Ag NPs as well as silver ions may be harmful to the 

organism due to their antimicrobial activity [25]. Ag NPs also have anticancerous 

properties which can be used at medical applications for cancer therapy, and they were 

found inhibit some viruses like hepatitis B or monkey pox [26, 27]. 

 As a source of Ag ions required for the green synthesis as well as for chemical 

synthesis silver nitrate (AgNO3) is usually used, but it can be also silver chloride (AgCl), 

silver bromide (AgBr) and silver iodide (AgI) [1, 28].  

  Kumar A. et al. presented a mechanism of biosynthesis of Ag NPs which involves 

nitrate reductase-dependent reduction of silver ions. Nitrate reductase from the organism 

Fusarium oxysporum fungus is enzyme capable of reducing silver ions to silver NPs. This 

enzyme turns nitrate to nitrite and will transfer an electron to silver ions Ag
(+)

 to form zero-

valent silver Ag
(0)

 [1].  

 The formation of Ag NPs can be seen as a change in coloration of the solution to 

orange and later to brown [28]. In recent four years, a lot of research groups prepared Ag 

NPs of different size using various biomasses, see table 2.3.  

Table 2.3: Examples of biomasses used for preparation of Ag NPs. 

Type of 

biomass 

Name of biomass Average size 

of NPs (nm) 

Shape of NPs Reference  

Plant-leaf 

extract 

Azadirachta indica 34 Spherical  [29] 

Bacteria Exopolysaccharide 35 Spherical [30] 

Algae Caulerpa 

serrulata 

10 Spherical [31] 
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Fungus  Arthroderma 

fulvum 

15.5 Spherical [32] 

Bio-waste 

(fruit)  

Citrus 

sinensis(orange) 

48 Spherical [33] 

Plant-flower 

extract 

Nyctanthes 

arbortristis  

10 Spherical, 

Triangular 

[34] 

Yeast  Saccharomyces 

cerevisiae 

5.4 Spherical [35] 

 

 The rate of synthesis is directly connected to the increase in concentration of silver 

ions. The studies shows, that the size of Ag NPs biosynthesized at 60˚C is 15 nm, when at 

room temperature is 50 nm. Also at acidic pH, the size of the Ag NPs is 45 nm, but at pH 

10 just 15 nm. This effect can be explained with formation of nucleation centres. The 

nucleation centre increases at higher pH and temperature. With increasing of nucleation 

centres, the reduction of silver ion to Ag NPs increases too [1, 26].  

 In recent years green synthesis coupled with microfluidics to reach even faster, cheaper 

and more efficient reactions with lower consumption of chemicals and agents. Microfluidic 

technology will be described in the following chapter.  
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3. Microfluidic devices in the synthesis of nanoparticles 

 

3.1   Microfluidics 

 Microfluidics (MF) is the science and technology of manipulating and controlling 

fluids, usually in the range of microliters (10
-6

) to picoliters (10
-12

), in networks of channels 

with lowest dimensions from tens to hundreds micrometers. This discipline began to 

develop intensively in the early 1990s due to the increasing popularity of microscale 

analytical chemistry techniques and the development of microelectronic technologies.  

 However, this field deals not only with the handling of micro amounts of fluids, but 

also with micro sized devices, e.g. systems with small dimensions (mm). Low power 

consumption of fluid (e.g. microvalves with power of miliwatts capable to control high 

flow rates, up to 100 l/min), and micro effects used in this technology (e.g. capillary force) 

are the most known advantages of these techniques [36].   

 The behaviour of fluids at the microscale differs from macrofluidic behaviour in terms 

such as surface tension, diffusivity, capillary force, etc. MF uses micro effects such as 

capillary forces to transport fluids or rapid heat exchange in small amounts to increase the 

reaction rate. To determine the fluid flow, a dimensionless variable called Reynolds 

number is used. Reynolds number is defined as:  

 

   
              

               
  
     

 
  
   

 
 

 

Where: ρ is the density of the fluid (kg.m
-3

) 

            v is velocity of the fluid with respect to the object (m/s) 

            L is a characteristic linear dimension (m) 

            µ is the dynamic viscosity of the fluid (Pa.s) 

            ν is the kinematic viscosity of the fluid, ν= µ/ρ (m
2
.s

-1
) [37].  

 Due to small length and diameter (usually in nanometer scale), Reynolds number is low 

and flow in the microchannels is laminar (figure 3.1), so fluid flows in parallel layers with 

no disruption between layers. Laminar flow is described as a smooth flow of fluid through 

a tube or pipe [37].   
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Figure 3.1: Illustration of laminar flow in channel or pipe with diameter d. 

 Laminar flow is one of the most important characteristics of flow, because viscosity 

related effects are more important than inertial effects. Basically, it means that if the flow 

of fluid from source suddenly stops, fluid flow would stop immediately, no motion will last 

for a while. Indeed, for instance, in this laminar regime fluids mix only via diffusion and 

this makes reactions within MF devices harder to achieve. Due to smooth laminar flow, 

fluids inside microchannels gain new features at this scale such as specific optical 

characteristics, biological or chemical compatibility and possibility of electro sensing [38].  

 MF science provides main advantages such as using a minimum amount of samples 

and reagents for the experiment associated with reduction of cost, safer operation and 

environmental friendliness since the process does not include hazardous chemicals and 

reagents in bigger amounts. The other advantages are decrease of analysis time and faster 

results obtaining, high resolution and sensitivity in a detection and separation of molecules, 

reduction of using of analytical and diagnostic systems compared to huge machines and 

expensive laboratory equipment.  

 Laminar flow of fluids allows larger flow control, so experiments and sample 

parameters can be better controlled at the micro than in macro scale. This is extremely 

important for optimizing the properties of NPs prepared on a MF platform [39].  

 MF can be operated in different regimes and divided into droplet-based, paper, 

continuous and digital. Individual microfluidic methods have been described in detail in 

my bachelor thesis [37].  

 In my experimental part, metal NPs were prepared by using continuous flow MF. This 

technology is based on the continual mixing of liquids and manipulation of 

mixtures through microfabricated channels. Actuation of liquid flow is realised either by 

external pressure sources, external mechanical pumps, integrated mechanical micro-

pumps, or by combinations of capillary forces and electro-kinetic mechanisms [40]. 
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 MF is a multidisciplinary field which brings together physics, chemistry, engineering, 

biochemistry and also nanotechnology. Nowadays, application potential is huge, and MF 

can be used in the design of systems with low volumes of fluid, high-throughput screening, 

diagnostic, etc. [41].   

 Up-to-date applications of MF are mainly in the study of drug-resistant bacteria, 

nanoparticles transport in blood, and observation of the chemical reaction kinetics. 

Systems based on MF are highly extended in procedures such as DNA analysis, capillary 

electrophoresis, isoelectric focusing, immunoassays, synthesis of NPs, flow cytometry, 

sample injection in mass spectrometry [42, 43, 44].  

 MF devices are used to measure molecular diffusion coefficients, fluid viscosity, pH, 

concentration and chemical binding coefficients [39]. Microfluidic devices will be 

described below.  

 

3.2    Microfluidic devices  

 A microfluidic device is a tool that uses a very small amount of fluid inside microchip 

to perform certain laboratory tests. These kinds of devices are designed to manipulate 

fluids in microchannels with highly reduced consumption of reagents and accomplish 

intrinsically efficient heat and mass transfer due to high surface-area-to-volume ratios [45]. 

 In general, between MF devices are included lab-on-a-chips (LOC), Micro Total 

Analysis System (µTAS), micro-reactors and also consists of additional components such 

as reservoirs, channels, pumps, sensors, filters, valves, actuators and mixers.  

 Fast mixing is essential in MF systems used for synthesis. The micromixer is the most 

important additional component. This is a device made up of mechanical microparts used 

to mix liquids. The mixing of liquids is difficult in microchannels due to stable laminar 

flow mixing and speed is limited by molecular diffusion. Considering the type of diffusion 

at the interface between the two fluids long channels on the chip are necessary to mix 

reactants effectively [37].   

 Typically three types of materials are used to produce MF devices: pure silicon, glass 

and polymers. Each material has its specific chemical and physical properties. The choice 

of material has to be adequate and present the appropriate needs and conditions of 

particular application (solvent type, samples, etc.). Therefore, the material for making MF 

chips plays an important role in MF technologies.  

 Silicon has many advantages such as resistance to organic solvents, high thermo-

conductivity, and stable electroosmotic mobility. However, this material is expensive and 
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has high hardness which does not make it easy to use for creating of MF components such 

as valves and pumps. Transparent to infrared, silicon is opaque material and thus cannot be 

seen through.   

 Glass is optically transparent, thermo-conductive, electrically insulating and 

biocompatible. It is also a material not permeable to gas and has relatively low non-

specific adsorption. One major application of glass devices is capillary electrophoresis.  

 Polymers are now the most-commonly used microdevices materials. They are optically 

transparent, biocompatible, inert, rigid, low cost, thermally and electrically resistant, and 

have high mechanical and physical strength. Various polymers can be used for MF 

devices, the most common used are polydimethylsiloxane, polystyrene, polycarbonate and 

polymethylmethacrylate. MF devices made from polymer have are widely used in cell 

culture research, bio-assays, pathogen detection or DNA analysis. Some materials are used 

to build affordable eco-friendly devices that could be disposed of after use such as paper 

based MF devices [46]. 

 

3.2.1 Lab- on- a- chip  

 A lab-on-a-chip (LOC) also called MF chip is a set of microchannels that are etched or 

molded into a specific form. Microchannels that form MF chips are combined together to 

achieve desired properties (mixing, pumping, sorting, biochemical control). Thanks to a 

different number of inlet and outlet holes, these MF tools allow fluids to pass through 

various channels of different diameters, typically in the range of 5 to 500 μm [37, 47].  

 Through these holes, the liquids (or gases) are injected and removed from the MF chip 

(through tubing or syringe pump) with external active systems (pressure controller, push-

syringe or peristatic pump) or passive ways (e.g. hydrostatic pressure) [48].  

 This miniature device that combines one or several analyses usually performed in a 

laboratory. It integrates and automates multiple high-resolution laboratory techniques such 

as synthesis and analysis of chemicals or fluid testing into a system that fits on a chip [49].  

