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Abstract 

 

 

Droplet-based microfluidic platforms have emerged as a powerful tool for biological and 

chemical applications, owing to their unique features enabling high-thr oughput 

experimentation and enhanced efficiency. In such systems, the bulk sample is discretised 

into thousands to millions of microdroplets, each of which can serve as a miniature 

microreactor to perform complex chemical and biological reactions. In additio n to the ability 

to define nano- to femtoliter assay volumes at exceptionally high fr equencies, droplet-based 

systems are characterized by their enhanced heat and mass transport, effici ent mixing 

capabilities and exquisite control on the droplet payload. Importantly, droplet-based 

microfluidic systems are particularly suited for the investigation of reacti on kinetics and the 

monitoring of fast processes, with advanced methods for droplet manipulation enab ling the 

creation of user-defined reaction conditions. Across all applications, integr ated detection 

techniques to probe individual droplets are critical in order to e xtract chemical or biological 

information in a rapid and sensitive manner. Currently, there is still a significant need for the 

development of novel methods to extend the toolbox available to  the field of droplet-based 

microfluidics. To this end, the work presented in Chapter 2, Chapte r 3 and Chapter 5 is 

primarily aimed at the development of novel droplet-based microfl uidics platforms 

integrating innovative optical detection schemes, which are then succ essfully leveraged for 

the kinetic investigation of chemical reactions on millisecond timescales, while  Chapter 4 

introduces an efficient approach for the generation of polymeric micro capsules from a 

double emulsion template.  

We first present a platform for the sensitive acquisition of broad-band absorption spectra 

from rapidly moving picoliter-volume droplets. The combination of con focal illumination with 

an ultra-fast acquisition rate and a post-processing algorithm eliminate s spectral 

contribution from the continuous phase and achieves a high signal- to -noise ratio. The 

platform yields a detection limit of 800 nM for fluorescein isothiocyan ate, and we 

demonstrate the acquisition of broad-band absorbance spectra from a single reference-

sample droplet pair. The system is applied to monitoring the kinetics o f salt-induced 
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aggregation of gold nanoparticles through the evolution of absorbance  spectra, in excellent 

agreement with theoretical predictions from the diffusion-limited cluste r aggregation model. 

Subsequently, we describe the development of a droplet-based microfluidic platform 

integrated with X-ray absorption spectroscopy (XAS). A novel x-ray co mpatible microfluidic 

device enables the extraction of X-ray absorption spectra from rapidly flowin g picoliter-

volume droplets with high sensitivity. In situ monitoring of calcium carb onate precipitation is 

demonstrated with access to the early stages of the reaction. In p articular, we probe the 

formation of amorphous calcium carbonate (ACC) with a dead time as low as 10 m s and 

monitor the proportion of calcium ions converted to ACC, gaining insights into the kinetics of 

the precipitation process. 

Next, we introduce a novel approach for the efficient generation of solid shell polymeric 

microcapsules from a double emulsion template, with the goal to u se this system for the 

encapsulation of an upconversion liquid core. We present a fully hydro philic PDMS device 

that allows the three-dimensional focusing of the inner phase by th e viscous polymeric 

phase, yielding the robust generation of highly-monodisperse doub le emulsion droplets. 

Importantly, the presented approach does not require dual p atterning of the channel surface 

wettability and can be applied for the production of polymeric micr ocapsules for a wide range 

of applications. 

Finally, we demonstrate the characterization of nucleation and growth  of perovskite 

nanocrystals using a combination of in situ online photoluminescence (PL) and  time-

correlated single photon counting measurements integrated with a droplet-based 

microfluidic system. Importantly, we achieve unprecedented access to the early stage of the 

reaction and report the evolution of PL spectra and PL lifetimes during nu cleation and growth 

with a dead-time as low as 3.6 ms. A second microfluidic device is em ployed to extend the 

observable time window, enabling the monitoring of the early time sp ecies over the first few 

hundreds of milliseconds of the reaction. We expect that this platform will have important 

implications for the integration of fluorescence lifetime measurements within d roplet-based 

microfluidic platforms and in particular for elucidation of nucleation and grow th 

mechanisms. 
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Résumé 

 

 

 

Les plateformes de microfluidique en gouttes se sont imposées comm e un outil puissant 

�S�R�X�U�� �O�H�V�� �G�R�P�D�L�Q�H�V�� �G���D�S�S�O�L�F�D�W�L�R�Q�V�� �E�L�Rlogiques et chimiques, en raison de leurs 

caractéristiques uniques permettant une expérimentation à haut débit et haute efficacité. 

Dans ces systèmes, l'échantillon est compartimenté en milliers ou millio ns de 

microgouttelettes, chacune d'entre elles pouvant servir de micr oréacteur individuel pour 

réaliser des réactions chimiques et biologiques complexes. Outre la p ossibilité de définir des 

�Y�R�O�X�P�H�V�� �G���D�Q�D�O�\�V�H�� �G�H�� �O�
�R�U�G�U�H�� �G�X�� �Q�D�Q�R�O�L�W�U�H�� �D�X�� �I�H�P�W�R�O�L�W�U�H�� �¢�� �G�H�V�� �G�«�E�L�W�V�� �H�[�F�H�S�W�L�R�Q�Q�H�O�O�H�P�H�Q�W��

élevés, les systèmes de microf �O�X�L�G�L�T�X�H���H�Q���J�R�X�W�W�H�V���V�H���F�D�U�D�F�W�«�U�L�V�H�Q�W���S�D�U���G���H�[�F�H�O�O�H�Q�W���W�U�D�Q�V�I�H�U�W�V��

thermiques et de matière, des capacités de mélange efficaces et u n contrôle particulièrement 

fin de la quantité de réactifs par goutte. Il est important de not er que les systèmes de 

microfluidique en gouttes sont particulièrement adaptés à l'étude d e la cinétique des 

réactions et au suivi de processus rapides, avec des méthodes avancées d e manipulation des 

gouttes qui permettent de créer des conditions de réaction défin ies avec précision. Quell e 

�T�X�H���V�R�L�W���O���D�S�S�O�L�F�D�W�L�R�Q�����O�H�V���W�H�F�K�Q�L�T�X�H�V���G�H���G�«�W�H�F�W�L�R�Q���L�Q�W�«�J�U�«�H�V���S�H�U�P�H�W�W�D�Q�W���G���D�Q�D�O�\�V�H�U���O�H�V���J�R�X�W�W�H�V��

sont essentielles pour extraire des informations chimiques ou biolog iques de manière rapide 

et sensible. Bien qu'un grand nombre de techniques de détection analytique aient été 

décrites dans la littérature, il existe encore un besoin importan t de développer de nouvelles 

méthodes pour étendre la palette disponible dans le domaine de  la microfluidique en 

gouttes. À cette fin, les travaux présentés dans les chapitres 2, 3 et 5 visent principalement à 

développer de nouvelles plateformes de microfluidiques en gouttes int égrant des systèmes 

de détection optique innovants, qui sont ensuite exploitées avec succè s pour l'étude 

cinétique des réactions chimiques sur des échelles de temps de l'ord re de la milliseconde. Le 

chapitre 4 présente une approche efficace pour la génération de  microcapsules 

polymériques à partir d'un système d'émulsion double.  
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Nous présentons d'abord une nouvelle plateforme pour l'acqu isition sensible de spectres 

�G�
�D�E�V�R�U�S�W�L�R�Q�� �¢�� �O�D�U�J�H�� �E�D�Q�G�H�� �G�D�Q�V�� �G�H�V�� �J�R�X�W�W�H�V�� �G�H�� �O���R�U�G�U�H�� �G�X�� �S�L�F�R�O�L�W�U�H�� �¢�� �K�D�X�W�� �G�«�E�L�W���� �/�D��

combinaison d'un éclairage confocal avec une vitesse d'acquisition ultra-rap ide et un 

algorithme de post-traitement élimine la contribution spectrale de la phase continue et 

permet d'obtenir un rapport signal-sur-bruit élevé. La plateform e permet d'obtenir une limite 

de détection de 800 nM pour l'isothiocyanate de fluorescéine, et n ous réalisons l'acquisition 

de spectres d'absorbance à large bande à partir d'une seule paire de gouttes 

référence/échantillon. Le système est ensuite appliqué au suivi de la cin étique de l'agrégation 

de nanoparticules d'or par le biais de l'évolution des spectres d'absorb ance, en excellent 

accord avec les prédictions théoriques du �P�R�G�ª�O�H���G���D�J�U�«�J�D�W�L�R�Q���O�L�P�L�W�«�H���S�D�U���G�L�I�I�X�V�L�R�Q�� 