 One of the biggest benefits of lab-on-a-chip device is the low pricing. Since a large 

number of tests can be carried out on a single chip or hundreds of analyses at the same 

time, the price is negligible compared to the cost of the individual analyses [47].  

 

3.2.2 Micro Total Analysis System 

 Micro Total Analysis System (µTAS) is an integrated and miniaturized analytical 

system that automates and includes all necessary steps for chemical sample analysis such 
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as sample collection and transport, filtration, dilution, chemical reactions, separation and 

detection. These devices can be hybrids of several chips with integrated electronics and 

external support.  

 The main advantages of the μTAS device include its simple transfer due to its small 

size and reduced consumption of sample and reagent. The main disadvantage is the limit 

volume of the mixed liquids and the possibility of contamination of the samples during 

manipulation, which is critical for high- sensitivity analyses [37, 47].  

 There is a difference between MF devices. Lab-on-a-chip enables generally a scaling of 

single or multiple lab processes down to chip-format, whereas µTAS is dedicated to an 

integration of whole sequence of lab processes to perform chemical analysis [50].  

 On the figure 3.2 we can observe lab-on-a-chip miniature device (left) and Micro Total 

Analysis System (right). As we can see LOC device is very simple and contains from 

microchannels, micromixer, inlets and outlets, while µTAS contains a lot of different parts 

such as sensors, valves, inlet, and outlet and is applicable for more than only analysis 

purposes. 

 

Figure 3.2: Lab-on-a-chip miniature device (left) and scheme of Micro Total Analysis 

System (right) [51, 52]. 

  Another type of MF devices is micro-reactor (figure 3.3), widely used in synthesis of 

NPs. Micro-reactor is small tubular reactor consisting of several sub-milimeter channels in 

which fluids flow continuously and chemical reactions take place.  Device allows strict 

control of reactions that are very fast and exothermic [53].  

 In general, micro-reactors work continuously, quickly and effectively, increase 

selectivity, minimize reagent consumption, optimize conditions, allow better control of 

reactions and heat conductivity. Not only heating, but also cooling is faster in micro-
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reactors and operating temperatures can be below –100 ˚C [54]. Other important MF 

devices have been described in detail in my bachelor thesis [37].  

 

Figure 3.3: Glass micro-reactor with continuous flow [55]. 

 

3.3     Nanoparticles prepared using microfluidic device 

 As it was said before, MF is multidisciplinary field, with practical applications in the 

design of systems which can be used in biological, chemical, pharmaceutical industries and 

many more. Therefore, it is not surprising that microfluidics coupled with nanotechnology 

begins to complement conventional synthesis of NPs by lab-on-a-chip systems.  

 Nanoparticles made by using some physical and mechanical methods, such as laser 

ablation and grinding produce NPs that could be easily oxidized and agglomerated which 

is undesirable for their potential applications. These problems are partially solved by using 

wet-chemical techniques. In this method, liquid phase surrounding NPs can provide 

organic stabilization and protection of NPs from aggregation and oxidation.  

 Due to difficulty to control the reaction conditions exactly on a macro scale in a liquid-

phase synthesis, there is a need for using microfluidic-reactor-based methods which offers 

better control over reaction conditions [56]. 

 Size, shape and crystal structure control is the most crucial aspect of NPs synthesis. MF 

reactors offers the possibility of time-control parameters like flow rate, reagent addition 

and temperature control. In this case the reactions can be controlled at different phases, 

which results in flexible kinetic and thermodynamic control and design of MF device 

according desired features. Due to this approach the possibility of various reaction 

mechanisms, different effects and parameters on produced NPs could be studied [37, 56].  
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 For control of the size, shape and composition of the resulting NPs successful 

nucleation and growth processes of NPs are critical. Characteristic of MF processing is 

high heat transfer rates, due to large interfacial surface area-to-volume ratio, which results 

in heat exchange coefficients increase in comparison to those in conventional batch 

reactors [57]. 

 Due to small Reynolds number, flow inside microchannels is not chaotic or turbulent, 

but laminar. However it is still able to mix reactants without turbulence. The reason is the 

presence of molecular diffusion. Diffusion mixing depends on the length of the channel, so 

miniaturization can be expected to lead to small diffusive mixing times. Thus reduction of 

mixing time is another important advantage of microfluidic synthesis.  

 For LOC systems the diffusion mixing time is in order of a thousand seconds. In MF 

we have a reversible flow in channels. Due to this property of flow, the streamlines will be 

the same at the inlet and outlet of the channels [58].  

 Thanks to these aspects, such as kinetics, temperature and flow control, time and 

volume of chemicals decrease, MF became highly extended in the synthesis of NPs in 

recent years. Nowadays, the most prepared NPs are metal, especially gold and silver, but 

also polymeric, semiconductor or magnetic oxides NPs [59, 60, 61].  

 

3.3.1     Nanoparticles prepared by microfluidic phytosynthesis 

 Wet chemical techniques, such as sol-gel, co-precipitation or hydrothermal synthesis 

requires high pressure or temperature, also using of hazardous reducing and stabilizing 

agents. Phytosynthesis is a method utilizing biological substances or plant based extracts as 

reducing and stabilizing agents, and is regarded as eco-friendly approach in NPs 

production [62].  

 Phytosynthesis of NPs on MF platform is new and promising way of NPs preparation. 

There is just few research works reported about Ag NPs preparation by MF biosynthesis.  

Research works about MF phytosynthesis of Au NPs have not been reported yet.  

 MF phytosynthesis of Ag NPs from silver nitrate was reported by Liu et al. As 

biomass, branch of evergreen Cacumen platycladi was used. C. platycladi was crushed into 

a powder and dispersed into deionized water in the flasks shaking in the shaker for 12 h at 

a rotation rate of 150 rpm at 30 ˚C. Leaf extract and AgNO3 precursor were mixed inside 

microchannels and collected to the beaker after reaction [63]. 

 Kiruba et al. reported MF biosynthesis of uniformly sized silver NPs at room 

temperature. In this study synthesizer consists from micro-reactor with negative pressure 
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which was used as MF device. For the synthesis was used the leaf extract from Parthenium 

histerophorus weed, from which the extract was prepared by boiling 30 g of leafs in 100 

ml deionized water for 1 hour at 100 ˚C.  

 Silver nitrate was used as precursor and leaf extract as reducing agent in ratio 50:1, 

which was identified as optimum ratio for successful phytosynthesis of Ag NPs. 

Microfluidic synthesis requires control of mixing of the reactants inside microchannels. 

This is achieved by using a planar micromixer where the precursor and plant extract are 

feed to the respective inlets as shown in figure 3.4.   

 In this particular case, fluid flow is achieved by negative differential pressure by using 

single syringe connected to the outlet. The inlet tube was immersed inside test tube, which 

were exposed to atmospheric pressure. Pulling the piston of the syringe vacuum is created 

and fluid flow through MF device and NPs are formed [62].  

 

Figure 3.4: Microfluidic micromixer used for phytosynthesis of Ag NPs [62]. 

 Liu, H. et al. synthesized bimetallic Au-Ag NPs in tubular micro-reactor with presence 

of C. platycladi as reducing agent. C. platycladi was crushed into a powder and dispersed 

into deionized water in the flasks shaking in the shaker for 12 h at a rotation rate of 

150 rpm at 30 ˚C. Leaf extract and HAuCl4 and AgNO3 precursors were mixed inside 

microchannels and Au-Ag NPs were collected to the beaker after reaction [64].  
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 Liu, H. et al. preformed another MF phytosynthesis of platinum NPs. As reducing 

agent C. platycladi was used as previous reports with Na2PtCl4 as precursor and MF chip 

fabricated from PMMA. The solutions were mixed with reaction temperature of 90 ˚C 

[65]. During mixing a different flow rates were used.  

 Flow rate is parameter of MF phytosynthesis that has influence of the resulting 

character of NPs. Also inner diameter of the channel, material and wall surface of tube, 

concentration of precursor, shape of inlet have influence on size, shape and structure of 

require NPs. Factors affecting the resulting character of microfluidic nanoparticles have 

been described in the next chapter. 
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4. Factors affecting properties of nanoparticles on microfluidic platform 

 

 In both cases of microfluidic synthesis and biosynthesis there is a possibility of 

changing reaction parameters and affecting the resulting character of prepared NPs by that. 

This chapter is focused on the effect of technical parameters of MF synthesis, e.g. flow 

rate, concentration of precursor and reducing agents, etc. and reactor parameters, e.g. inlet 

mixing pattern, reactor material, inner diameter, etc. on the size and size distribution of 

NPs. Due to particular effects observed when fluids are going through microchannels, such 

as capillary forces, diffusion or interfacial effect, mixing in microchannels possess unique 

flow characteristics which have specific influence on the parameters of resulting NPs [63].  

 

4.1   Technical parameters of microfluidic synthesis   

4.1.1 Interfacial effect 

 Interfacial effect has major influence in size and size distribution of NPs. Due to 

classical nucleation theory, NPs should be able to overcome an interfacial energy to create 

new interface between the nuclei in its solid face and old solution phase. Therefore, 

nucleation on solid surface is much easier, because of lower interfacial energy [66].  

 To nucleate on channel surface is easier than in solution phase. After NPs are formed 

on the channel wall surface they detach and leave area available for new nuclei to grow. 

Generally, the size of NPs detaching from the surface is larger than of those formed in bulk 

solution because of faster nucleation and growth, resulting in NPs with wider size 

distribution. Hence, the interfacial effect increases the average size (regarding from the 

effect of the wall) and widens the size distribution (regarding from the disparity of 

nucleation rate between bulk solution and wall surface) of the final product [63]. 

 

4.1.2   The effect of the volumetric flow rate  

 Volumetric flow rate Q (m
3
/s) has a significant influence on size and size distribution 

of NPs. The effect cannot be generalized and it varies from one type of NPs to another. 