Par la suite, nous décrivons le développement d'une plateforme d e microfluidique en gouttes 

intégrée à la spectrométrie d'absorption des rayons X (XAS). Une nouvell e puce 

microfluidique compatible avec les rayons X permet l'extraction sensible de spectres  

d'absorption de rayons X à partir de gouttes de quelques picolitres circu lant rapidement. Le 

suivi in situ de la précipitation du carbonate de calcium est démontré avec un acc ès aux temps 

de réaction très courts. En particulier, nous analysons la formation de car bonate de calcium 

amorphe (ACC) après seulement 10 ms et suivons la proportion d'ions calcium convertis en 

ACC, ce qui nous permet de mieux comprendre la cinétique du processus de précipit ation. 

Dans le chapitre suivant, nous présentons une nouvelle approche pour la génération efficace 

de microcapsules polymériques à enveloppe solide à partir d'un système  d'émulsion double, 

�G�D�Q�V���O�H���E�X�W���G�
�X�W�L�O�L�V�H�U���F�H���V�\�V�W�ª�P�H���S�R�X�U���O�
�H�Q�F�D�S�V�X�O�D�W�L�R�Q���G�
�X�Q���F���X�U���O�L�T�X�L�G�H pour la conversion 

ascendante de photons. Nous avons conçu un système microfluidique e n PDMS entièrement 

hydrophile qui permet la focalisation tridimensionnelle de la phase interne par la phase de 

polymère visqueuse, ce qui permet la génération stable de goutt es en émulsion double avec 

une haute monodispersité. Il est important de noter que l'approche  présentée ne nécessite 

pas de double traitement de la surface du canal et qu'elle peut être appliquée à la production 

de microcapsules polymériques pour une large gamme d'applications. 

Enfin, nous présentons la caractérisation de la nucléation et croissance des nan ocristaux de 

pérovskite en utilisant une combinaison de mesures in situ de photoluminescence (PL) et de 

comptage de photons uniques corrélés au temps (TCSPC). Nous obten ons un accès sans 

précédent au stade précoce de la réaction et nous présentons l' évolution des spectres et des 

durées de vie de la photoluminescence pendant la nucléation et la  croissance pour un temps 
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de réaction aussi court que 3,6 ms. Un second dispositif microfluidique est utilisé pour 

étendre le temps de réaction limite observable, permettant le suivi des espèces précoces sur 

les premières centaines de millisecondes de la réaction. Nous anticipons que cette 

plateforme aura des implications importantes pour l'intégration des me sures de durée de 

vie de fluorescence dans les plateformes microfluidiques en gouttes e t en particulier pour 

l'élucidation des mécanismes de nucléation et de croissance. 

  



6 
 

  



7 
 

Contents 
 

Abstract  ................................................................................................................................................ 1 

Résumé  ................................................................................................................................................. 3 

List of Figures  ................................................................................................................................... 10 

List of Equations  .............................................................................................................................. 16 

 

Chapter 1: Introduction  ................................................................................................................. 17 

1.1 Droplet-Based Microfluidics ............................................................................................. 18 

1.1.1 Droplet Generation ..................................................................................................... 18 

1.1.2 Droplet Manipulation ................................................................................................. 20 

1.2 Applications of Droplet-Based Microfluidics .................................................................. 22 

1.2.1 Materials Science and Chemical Applications ........................................................ 23 

1.2.2 Microparticle Generation ........................................................................................... 23 

1.2.3 Biological Applications ............................................................................................... 25 

1.2.4 Droplet-Based Microfluidics for Kinetics Studies ................................................... 26 

1.3 Analytical Detection Methods in Droplets ...................................................................... 28 

1.3.1 Motivation .................................................................................................................... 28 