The influence of volumetric flow rate on NPs size can be explained by relationship 

between residence time and mixing efficiency. Residence time is a measure of how much 

time the fluids spend inside the channel. When volumetric flow rate is larger, the degree of 

mixing will be better because the collision strength of the two fluids is enhanced [65].  
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 In recent years MF synthesis of Ag NPs was reported where NPs were synthesized at 

low flow rate of 80 µl/min and the resulting average diameter of the Ag NPs was 8.7 nm. 

As the flow rate increase to 600 µl/min, synthesized Ag NPs had wider size distribution 

and the average diameter was reduces to 5.6 nm. Low flow rate lead to narrower size 

distribution and the size of Ag NPs gets smaller as flow rate gets larger [67].  

 Liu, H. et. al, synthesized Ag NPs using MF phytosynthesis approach with C. 

platycladi plant extract, where flow rates 200, 300, 400, 500 and 600 µl/min were applied. 

With increasing of flow rates from 200 to 400 µl/min, there is increase of NPs size from 

3.5 nm to 7.2 nm, but from flow rates 500-600 µl/min size decreased from 5.2 nm to 3.0 

nm. Due to short residence time at large volumetric flow rate cannot provide sufficient 

time for nucleation and growth, size of NPs is decreasing [63].    

 The same research group reported phytosynthesis of bimetallic NPs with C. Platycladi 

plant extract. The volume flow influences the molar ratios of the two elements. With a 

decrease in flow rate, the average Au-Ag particle size slightly increased from 3.5 nm at a 

flow rate of 300 µl/min to 4.2 nm at 100 µl/min.  

 In bimetallic Au-Ag NPs, phytosynthesis where the HAuCl4 and AgNO3 reaction 

solutions are mixed with reducing plant extract, the HAuCl4 will be reduced more easily 

because it has a higher reduction potential. Hence, the reaction rate of HAuCl4 reduction 

will be much faster than AgNO3 which will cause a smaller molar ratio of Ag in bimetallic 

NPs. If the flow slows, AgNO3 begins to react, before most of the HAuCl4 reacted 

completely. Then the molar ratio of Ag is increased [64].  

 MF phytosynthesis of Au NPs has not been reported yet by any research groups. The 

first MF phytosynthesis of Au NPs was presented in this thesis.      

 Recently, biological synthesis of Pt NPs in microfluidic chip was reported. The authors 

used flow rates of 100, 200, 300, 400, 500 µl/min. The Pt NPs size increased from 2.7 nm 

to 6.6 nm with increasing flow rate from 100 to 300 µl/min, due to sufficient mixing. 

Hence, there is a decreasing of NPs size from 6.6 nm to 1.6 nm with increased of flow rate 

from 300 to 500 µl/min. At this flow rate the mixing already reached a maximum and 

residence time became shorter, therefore had no influence on mixing efficiency [65]. 
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4.1.3   The effect of phytochemicals concentration in plant extract  

 In the case of NPs phytosynthesis, organic compounds such as flavonoids, vitamins, 

terpenoids or reducing sugars works as reducing and stabilizing agents. In the other words, 

these phytochemicals are responsible for bioreduction of metal ions to NPs and their 

subsequent stabilisation. The reduction mechanism control the size and stability of NPs, 

which can attribute to the formation of stable bond between metallic NPs and 

phytochemicals present in the plant extract [68].  

 In biosynthesis, heterogeneous nucleation occurs more readily when synthesized with 

plant extract, because biomass provides a solid interface. Higher concentration of 

phytochemicals would results in stronger interfacial effect, which determines larger 

average size of NPs and wider distribution [63].  

 The concentration of the phytochemicals in extract affects the molar ratios of the two 

elements. In synthesis of bimetallic Au-Ag NPs reduction depends on reduction potential. 

Since HAuCl4 has a higher reduction potential than AgNO3, it would be reduced preferably 

if the reducing agents are insufficient. If the extract concentration of phytochemicals is 

low, AgNO3 cannot be reduced, resulting in an increased percentage of Au in Au-Ag 

bimetallic NPs. However when the concentration of plant extract increase, reduction 

potential of AgNO3 increase so more AgNO3 could be reduced, while most of HAuCl4 had 

been already reduced. This leads to an increase in the molar ratios of Ag in Au- Ag 

bimetallic NPs. 

  Increasing the concentration of the extract leads to slight increase in NPs size. For 

example increasing the plant extract concentration from 2 g/l to 10 g/l increased the 

particle size from 3.3 nm to 3.5 nm [64].  

 

4.2   Reactor parameters of microfluidic synthesis   

 

4.2.1  The effect of the inlet mixing pattern of fluids 

 As it was mentioned above, due to the dominating laminar flow in the microscale, 

mixing of fluids depends on molecular diffusion. Mixing can be improved by increasing of 

contact surface and decreasing of the diffusion path between fluids. Hence, different 

patterns for effective mixing of fluids could be used to shorten the diffusion path [69].  

 Two types of junctions, T-type (figure 4.1a) and Y-type (figure 4.1b) are the most 

common used in MF synthesis and biosynthesis.  
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Figure 4.1: Inlet mixing patterns of micromixers: a) T-type mixer and b) Y-type mixer 

[69]. 

 In T-type junction two fluids (1) and (2) flows and are collected in the cross section of 

channel. At fixed height, length of mixing decreases with the width of channel. This 

observation justifies the advantage of diminishing width in order to obtain mixing in a 

shorter time and over shorter distance.   

 In Y-type junction two fluids (1) and (2) are mixed in a flow channel. Mixing depends 

on the interface between the fluids, hence mixing is rather slow and long mixing channel is 

required [58].  

 When molecular diffusion is fast enough, radial concentration gradient are minimized 

resulting in monodisperse NPs. The Ag NPs produced through the T-type junction had 

smaller size and narrower size distribution than those produced through the Y-type 

junction, which might indicate that T-type junction had better mixing performance than Y-

type junction [63].  

 

4.2.2  The effect of material of channel walls 

 Different tube materials present different interface properties in contact with solutions 

in a reaction. Due to affinitive force at reactor surface NPs are deposited on the surface of 

the tube. NPs deposition on the wall surface increase friction by improving the roughness 

of surface.  

 The choice of material is very important to prevent NPs nucleation and agglomeration 

on channel walls, which could lead to rapid clogging of microchannels. Abrasive materials 

are able to produce stronger interfacial effects, resulting in greater average size and wider 

distribution of NPs. The abrasive surface may increase the velocity gradient due to the high 

friction between the reagents, thereby increasing the particle size distribution [67, 70]. 
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 In general polymer materials are the most common used to fabricate micro-reactors. 

Polymers such as PMMA, PDMS, which were mentioned before they are optically 

transparent, inert, thermally and electrically resistant, have low friction coefficients [71].  

 Micro-reactors made from PTFE (polytetrafluoroethylene) have very low friction 

coefficient, non-adhesive performance. In the other side ETFE (ethylene-co-

tetraflouroethylene) has relatively large friction coefficient and sticky performance. PTFE 

has smoother surface compared to ETFE, therefore rough surface of ETFE could provide 

more sites for nucleation, because of bigger superficial area.  

 This results, that NPs could be more prone to depositing on the surface of ETFE tube 

than on PTFE tube. Ag NPs produced in the ETFE tube reactor had larger average size 4.7 

nm than those produced in PTFE 4.2 nm [63]. 

 

4.2.3   The effect of channel inner diameter  

 Due to the predominance of capillary forces over viscous shear forces it is difficult to 

get rid of the bubbles using fluid flow alone. The fluid is transported inside microchannels 

in shape of drops resulting channel diameter is very important aspect in size and size 

distribution of NPs [58].  

 Micro-reactors can have different channel inner diameter which means they can have 

different surface-to-volume ratios. That might bring various influences on particle 

formation. Channels with higher surface-to-volume ratio (smaller diameter) had better heat 

transfer rate, because the fluid in microchannel has to go through smaller distance to reach 

equilibrium temperature than fluid in microchannel with bigger diameter.  

 The rapid mass and heat transfer could lead to better mixing efficiency which resulting 

in narrower size distribution of NPs. Hence, larger surface-to-volume ratio would result in 

stronger interfacial effects between the wall and the solutions, leading to larger average 

size and wider distribution of the NPs [72].  

 Ag NPs produced in the 0.5 mm channel had larger average size 7.0 nm with almost 

identical size distribution. Therefore size of Ag NPs formed in the channel of diameter 

0.8 nm decreased to 4.7 nm. When inner diameter of channel decreases, the mixing 

efficiency increases with improvement of interfacial effect resulting bigger size of NPs 

[63]. 
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5. Experimental part  

 

 The aim of the experimental part of the thesis was to perform pilot experiments of 

phytosynthesis of gold and silver NPs on microfluidic platform. The experimental part is 

divided into four parts: (i) familiarization with work with microfluidic chip and 

construction of a simple microfluidic apparatus for phytosynthesis of NPs; (ii) realization 

and evaluation of pilot experiments of microfluidic phytosynthesis of Au and Ag NPs (iii) 

realization and evaluation of experiments of phytosynthesis of Au and Ag NPs outside the 

microfluidic chip and (iv) comparing of all achieved phytosynthesis results.  

 For phytosynthesis experiments plant Tilia cordata was used, also called little-leaf 

linden, which belongs to Malvaceae family. Tilia cordata is a deciduous tree commonly 

growing in Europe, especially at Central Europe [73]. Using of linden blossom flowers 

(figure 5.1) for phytosynthesis of NPs has not yet been published and has several 

advantages: biomass is commonly extended and available on most of the Europe territory, 

is non-toxic and safe to use, and contains a wide range of phytochemicals that can help to 

reduce metal ions from the precursor solution and subsequently stabilize NPs.  

 

Figure 5.1: Linden blossom flower-clusters [74]. 

 The linden blossom "flower-clusters" contains silica (0.04 %) and phytochemicals such 

as flavonoids, kaempferol, quercetin, myricetin and their glycosides and also amino acids, 

carbohydrates and volatile oils [75]. On the figure 5.2 we can see reduction mechanism of 

phytosynthesis using organic compounds from linden blossom "flower-clusters" to 

produced Au and Ag NPs.  
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Figure 5.2: Phytochemicals acting in reduction of metal ions and subsequent stabilization 

of metal nanoparticles [76]. 

 For releasing of active phytochemicals and phytosynthesis of NPs, the linden blossom 

is very convenient due to various options of biomass treatment. A simple leach or extract 

of a whole plant or its parts modified, e.g. by drying, grinding and crushing may be used. 

Under certain conditions (temperature, biomass to solvent ratio, time of leaching, mixing, 

etc.) we can obtain reducing and stabilizing substances for phytosynthesis of NPs from 

metal precursors, e.g. solutions containing metal ions.  

 At the experimental part pilot experiments of microfluidic phytosynthesis of Au and 

Ag NPs and phytosynthesis of Au and Ag NPs outside the microfluidic chip were 

performed. For the phytosynthesis of Au and Ag NPs, dried and crushed linden flowers 

were used. Final colloids were characterized by ultraviolet–visible spectroscopy, 

transmission electron microscopy and zeta potential. 

  

5.1    Preparation of linden water extract 

 Plant water extract has been prepared by the same way for all experiments, e.g. 1 g of 

linden per 50 ml of deionised water heated to 80 ˚C was used. Leafs were leached for 15 

minutes. Extract was than filtered through Büchner funnel with a tube leading to a vacuum 

pump. For filtration Whatman filter paper was used (Sigma-Aldrich, diameter 25 mm, 

thickness 180 µm and pore size 11 µm). The filtration process was repeated twice. 

Moreover, extract was filtrated third time using syringe filters (Thermo Fisher Scientific) 

to protect microfluidic channels against clogging by plant residuals. After the filtration, 

plant extract was ready to use for phytosynthesis or stored as a stock in the fridge for 

further use or control experiments and measurements. Prior to phytosynthesis linden 

extract as well as metal precursors (see below) should be tempered to room temperature.  
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5.2    Preparation of gold and silver precursor 

 Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, Thermo Fisher Scientific) 

was used as a source of Au
3+

 ions required for the phytosynthesis of Au NPs. Final gold 

precursor concentration was 1 mM.  

 Silver (I) nitrate (AgNO3) was used as a source of Ag
+
 ions required for the 

phytosynthesis of Ag NPs. At pilot experiments the concentration of 1 mM was used for 

MF phytosynthesis, in which Ag NPs were not formed. Final silver precursor concentration 

was 4 mM. Concentration of silver precursor was 4 times higher than gold precursor, 

because silver has lower reduction potential. Thereby it has lower tendency to gain or lose 

electrons, so the concentration must be higher than that of gold precursor. Both stock 

solutions of precursors were stored in the fridge for further using.   

 

5.3   Simple phytosynthesis of gold and silver nanoparticles outside the microfluidic 

chip 

 The procedure of phytosynthesis outside the microfluidic chip was performed as 

follows. The gold and silver precursor of 1 and 4 mM concentration, respectively, were 

each mixed with linden extract in 1:1 ratio, e.g. 10 ml of precursor and 10 ml of plant 

extract.  

 Reaction volumes were the same as in the case of MF synthesis. After mixing, both 

solutions were left to react quantitatively standing along under normal laboratory 

conditions (mild light and temperature around 23 ˚C) until the change of solution colour 

was observed. Because of the spectral properties of NPs, the purple gold colloid and the 

orange silver colloid should be obtained after the reduction of particular NPs. Silver NPs 

are light-sensitive and were stored in a dark.  

 

5.4    Microfluidic phytosynthesis of gold and silver nanoparticles 

5.4.1   Characterization of microfluidic chip 

 All the experiments of microfluidic phytosynthesis described at diploma thesis were 

performed at Computing and Microfluidics Lab at Department of Engineering Science at 

National Cheng Kung University. Microfluidic chips used in the experiments were 

fabricated at National Pingtung University of Science and Technology (NPUST) using 

CO2 laser machine for ablation of microchannels. Laser beam creates clean cuts with very 
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small amount of polymer material redeposit on the channel walls and carbonization around 

the cutting zone [77].  Material of MF chip was polymethylmethacrylate (PMMA).  

 Nowadays PMMA has appeared as a leading material to be used in polymeric MF 

devices. PMMA substrate has a lot of benefits such as high strength, biocompatibility, 

excellent optical transparency, and it is simple and cheap to produce microfluidic PMMA 

chips using a laser ablation. This material is generally used in many microfluidic and 

bioanalytical devices and has been found to be the most suitable for CO2 laser beam 

treatment [77, 78].  

 Figure 5.3a shows schematic layout of microfluidic chip used in all microfluidic 

phytosynthesis experiments (drawn using Corel DRAW and provided by NPUST). This 

chip has two inlets, one for metal precursor and second for plant extract and one outlet for 

a product of phytosynthesis - colloidal solution with metal NPs. In microchannels both 

inlet solutions are mixed. For the mixing of the fluids Y-type junction was used. On figure 

5.3b we can observe real fabricated microfluidic chip with quotations of length (85 mm), 

width (65 mm) of chip and length of one microchannel (35 mm). As we can see from the 

figure 5.3b the number of microchannels is 28, and the total length of the microchannels is 

100 cm.  

 

Figure 5.3: PMMA microfluidic chip: a) the drawing of microfluidic chip used in 

experiments; b) real fabricated microfluidic chip (photo provided by NPUST). 

  At figure 5.4 we can observe cross section of microchannels made by CO2 laser 

ablation method. The microfluidic chip channels geometry is inverted triangle with 400 µm 

width and 1000 µm depth.  
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Figure 5.4: SEM picture of microfluidic chip channels geometry prepared using CO2 laser 

ablation method (photo provided by NPUST). 

 

5.4.2 Design and description of peripheral experimental set-up 

 The peripheral experimental set up was designed at Computing and Microfluidics Lab 

at Department of Engineering Science at NCKU. As it can be observed on figure 5.5, 

experimental set-up is composed of two syringe pumps (KD Scientific, model KDS200), 

microfluidic chip, two syringes of 12 ml volume for plant extract (inlet 1) and metal 

precursor (inlet 2), and beaker for final colloid solution.  

 

Figure 5. 5: Experimental set-up including syringe pumps for on-chip phytosynthesis of 

monometallic nanoparticles 

Microfluidic phytosynthesis requires regulated mixing of volumes of reactants. To 

accomplish effective mixing, it is necessary to use two syringe pumps where metal 

precursor and plant extract are filled evenly into the inlet channels.  
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Syringe pumps which can hold two syringes each filled with volumes from 10 µl to 

140 ml were used in experiments. Flow rate range may be preset in the interval from 5.746 

µl/hr to 147.07 ml/min (for 140 ml syringe). 

The syringes with solutions are connected to the inlets of microfluidic chip using 

silicon tubes with internal diameter 0.3 mm and outer diameter 0.5 mm. The same 

connection is installed to the outlet which leads solution after mixing to a beaker. In figure 

5.6 we can see an illustration of peripheral experimental set up for MF phytosynthesis of 

Au NPs, where inlet 1 is for plant extract and inlet 2 for gold precursor.  

 

Figure 5.6: Illustration of peripheral experimental set up for MF phytosynthesis of Au 

NPs. 

 

5.4.3 Microfluidic phytosynthesis procedure 

 In this thesis the plant extract and metal precursor was mixed on the microfluidic 

platform. Microfluidic phytosynthesis of NPs is efficient, fast, cheap and easy way how to 

produce metal NPs without any waste of plant extracts and chemical precursors.  

 The procedure of microfluidic phytosynthesis of gold and silver NPs was as follows. 

Filtrated pure linden extract of 10 ml volume was transferred to the first syringe and gold 

or silver precursor to the second one. Both syringes were attached to the pumps and 

connected to the inlets 1 and 2 of microfluidic chip using silicon tubes. The third silicon 

tube was connected to the outlet bringing final colloid after mixing to a beaker.  

 After the setting the flow rate and pressing the start button, the inlet solutions 

immediately started to flow through the tubes to MF chip. Microfluidic phytosynthesis was 

performed with flow rates 250, 500 and 1000 µl/min for gold and silver.   
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5.5    Analytical methods used for characterization of nanoparticles in colloids 

 

5.5.1    Ultraviolet – Visible spectroscopy (UV-VIS)  

 The technique measures the absorption of light across the ultraviolet (200-400 nm) and 

visible (400-700 nm) light wavelengths through a liquid sample. For measuring absorption 

spectra of NPs in colloids the UV-VIS spectrophotometer LAMBDA 11 at the 

Nanotechnology Centre, VŠB-TUO and UV-VIS spectrophotometer GENESYS 10S at 

Computing and Microfluidics Lab at NCKU were used.  

 

5.4.2    Transmission electron microscopy and size distribution  

 Transmission electron microscopy (TEM) is a technique, where a beam of electrons is 

transmitted through a sample to form image. The produced gold and silver NPs were 

characterized by transmission electron microscope JEOL 1011 with CCD camera at 

accelerating voltage 80 kV at the Faculty of Natural Sciences, Charles University in 

Prague.  

 Size distribution of Au and Ag NPs from TEM micrographs were measured by analysis 

toolbox JMicroVision 1.2.7. For size distribution, at least 100-150 NPs were measured in 

each sample.  

 

5.4.3    Zeta potential 

  Zeta potential (ξ-potential) is a surface charge of NPs inside the colloid solution and is 

a key indicator of the stability of colloidal dispersions. Zeta potential was measured by a 

nanoparticle analyser HORIBA LA950 at the Nanotechnology Centre, VŠB- TUO 

equipped with a microprocessor unit to directly calculate the ξ-potential. The system 

measures the sample conductivity, applies an electric field, and then measures the motion 

of the particles using electrophoretic light scattering.  
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6.   Results and discussion  

 

6.1    Properties of gold and silver nanoparticles synthesized outside the chip 

 The gold and silver colloids were prepared using linden extract mixed with 1 mM of 

HAuCl4 and 4 mM of AgNO3 precursor in 1:1 ratio, e.g. 10 ml of precursor and 10 ml of 

plant extract.  

 Several minutes after solutions were mixed, colour change occurred indicating the 

formation of Au NPs. While formation of Ag NPs required longer time than Au NPs, 

minimum 20 minutes after solutions were mixed colour change started to occur. 