1.3.2 Optical Detection ........................................................................................................ 30 

1.3.3 Non-Optical Detection Methods ............................................................................... 34 

1.4 Thesis overview ................................................................................................................... 35 

Chapter 2: Broadband Spectrum, High-Sensitivity Absorbance Spectroscopy in 

Picoliter-Volume Droplets  ............................................................................................................. 37 

2.1 Introduction ......................................................................................................................... 38 

2.2 Materials and Methods ...................................................................................................... 41 

2.2.1 Absorption Spectroscopy .......................................................................................... 41 

2.2.2 Data Acquisition and Processing .............................................................................. 43 

2.2.3 Microfluidic Device Fabrication ................................................................................. 44 

2.2.4 Materials and Reagents ............................................................................................. 45 



8 
 

2.3 Results and Discussion ...................................................................................................... 46 

2.3.1 Strategy and Working Principle ................................................................................ 46 

2.3.2 Data Processing .......................................................................................................... 47 

2.3.3 Performance and Calibration .................................................................................... 49 

2.3.4 Kinetics of Salt-induced Gold Nanoparticle Aggregation ...................................... 51 

2.4 Conclusions ......................................................................................................................... 55 

Chapter 3: In Situ X-ray Absorption Spectroscopy and Droplet-Based Microflu idics: An 

Analysis of Calcium Carbonate Precipitation  .......................................................................... 57 

3.1 Introduction ......................................................................................................................... 58 

3.2 Experimental Section ......................................................................................................... 61 

3.2.1 Design and fabrication of the X-Ray compatible microfluidic device .................. 61 

3.2.2 Microfluidic device operation and XAS measurements ........................................ 63 

3.2.3 Materials and Reagents ............................................................................................. 64 

3.3 Results and Discussion ...................................................................................................... 65 

3.3.1 In-situ XAS measurement in picoliter droplets ....................................................... 65 

3.3.2 Kinetics of calcium carbonate precipitation in droplets ....................................... 66 

3.4 Conclusions ......................................................................................................................... 70 

Chapter 4: Double-Emulsion Mediated Generation of Polymeric Microcapsules  .......... 71 

4.1 Introduction ......................................................................................................................... 72 

4.1.1 Triplet- tr iplet Annihilation Upconversion ................................................................ 72 

4.1.2 Liquid-core Microcapsules ......................................................................................... 73 

4.2 Materials and Methods ...................................................................................................... 74 

4.2.1 Two-layer Microfluidic Device Fabrication .............................................................. 74 

4.2.2 Characterization of Upconversion Efficiency .......................................................... 76 

4.2.3 Materials and Reagents ............................................................................................. 77 

4.2.4 Microfluidic Generation of Microcapsules .............................................................. 77 

4.3 Results and Discussion ...................................................................................................... 78 

4.4 Conclusions ......................................................................................................................... 82 



9 
 

Chapter 5: Millisecond-Timescale in situ Fluorescence Lifetime Analysis of Perov skite 

Nanocrystals Synthesis using Droplet Microfluidics  ............................................................. 85 

5.1 Introduction ......................................................................................................................... 86 

5.2 Materials and Methods ...................................................................................................... 89 

5.2.1 Materials ....................................................................................................................... 89 

5.2.2 Preparation of Precursors ......................................................................................... 89 

5.2.3 Droplet-based microfluidic synthesis of FAPbBr 3 NCs .......................................... 90 

5.2.4 In situ PL spectra and PL decay measurements .................................................... 90 

5.2.5 Data analysis ................................................................................................................ 92 

5.2.6 Calibration of droplet velocities using high-speed movies ................................... 93 

5.2.7 Bulk synthesis and optical characterization ........................................................... 93 

5.2.8 Microfluidic Device Fabrication ................................................................................. 94 

5.3 Results and Discussion ...................................................................................................... 94 

5.3.1 Working principle and methodology ....................................................................... 94 

5.3.2 Early-time evolution of PL spectra and PL decays ................................................. 97 

5.3.4 Extending the observation window ......................................................................... 97 

5.3.5 Kinetics of FAPbBr3 formation .................................................................................. 99 