 

Figure 6.1: Pure linden extract (A) and colour changes of reduced colloids of Ag (B) and 

Au (C). 

 On figure 6.1 we can see pure plant extract and at the colour changes that occurred 

after the addition of the precursor solutions. During gold phytosynthesis a clear change in 

the coloration of light yellow pure linden extract to dark violet was observed within 7 

minutes after mixing indicating the presence of nanogold. In the case of nanosilver, colour 

change was from light yellow to dark orange-brown.  

 The Au NPs are able to absorb electromagnetic radiation as it shows figure 6.2, where 

on the left is UV-VIS measured one day after mixing with highest peak of absorbance at 

533 nm. Figure 6.2 (right) shows UV-VIS measured one month after mixing and there is a 

slight shift of peak to value 535 nm. 
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Figure 6.2: UV-VIS of Au NPs phytosynthesized outside the microfluidic chip measured 

one day (left) and one month (right) after mixing. 

 Zha, J. et al. produced monodisperse Au NPs using Ginkgo biloba leaf extract, where 

absorption peak was around 545.5 nm. It was further proved that these spherical NPs had 

size between 10 and 30 nm [22].   

On figure 6.3 we can see TEM picture of formed Au NPs. We can observe different 

shapes of NPs, which are spherical, hexagonal or triangular. The differences in size and 

shape are probably linked to NPs crystallinity and later crystallization of bigger hexagonal 

plates (hexagons and triangles). 

 

Figure 6.3: TEM of Au NPs phytosynthesized outside the microfluidic chip (scale bar 200 

nm). 
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Majority of smaller spherical Au NPs have a tendency to form chains. It is obvious that 

size distribution of Au NPs is very width and quantity is very high. Size distribution of Au 

NPs measured by software was from 11 to 40 nm. The average size of Au NPs was found 

around 20 nm. 

 Figure 6.4 show absorbance spectrum of nanosilver where on the left is UV-VIS 

measured one day after mixing with highest peak of absorbance at 441 nm. Figure 6.4 

(right) shows UV-VIS measured one month after mixing and there is a slight shift of peak 

to value 443 nm. The intensity increased from 1.15 to 1.8 after one month, which can be 

caused by breaking of aggregates into homogenous NPs as we can see at figure 6.5.  

 

Figure 6.4: UV-VIS of Ag NPs phytosynthesized outside the microfluidic chip measured 

one day (left) and one month (right) after mixing. 

 In article written by Mo, Y. et al. green synthesis of Ag NPs using eucalyptus leaf 

extract was described. The absorption peak of produced Ag NPs was found 445 nm and 

average size of NPs was 23 nm [24].  

 On figure 6.5 we can see TEM picture, where formed Ag NPs did not have tendency to 

agglomerate and hold spherical shape with slight extensions in one direction in some cases 

which occur as Ag rods. However, it is clear that Ag NPs size distribution is rather broad. 

The majority of NPs have a diameter of 19 nm, with size distribution in the size range of 7- 

55 nm.  
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Figure 6.5: TEM of phytosynthesized Ag NPs outside the microfluidic chip (scale bar 200 

nm). 

 The range of ζ-potential electrokinetic charge is key parameter for determination of 

colloidal stability, aggregation and agglomeration. NPs are considered stable if their 

surface potential value is less than -30 mV or more than +30 mV. Zeta potentials of Au and 

Ag NPs were measured with electron voltage 3.3 V. Zeta potential of phytosynthesized Au 

NPs was found -28.3 mV which we were consider as stable. Zeta potential of Ag NPs was 

-23.5 mV, which is outside considered interval and can be evaluated as less stable. 

Negative charge is detected due to the presence of active bio-organic compounds, which 

stabilize NPs and work as capping agents [79].  

 

6.2    On-chip synthesized gold nanoparticles  

 The results of Au NPs prepared by MF phytosynthesis are described below. Table 6.1 

shows indication of the on-chip synthesized Au NP in the following text.  

Table 6.1: Indication of the on-chip synthesized Au NPs in the following text.  

Sample Indication 

Au NPs with flow rate 250 µl/min Au(250) 
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Au NPs with flow rate 500 µl/min Au(500) 

Au NPs with flow rate 1000 µl/min Au(1000) 

 

6.2.1 Visual observation of Au NPs phytosynthesis depending on flow rates 

 Linden extract and gold precursor (1 mM of HAuCl4) were mixed in microchannels 

with regulated flow rate 250, 500 and 1000 µl/min. Following this procedure Au NPs were 

produced.  

 At flow rate 250 µl/min, solutions stayed inside the microchannels and were mixed for 

56 seconds, and then have continued through outlet to the beaker. In the case of flow rate 

500 µl/min, time was reduced to half and at flow rate 1000 µl/min to quarter.  

 During mixing the change of colour indicating the formation of Au NPs inside 

microchannels was observed in different periods of time from the start. The figure 6.6 

shows schematic drawings of the progress of MF nanogold phytosynthesis for the flow rate 

250 µl/min.  

 

Figure 6.6: Scheme of MF chip showing change of colour inside microchannels observed 

in different periods of time for regulated flow rate 250 µl/min: a) t = 7 min; b) t = 14 min; 

c) t = 27 min; d) t = 54 min. 
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 The reactions were very quick and quantitative; at lowest flow rate (250 µl/min) and 

Au NPs were formed nearly 4 minutes after the mixing started which we could observe 

with eyes. Nanogold reduction during flow rates 500 needed around 3 minutes for colour 

change observation. For flow rate 1000 µl/min we could see formation of Au NPs 2 

minutes after mixing started.  

 Figure 6.6a shows MF chip after 7 minutes of solution mixing and we can observe light 

purple colour in the end of microchannels of MF chip due to formations of Au NPs. After 

another seven minutes of mixing (figure 6.6b), the colour inside microchannels changes 

from light to dark purple and it can be concluded that more NPs were attached to the 

channels walls. Gold NPs started to form in the 9
th

 channel.  

 After 27 minutes (figure 6.6c) we can observe noticeable dark purple colour in the 4
th

 

channel. After mixing was finished (figure 6.6d), almost entire microchannels were dark 

purple coloured by formation of Au NPs.    

 Similar trends of NPs formation were observed for MF phytosynthesis of Au NPs at 

flow rates 500 and 1000 µl/min, but the colour started to change earlier. The table 6.2 

summarizes the times and locations on the MF chip when visual detection of NPs synthesis 

occurred. 

 Due to different value of flow rates, the time needed for phytosynthesis was reduced as 

flow rate has increased. From this reason, there are 4 different times, when the colour 

change was observed.  

 Time t4 is total mixing time, t3 is half time of mixing, t2 is half time of t3 and t1 is half 

time of t2. Parameter n1, n2, n3, and n4 belong to numbers of microchannels, where colour 

change occurred at time t1, t2, t3 and t4 for all three flow rates. 

Table 6.2: Periods of time and locations on MF chip documenting visually the formation 

of Au NPs. 

Sample Au(250) Au(500) Au(1000) 

t1 [min] 7 3 2 

n1 28
th

 26
th

 24
th

 

t2 [min] 14 9 5 

n2 9
th

 18
th

 20
th

 

t3 [min] 27 18 7 

n3 4
th

 8
th 

12
th 

t4 [min] 54 27 14 

n4 2
th 

5
th 

7
th 
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Figure 6.7 shows real MF chips used for experimental microfluidic phytosynthesis of Au 

NPs with applied flow rates 250, 500 and 1000 µl/min when mixing was finished. Final 

gold colloids and control linden extract are shown in figure 6.8. 

 

Figure 6.7: Real MF chips after the phytosynthesis of Au NPs prepared applying flow rate 

a) 250, b) 500 and c) 1000 µl/min. 

 

 

Figure 6.8: Pure linden extract (left) and colloids of Au(250), Au(500) and Au(1000) 

(from left to right). 
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6.2.2  UV-VIS measurements results for nanogold colloids 

Table 6.3 shows values of UV-VIS absorbance maxima of Au NPs produced at 250, 

500 and 1000 µl/min flow rate one, two, five, seven days and one month after mixing.  

Table 6. 3: UV-VIS absorbance maxima of Au NPs produced at 250, 500 and 1000 µl/min 

flow rate one, two, five, seven days and one month after mixing 

Sample λ(day 1) 

(nm) 

λ(day 2) 

(nm) 

λ(day 5) 

(nm) 

λ(day 7) 

(nm) 

λ(month) 

(nm) 

Au(250) 555 555 554 554 543 

Au(500) 559 560 560 561 543 

Au(1000) 559 561 565 562 553 

 

Absorbance spectrum of Au(250) one day after mixing showed highest peak at 555 nm 

and after 24 hours peak position remained at value of 555 nm. However, there was a slight 

change of position 5 and 7 days after mixing, where highest peak had value of 554 nm. 

One month after mixing we can observe visible change of position of the highest 

absorbance peak shifted towards 543 nm.  

Next, we can observe absorbance spectrum of Au(500) one day after mixing with peak 

at 559 nm, which is a slight different that previous sample. Measurement after 24 hours 

shows that peak shifts to 560 nm and remained on the same value 5 days after mixing. One 

week after mixing, there was negligible change of peak position to 561 nm. The visible 

change of position was seen in the end of observation period with strong absorbance peak 

at 543 nm. 

The last sample with Au NPs produced at 1000 µl/min flow rate absorbance spectrum 

one day after mixing had peak at 559 nm, which is the same as that previous sample 

(Au(500)). Spectrum was measured again after 24 hours shows that peak shifted to 

561 nm. Another measurement was 5 days after mixing, where is slight change to 

wavelength 565 nm. One week after mixing, there was negligible change of peak position 

to 562 nm. Final measurement one month after mixing shows visible movement of 

absorbance peak to 553 nm.  

Figure 6.9 shows UV-VIS absorbance spectrum of Au NPs produced at 250, 500 and 

1000 µl/min flow rate one month after mixing. 
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Figure 6.9: UV-VIS of Au NPs prepared applying flow rate 250, 500 and 1000 µl/min one 

month after mixing. 

 

6.2.3  TEM observation of Au NPs formed on chip 

 At figure 6.10 we can observe TEM images of Au NPs produced by flow rate 

250 µl/min. From pictures we can see that Au NPs had spherical shape, no other shapes 

were found. Majority of NPs are struggled all over the sample volume, shape and size is 

very similar for all three samples. Stabilization coating made of phytochemicals is clearly 

visible as well. At lowest flow rate, there was minimal tendency of NPs to agglomerate or 

to form chains.  

 

Figure 6.10: TEM images of Au NPs prepared applying flow rate 250 µl/min (scale bar 

200 nm). 
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 Figure 6.11 we can observe TEM pictures of Au NPs produced by flow rate 

500 µl/min. Similar to previous sample Au NPs are spherical, homogenous and struggled 

all over the sample volume, but we can observe lower number of NPs as it was at Au(250). 

In other TEM micrographs of Au(500) we can observe minimal tendency of NPs to 

agglomerate. 

 

Figure 6.11: TEM images of Au NPs prepared applying flow rate 500 µl/min (scale bars 

are 200 nm). 

 In figure 6.12 we can observe TEM images of Au NPs produced by flow rate 1000 

µl/min. Compare to Au(500) we can see high number of homogenous Au NPs with 

spherical shape and minimal tendency of NPs to agglomerate as at previous samples 

Au(250) and Au(500). 

 

Figure 6.12: TEM images of Au NPs prepared applying flow rate 1000 µl/min (scale bars 

200 nm). 
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 The size and size distribution of NPs were measured by software JMicroVision 1.2.7; 

around 100 Au NPs from each sample were measured. Table 6.4 shows the results and we 

can see maximum diameter (dmax), minimum diameter (dmin), average diameter (dA) and 

size range of Au NPs.  

Table 6.4: The size distribution of Au NPs in three different colloidal solutions prepared at 

flow rates 250, 500 and 1000 µl/min. 

Sample dmax (nm) dmin (nm) dA (nm) Size range (nm) 

Au(250) 37.3 12.1 31.7 12 - 37 

Au(500) 32.4 14.4 22.1 14 - 32 

Au(1000) 42.0 21.8 37.5 22 - 42 

 

The MF phytosynthesis of Au NPs was not reported yet. From the size distribution 

analysis it is clear, that all three samples contain NPs with similar size and distribution is 

rather narrow than broad.  

Weng, C-H et al. synthesized Au NPs using microfluidic reactor systems, where 

produced NPs had the average diameter around 25 nm with an absorption peak at 520 nm 

in the UV–VIS spectrum [80].   

Liu, G. et al. reported continuous flow controlled synthesis of Au NPs using pulsed 

mixing microfluidics system, where they produced Au NPs with three different mixing 

frequencies of 100, 200 and 300 Hz. The absorption maxima of 534, 532 and 524 nm were 

observed and sizes of produced Au NPs corresponding to the wavelengths were 26 nm, 29 

nm and 22 nm [81]. The examples of biomasses used for preparation of Au NPs with sizes 

and shapes of resulting NPs were described at table 2.2 in the second chapter. 

 

6.2.4 Stability of Au colloids 

 As it was said before, the range of ζ-potential electrokinetic charge is key parameter 

for determination of colloidal stability, aggregation and agglomeration. NPs are considered 

stable if their surface potential value is less than -30 mV or more than +30 mV [79]. Zeta 

potential of Au NPs was measured with electron voltage 3.3 V.  

 The surface charge of Au(250), Au(500) and Au(1000) evaluated by zeta potential was 

-39.1; -42.3 and –26.1 mV. This confirms the formation of negative charges on the surface 

of Au NPs, which protects NPs from aggregation and precipitation. Zeta potential 

measured values prove that Au NPs did not agglomerate and NPs are stable in colloids.  
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 The most stable seem to be Au(500) as they had lowest ζ-potential -42.3 and as we 

could see at figure 6.11 NPs had minimal tendency to agglomerate. We can consider 

Au(250) with ζ-potential -39.1 as very stable. The Au(1000) has ζ-potential higher than  

stability limit value, but form figure 6.12 is visible that NPs had minimal tendency to 

agglomerate or aggregate. The decreasing of ζ-potential in Au(1000) can be associated 

with increasing absorbance intensity, as we can observe in figure 6.9.  

 

6.3    On-chip synthesized silver nanoparticles  

The results of Ag NPs prepared by MF phytosynthesis are described below. Table 6.1 

shows indication of the on-chip synthesized Ag NP in the following text.  

Table 6.5: Indication of the on-chip synthesized Ag NPs in the following text. 

Sample Indication 

Ag NPs with flow rate 250 µl/min Ag(250) 

Ag NPs with flow rate 500 µl/min Ag(500) 

Ag NPs with flow rate 1000 µl/min Ag(1000) 

 

6.3.1.   Visual observation of Ag NPs phytosynthesis depending on flow rates 

 Linden extract and silver precursor (4 mM of AgNO3) were mixed in microchannels 

with regulate flow rate 250, 500 and 1000 µl/min. Following this procedure silver 

nanoparticles were produced.  

 As at the previous experiment with gold, at particular flow rate solutions stayed inside 

the microchannels and were mixed for 56 seconds, and then continue through outlet to 

beaker. In the case of flow rate 500 µl/min, time was reduced on half and in the case of 

flow rate 1000 µl/min on quarter.  

 During mixing the change of colour inside microchannels could be observed in 

different periods of time from start. Changes of colour indicate formation of Ag NPs. At 

figure 6.13 shows schematic drawings of the progress of MF nanosilver phytosynthesis for 

the flow rate 250 µl/min.  

 The reactions were slower and less quantitative as Au reactions; at lowest flow rate 

(250 µl/min) and Au NPs were formed 6 minutes after the mixing started at the cross 

section of Y- type junction which we could observe with eyes. Nanosilver reduction during 

flow rates 500 needed around 5 minutes for colouration of 1
st
 channel.  
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 However we could observe formation of NPs at beginning of 1
st
 channel after cross 

section of Y- type junction of MF chip just 3 minutes after mixing started. For flow rate 

1000 µl/min we could see formation of Ag NPs 4 minutes after mixing started at 1
st
 

channel and observe formation of NPs at beginning of 1
st
 channel after cross section of Y- 

type junction of MF chip just 2 minutes after mixing started. 

 

Figure 6.13: Scheme of MF chip showing change of colour inside microchannels observed 

in different periods of time for regulated flow rate 250 µl/min: a) t = 7 min; b) t = 14 min; 

c) t = 27 min; d) t = 54 min. 

 Figure 6.13a shows microfluidic chip seven minutes after mixing of solution started 

and we can observe orange colour. Nanosilver was formed and attached to the 

microchannel walls, which can be seen at the drawing of microchip.  

 As we can observe from channel colour progress, Ag NPs needed more time for 

formation compare to Au NPs. Over fourteen minutes of mixing (figure 6.13b), the orange 

colour inside microchannels continue to spread through eight channels.  

 During twenty-seven minutes (figure 6.13c), we can observe noticeable orange colour 

begun in sixteenth channel. In the end of mixing (figure 6.13d), almost entire 

microchannels were orange coloured by formation of Ag NPs.  
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 Final mixed solution inside the beaker was orange coloured, later light orange change 

to darker orange, even brown and which proofed formation of silver nanoparticles.   

 Similar trends of NPs formation were observed for MF phytosynthesis of Ag NPs at 

flow rates 500 and 1000 µl/min, but the colour started to change earlier. The table 6.6 

summarizes the times and locations on the MF chip when visual detection of NPs synthesis 

occurred. 

 Due to different value of flow rates, the time needed for phytosynthesis was reduced as 

flow rate has increased. From this reason, there are 4 different times, when the colour 

change was observed.  

 Time t4 is total mixing time, t3 is half time of mixing, t2 is half time of t3 and t1 is half 

time of t2. Parameter n1, n2, n3, and n4 belong to numbers of microchannels, where colour 

change occurred at time t1, t2, t3 and t4 for all three flow rates. 

Table 6.6: Periods of time and locations on MF chip documenting visually the formation 

of Ag NPs. 

Sample Ag(250) Ag(500) Ag(1000) 

t1 [min] 7 3 2 

n1 1
st
 1

st
 1

st
 

t2 [min] 14 9 5 

n2 8
th

 5
th

 3
th

 

t3 [min] 27 18 7 

n3 16
th

 14
th 

12
th 

t4 [min] 54 27 14 

n4 24
th 

21
th 

19
th 

  

Figure 6.14 shows real MF chips used for experimental microfluidic phytosynthesis of Ag 

NPs with applied flow rates 250, 500 and 1000 µl/min when mixing was finished. Final 

silver colloids and control linden extract are shown in figure 6.15. 
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Figure 6.14: Real MF chips after the phytosynthesis of Ag NPs prepared applying flow 

rate a) 250, b) 500 and c) 1000 µl/min. 

 

Figure 6.15: Pure linden extract (left) and colloids of Ag(250), Ag(500) and Ag(1000) 

(from left to right). 

 

6.3.2  UV-VIS measurements results for nanosilver colloids 

Table 6.7 shows values of UV-VIS absorbance maxima of Ag NPs produced at 250, 

500 and 1000 µl/min flow rate one, two, five, seven days and one month after mixing.  
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Table 6.7: UV-VIS absorbance maxima of Ag NPs produced at 250, 500 and 1000 µl/min 

flow rate one, two, five, seven days and one month after mixing 

Sample λ(day 1) 

(nm) 

λ(day 2) 

(nm) 

λ(day 5) 

(nm) 

λ(day 7) 

(nm) 

λ(month) 

(nm) 

Ag(250) 487 489 491 483 448 

Ag(500) 487 494 480 488 448 

Ag(1000) 483 480 482 479 445 

 

Absorbance spectrum of Ag(250) one day after mixing showed characteristic peak at 

487 nm. Spectrum was measured again after 24 hours, but there was just a slight change of 

band to 489 nm. Another change of position was 5 days after mixing, where highest peak 

was shifted towards 491 nm. One week after mixing value decrease to 483 nm. In the end 

of observation period absorbance value shifted to 448 nm.  

Next, we can observe absorbance spectrum of Ag(500) one day after mixing with peak 

at 487 nm, which is the same as Ag(250). Measurement after 24 hours shows that peak 

shifts to 494 nm. Hence, another measurement was 5 days after mixing, where we can 

observe decreasing of value to 480 nm. One week after mixing, there was negligible 

change of peak position to 488 nm. The visible change of position was seen one month 

after mixing with strong absorbance peak at 448 nm. 

The third sample Ag(1000) had absorbance spectrum one day after mixing at 

wavelength 483 nm, which is slight different as that previous samples. Second 

measurement after 24 hours shows that peak decreased to 480 nm. Another measurement 

was 5 days after mixing, where is slight increase of wavelength to 482 nm. One week after 

mixing band shifts towards 479 nm.  Further change was observed one month after mixing 

with peak position at value 445 nm.   

Figure 6.16 shows UV-VIS absorbance spectrum of Ag NPs produced at 250, 500 and 

1000 µl/min flow rate one month after mixing. We can observe decreasing of intensity 

with increasing of flow rate. This can be related to decreasing of stability and increasing of 

tendency to agglomerate.  
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Figure 6.16: UV- VIS of Ag NPs prepared applying flow rate 250, 500 and 1000 µl/min 

one month after mixing. 

 

6.3.3  TEM observation of Ag NPs formed on chip 

 At figure 6.17 we can observe TEM images of Ag NPs produced by flow rate 

250 µl/min. From micrographs we can see that Ag NPs were very uniform, homogenous, 

had spherical shape with slight extension in one direction.  

 

Figure 6.17: TEM images of Ag NPs prepared applying flow rate 250 µl/min (scale bars 

200 nm). 
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 At figure 6.18 we can observe TEM images of Ag NPs produced by flow rate 500 

µl/min. As at previous case, here we can also observe uniform, homogenous and spherical 

NPs which create visible maps with stabilization coating made of phytochemicals.  

 

Figure 6.18: TEM images of Ag NPs prepared applying flow rate 500 µl/min (scale bars 

200 nm). 

 As last one are shown on figure 6.19 TEM images of Ag NPs produced by flow rate 

1000 µl/min. Again NPs were very uniform, homogenous, had spherical shape with slight 

extension in one direction and created maps with stabilization coating made of 

phytochemicals. 

 

Figure 6.19: TEM images of Ag NPs prepared applying flow rate 1000 µl/min (scale bars 

200 nm). 
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 In all three samples majority of NPs are struggled all over the sample volume and have 

minimal tendency to agglomerate. Number of NPs is very high, which creates good 

conditions for measurement of size of particles. Nanosilver is straggled with narrow size 

distribution and there is no tendency of NPs to agglomerate or to form chains.  

 The size and size distribution of NPs were measured by software; around 100 Ag NPs 

from each sample were measured. The result shows table 6.8 we can see maximum 

diameter (dmax), minimum diameter (dmin), average diameter (dA) and size range of Ag NPs.  

Table 6.8: The size and size distribution of Ag NPs with different flow rates 250, 500 and 

1000 µl/min, measured by JMicroVision 1.2.7.  

Sample dmax (nm) dmin  (nm) dA   (nm) Size range (nm)  

Ag(250) 33.8 11.5 18.7 11 – 34  

Ag(500) 32.7 15 23.7 15 – 33  

Ag(1000) 26.6 12.4 19.4 12 – 27  

 

From the size distribution analysis it is clear, that all three samples contain NPs with 

similar size around 30 nm and distribution is rather narrow than board.  

Kiruba Daniel, S.C.G. et al. synthesized Ag NPs using microfluidic based handheld 

nanoparticle synthesizer, where they used different flow rate and different precursor to 

reducing agent ratio to produced NPs. The absorbance peaks were found around 432 nm 

and with higher flow rate shifted to 418 nm. The particle diameter was from 15 to 5 nm 

[62].  

Xu, L. et al. reported droplet synthesis of silver nanoparticles by microfluidic device. 

The absorption maxima were observed at 421 nm and 407 nm, these results implied the 

particle size of 9, 1 nm and 5 nm [82]. The examples of biomasses used for preparation of 

Ag NPs with sizes and shapes of resulting NPs were described at table 2.3 in the second 

chapter. 

 

6.3.4 Stability of Ag colloids 

 The surface charge of Ag(250), Ag(500) and Ag(1000) evaluated by zeta potential was 

–44.5; -38.9 and –38.5 mV. All three samples had very low values of ζ-potential, less than 

-30 mV. This can be consider as an excellent stability of Ag NPs. These high stabilities can 

be associated with biomolecules such as flavonoids that create protective layer, thus 

provide more stable NPs [79]. 
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6.4    Comparison of gold nanoparticles synthesized outside the chip and on-chip   

 Both phytosynthesis methods (on chip and out of the chip) have some advantages and 

disadvantages. Firstly, in MF phytosynthesis we have to take into account a bit higher price 

of syringe pumps, which are needed for flow rate regulation. In the case of standard 

phytosynthesis experiments outside the chip we do not require additional devices.  

 Secondly, in presented experiments the highest time of MF synthesis of Au NPs was 

54 minutes, where flow rate was the smallest (250 µl/min). On the contrary nanogold 

colloid synthesised outside the chip needed around 70 minutes. The reduction of time 

needed for NPs to form was 33 %. However, the final character of NPs (size distribution 

and homogeneity) was different as it will be described further.  

 Table 6.9 shows comparison between Au NPs prepared outside the chip (sample 

designated as Au(out)) and on MF platform using flow rates 250, 500 and 1000 µl/min.  

Table 6.9: Comparison between Au NPs prepared outside the chip and by MF 

phytosynthesis  

Sample Au(out) Au(250) Au(500) Au(1000) 

UV-VIS  

λ-month (nm) 

535 543 543 553 

dmax (nm) 40.4 37.0 32.4 42.0 

dmin (nm) 10.9 12.1 14.4 21.8 

dA (nm) 20.4 31.7 22.1 37.5 

Size range (nm) 11 - 40 12 - 37 14 - 32 22 - 42 

Shape of NPs Spherical, triangular, hexagonal Spherical Spherical Spherical 

Zeta potential (mV) -28.3 -39.1 -42.3 -26.1 

 

 As we can see from results, absorption peak of Au(out) shifts towards value 535 nm 

that is slight decreasing of wavelength compare to other samples, possibly related to 

smaller size of NPs.  From the table it is evident that UV-VIS absorption peak measured 

one month after phytosynthesis is in the same wavelength value 543 nm for both Au(250) 

and Au(500), which is related to similar size of NPs. However, sample Au(1000) differs 

from previous ones, where absorption peak shifts to 553 nm which can be explained by 

bigger size of NPs.  
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 The size and size distribution of particles in Au(out) sample were very similar 

compared to NPs prepared on MF chip. We can observe from table 6.9 that Au(out) and 

Au(500) had similar average diameter (dA) of NPs around 20 and 22 nm. NPs in other 

colloids Au(250) and Au(1000) had bigger average size around 32 and 38 nm.  

 The most crucial aspect was the shape of Au NPs. While Au NPs produced outside MF 

chip (figure 6.3) they had a tendency to form chains composed of smaller particles and we 

can observe not spherical NPS only but also triangular and hexagonal ones. The shape 

inhomogeneity may be an obstacle in where spherical shape is required, e.g. bioimaging, 

biosensing or catalysis [83].  

 Spherical NPs are easier to handle as well, and do not posses high inclination to 

agglomerate. In the case of Au(out) there is high amount of NPs straggled in volume 

compare to MF chip prepared NPs, where density of particles was low, especially at 

Au(500). However, it could be influenced by the preparation of particular sample on the 

TEM grid.   

 Zeta potential values (table 6.9) proved high stability of NPs prepared on MF chip, 

especially Au(250) and Au(500) with value -39.1 and -42.3 mV which can be consider as 

extremely stable Au NPs. Stability of Au(out) and Au(1000) was very similar as values of 

ζ-potential difference is minimal. From these values we can conclude that all Au NPs 

prepared outside chip or on MF chip were stable in colloids and did not agglomerate.  

 From the results mentioned above, we can conclude that NPs in Au(500) colloid have 

the best size and size distribution parameters with satisfying homogeneity and their MF 

phytosynthesis was quite fast. From these points of view, this colloid is the most suitable 

for further potential application for example in heterogeneous catalysis. 

 Regarding the stability, it should be pointed out, that Au NPs produced by MF 

phytosynthesis had no tendency to agglomerate and according to zeta potential values they 

are stable in colloids. We can confirm from the results that samples Au(250) and Au(500) 

had more satisfying size results that Au(1000). This variation can be caused by high flow 

rate which was 1000 µl/min (1 ml/min), so the mixing of plant extract and precursor was 

the shortest and thereby mixing efficiency was the lowest. From achieved results Au(250) 

can be evaluated as the best and most suitable for further applications.  

  

6.5    Comparison of silver nanoparticles synthesized outside the chip and on-chip  

 Due to smaller reactivity of silver compared to gold, Ag NPs needed more time to form 

outside MF chip; the time was around two hours. Using MF chip with flow rate 250 
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µl/min, time of synthesis was reduced to 54 minutes, which is around 55 % time reduction 

compares to outside chip phytosynthesis. To produce Ag NPs is more convenient and 

faster using MF phytosynthesis over phytosynthesis outside MF chip.  

 Table 6.10 shows comparison between Ag, prepared by outside the chip phytosynthesis 

(Ag(out)) and MF phytosynthesis using flow rates 250,500 and 1000 µl/min. NPs prepared 

without using MF chip had absorption peak 443 nm, Values of UV-VIS absorption peaks 

were measured one month after phytosynthesis, where values of Ag(250) and Ag(500) 

remain on same wavelength 448 nm.  

 This show that Ag NPs prepared at these flow rates had similar size and size 

distribution, which was also proven by measuring diameters of NPs (see table 6.10). While 

sample Ag(1000) differs from previous ones, where absorption peak shifts to 445 nm 

referring to change in size of NPs compare to Ag(250) and Ag(500).  

Table 6.10: Comparison between Ag NPs prepared by outside chip phytosynthesis and MF 

phytosynthesis  

Sample Ag(out) Ag(250) Ag(500) Ag(1000) 

UV-VIS  

λ-month (nm) 

443 448 448 445 

dmax (nm) 55.2 33.8 32.7 26.6 

dmin (nm) 7.1 11.5 15.0 12.4 

dA (nm) 18.8 18.7 23.7 19.4 

Size range (nm) 7 - 55 11 - 34 15 - 33 12 - 27 

Shape of NPs Spherical, rods Spherical Spherical Spherical 

Zeta potential (mV) -23.5 -44.5 -38.9 -38.5 

 

 The size of particles in Ag(out) sample was higher compared to NPs prepared on MF 

chip. We can observe from table 6.10 that Ag(out), Ag(250) and Ag(1000) had similar 

average diameter (dA) of NPs around 19 nm. NPs in other colloid Ag(500) had bigger 

average size around 24 nm.  

 The size distribution of Ag(out) NPs was found very width. From TEM picture of 

Au(out) (figure 6.5) is visible that Ag NPs prepared by this approach possess not just 

spherical but also rod shape. Spherical NPs have minimum surface for given volume and 

they are thermodynamically more stable and easier to manipulate. Nanorods usually have 
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higher probability to agglomerate due to high surface to volume ratio. Also obtaining 

nanorods with good yield required for further applications is difficult.  

 Therefore, spherical NPs are preferred over nanorods in desired applications. No other 

shapes were observed, and all three Ag NPs produced by MF phytosynthesis had similar 

density, which is much higher than Au NPs, but that can be related to TEM grid 

preparation.  

 Zeta potential values confirmed the formation of negative charges on the surface of Ag 

NPs, which protects NPs from aggregation and precipitation. From table 6.10 we can see 

high stability of NPs prepared on MF chip, especially Ag(250) with ζ-potential -44.5 mV 

which can be consider as extremely stable Ag NPs. Stability of Ag(500) and Ag(1000) was 

very similar as values of ζ-potential difference is minimal. Value of ζ-potential of Ag NPs 

prepared outside chip was -23.5 mV, which was evaluated as less stable than Ag NPs 

prepared by MF phytosynthesis.  

 From reported results, we can evaluate that Ag NPs produced by MF phytosynthesis 

occupied important spherical shape without occurrence of nanorod shape, according to zeta 

potential values they are stable in colloids and size of Ag NPs is suitable for incoming 

applications.  

 The flow rate 1000 µl/min was large and cannot provide sufficient time for nucleation 

and growth of NPs, so the size decreases. Ag NPs prepared by flow rate of 250 µl/min 

reveals to be the best option for phytosynthesis of NPs.  

 

6.6    Future aspect of microfluidic phytosynthesized nanometals with respect to 

practical applications     

 Metal nanoparticles produced by optimized MF phytosynthesis can be widely used in a 

lot of different application. One of the biggest application potential of Au NPs is in 

catalysis. However, the catalytic activity of the larger Au NPs (more than 20 nm) is 

slightly lower than that of the smaller sizes due to the reduced surface area. Therefore, it is 

necessary to prepare the nanoparticles as small as possible for potential catalytic 

application [84]. As can be seen from the results, very small and homogeneous 

nanoparticles can be readily prepared on a microfluidic chip. 

 The problem of Au NPs may be low stability and biocompatibility in biological 

environment. Therefore green synthesis using biocompatible compounds (phytochemicals) 

was found a way to prepare Au NPs which makes MF phytosynthesised NPs interesting 
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from this point of view. Produced NPs with mean size 20-30 nm may found an application 

e.g. in drug delivery systems [85].  

 Uniform NPs with an average size of 25 nm and with applications in biosensing were 

produced by using MF system [80]. Variety of sensors are using Au NPs for example, they 

can identify if foods are suitable for consumption. Other methods, such as surface 

enhanced Raman spectroscopy use Au NPs as substrates to enable the measurement of 

vibrational energies of chemical bonds. This strategy could also be used for the detection 

of proteins, pollutants, and other molecules label-free [86]. 

 Thanks to antibacterial property Ag NPs play an important role in nanomedicine, and 

are widely used in cosmetics, paints, footwear, etc. Ag NPs synthesized by aqueous extract 

of Azadirachta indica leaves with size of 20-50 nm were found to be antibacterial active. 

Ag NPs of this size are efficient bactericidal agents against a wide range of microbes and 

can be used in cosmetics, medicine bandages for burn wounds, etc [87].  

 Best electrochemical property of Ag NPs is conductivity which ensures efficient 

electrons transfer used in nanoscale sensors. Therefore, they can offer faster response times 

and lower detection limits. It was found that Ag NPs enhance the sensitivity of the glucose 

biosensors. Ag NPs with average size of 8 nm could be used for high sensitivity glucose 

biosensors with significant increase in respond time which was three times less that 

without NPs. This is very important for measuring amount of glucose in blood and check 

for diabetes type [88].  

 Contamination of samples in NPs biosynthesis plays a major role and microbes (fungi, 

bacteria, etc.) from air, but also from plant extract should be avoided. Plant is an organic 

matter and decomposition will occur in time. From this point of view, dried biomass is 

more suitable, but the fresh one may contain more phytochemicals for biosynthesis 

process. On the other side, the freshness of biomass used can be influenced and observed, 

or biomass could be preventively treated by ultra-violet radiation in a flow-box.  

 Fortunately, there is always a chance to improve and optimize parameters of 

phytosynthesis both in MF platform, and outside the microfluidic chip. The construction of 

MF device is extremely important for resulting size, size distribution and shape of NPs.  

 There is a possibility to use laser machine for ablation of microchannels to create even 

smoother surface of microchannels. This would lead to lower friction and prevents NPs to 

attach to wall of microchannels and thereby prevents from clogging of microchannels.  

 Another opportunity is to use heater for faster formation of NPs [89]. Normally, 

phytosynthesis is provided during laboratory temperature which is 23 ˚C. However, there is 

an option to use heater placed under MF device, which will results in increasing of 
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temperature of solution during mixing. In this case NPs will form quicker.  Phytosynthesis 

does not require higher temperature, if flow rate is suitable and NPs will form immediately.  

 In MF phytosynthesis we can be aware of lot of aspects that have influence on resulting 

parameters of NPs. For fluid mixing, it appears more advantageous to use a "T-type" 

connection; in which NPs are smaller and have a narrower distribution than type “Y”.  It 

also emerges from the literature that wider diameter of about 0.8 mm produces smaller NPs 

than a 0.5 mm diameter [90]. 
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7.  Conclusion  

 

 In this thesis theoretical background for microfluidic phytosynthesis of gold and silver 

nanoparticles was presented in detail and pilot experiments were successfully performed. It 

is worth to say, that microfluidic synthesis of gold nanoparticles has not yet been 

published.  

  The concept of green chemistry is still more popular in various research areas and 

these approaches can be applied in bionanotechnology and biosynthesis of nanoparticles as 

well to produce metal nanoparticles and minimize the potential environmental and human-

health risks.  

 Also, the potential of microfluidic techniques is increasingly being used in various 

fields of science and it is no wonder that they are also beginning to interact with 

nanotechnology. From this reason, microfluidic devices such as lab-on-a-chips (LOC), 

Micro Total Analysis System (µTAS) and micro-reactors were introduced for further 

understanding of experimental part. Importantly, optimization or modification of factors 

affecting the resulting character of microfluidic nanoparticles is a further necessary step to 

get the product suitable for practical applications.  

 First section of experimental part of the thesis is focused on familiarization and 

preparation of linden extract and precursors and construction of a simple microfluidic 

apparatus for phytosynthesis of gold and silver nanoparticles.  

 Next microfluidic gold and silver nanoparticles were prepared by using three different 

flow rates 250, 500 and 1000 µl/min. For following comparison, gold and silver 

nanoparticles were phytosynthesized outside microfluidic chip using the same conditions, 

i.e. concentration of gold precursor 1 mM and silver precursor 4 mM, metal precursor (10 

ml) with linden extract (10 ml) were mixed under normal laboratory conditions. Prepared 

gold and silver colloids were then characterized by UV-VIS spectrophotometer, 

transmission electron microscopy and zeta potential.  

 In the second section of experimental part obtained results were evaluated and 

discussed. The formation of gold nanoparticles in all cases was proved by change of colour 

of resulting colloids from light yellow to dark violet. The presence of silver nanoparticles 

in colloids was proved by coloration of light yellow pure linden extract to brown.  

 UV- VIS absorption peaks of colloids prepared by microfluidic phytosynthesis were 

typically 543 nm for gold and 448 nm for silver, as well as in the case of out-of-chip 

synthesis (535 nm for Au and 443 nm for Ag).  
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 The size, shape and size distribution of gold and silver nanoparticles prepared by 

microfluidic phytosynthesis and outside chip phytosynthesis were evaluated by 

transmission electron microscopy and JMicroVision 1.2.7 toolbox. It was observed, that 

gold and silver nanoparticles prepared by microfluidic phytosynthesis were more 

homogenous, spherical with minimal tendency to agglomerate in comparison to 

nanoparticles prepared out of chip. Nanoparticles prepared outside the chip had a tendency 

to form chains and not only spherical particles were observed, but also triangular and 

hexagonal ones in case of gold and nanorods in case of silver.  

Zeta potential is a surface charge of nanoparticles inside the colloid solution and was 

measured to confirm the formation of negative charges on the surface of nanoparticles, 

which protects them from aggregation and precipitation. Gold and silver nanoparticles 

prepared by microfluidic phytosynthesis were evaluated as very stable compared to that 

one’s prepared outside the chip which were less stable.  

For both metals the flow rate of 250 µl/min appears to be the best option with regard to 

final nanoparticles properties. This flow rate provides sufficient time for nucleation, 

growth and formation of nanoparticles inside microchannels and leads to narrower size 

distribution.  

Finally, future aspects of microfluidic phytosynthesized nanometals and practical 

applications of gold and silver nanoparticles were discussed. One of the biggest application 

potential of Au NPs is in the area of heterogeneous catalysis, biosensing and bioimaging. 

Thanks to antibacterial property of silver nanoparticles they play an important role in 

nanomedicine, and are widely used in cosmetics, paints or footwear. 
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