5.4 Conclusions ....................................................................................................................... 102 

Chapter 6: Conclusions and Outlook  ........................................................................................ 103 

6.1 Summary ........................................................................................................................... 103 

6.2 Future Directions .............................................................................................................. 105 

6.2.1 Platform Automation and Real-time Feedback .................................................... 105 

6.2.2 Integration of machine learning ............................................................................. 105 

References  ....................................................................................................................................... 107 

Appendix 2  ....................................................................................................................................... 133 

Appendix 3  ....................................................................................................................................... 146 

Appendix 4  ....................................................................................................................................... 148 

Appendix 5  ....................................................................................................................................... 150 

Acknowledgments  ......................................................................................................................... 155 



10 
 

 

List of Figures 

Figure 1.1  Four common geometries used to generate droplets in microfluidic systems: the T-junction, 

the co-flow geometry, the flow focusing junction and the step emulsification method. ....................... 19 

Figure 1.2  Examples of droplet operations. The channel geometries illustrated here enable payload 

control via reagent dosing, mixing via chaotic advection, droplets incubation in flow and in static traps,  

passive fusion of two droplets, pico-injection, droplet splitting, droplet reinjection and droplet sorting.

 ............................................................................................................................................................................. 22 

Figure 1.3 Example applications of droplet-based microfluidics for the generation microcapsules and 

microparticles. a) Crosslinked alginate microparticles for cell encapsulation and 3D cell structure. 65 1. 

& 2. Bright-field and fluorescent images of alginate microbeads. 3. Single-cell encapsulation using  a 

flow-focusing device. 4-5. Cell-containing alginate beads directly after encapsulation and after being 

cultured for 15 days. b) Biodegradable PLA and PLGA microparticles for drug delivery. 66 1-2. High-

speed camera images of droplet generation showing variation of droplet size with orifice size. 3-4. SEM 

images of the produced PLA and PLGA microparticles. c) Fabrication of solid shell microcapsules for 

the temperature-triggered release of actives. 67 1. Formation of monodisperse double emulsion 

droplets in a capillary microfluidic device. 2-3. Bright-field and fluorescence images of microcapsules 

with solid shells. 4-5. Temperature-triggered release of cargo. Images adapted from the corre sponding 

reference with permission. .............................................................................................................................. 24 

Figure 1.4  Example applications of droplet microfluidics for the study of reaction kinetics. 98 a) A 

droplet-based enzymatic assay platform. �q  Concentration gradient of barcoded substrate. �r  Addition 

of a constant amount of enzyme. �s  Droplet formation. �t  Rapid mixing by chaotic advection. �u  

Detection via epifluorescence imaging. b) Droplet microfluidics for the monitoring of 

�V�W�U�H�S�W�D�Y�L�G�L�Q�+�E�L�R�W�L�Q�� �E�L�Q�G�L�Q�J�� �N�L�Q�H�W�L�F�V��100 Schematic of the microfluidic device setup for FRET kinetic 

experiments and binding kinetic plots of the FRET efficiency as a function of time for a fixed 

streptavidin concentration at varying concentration ratios. c) SERS monitoring of the Fenton 

degradation reaction in a droplet-based microfluidic platform. 101 d) Kinetic analysis of PbS quantum 

dot synthesis. 102 Schematic of the droplet-based microfluidic platform integrated with online 

absorbance and fluorescence detection, and evolution of extracted absorption spectra, toget her with 

the calculated size of the formed particles as a function of reaction time. Images adapted from the 

corresponding reference with permission. ................................................................................................... 27 

Figure 1.5  Summary of the primary detection methods used to probe droplets contents within 

microfluidic platforms. ..................................................................................................................................... 29 

Figure 2.1  (a) Schematic of the optofluidic platform. A high-intensity broadband light source is 

�F�R�O�O�L�P�D�W�H�G�� �D�Q�G�� �W�K�H�� �F�L�U�F�X�O�D�U�� �D�U�H�D�� �R�I�� �D�� ������ �‰�P�� �S�L�Q�K�R�O�H�� �V�X�E�V�H�T�X�H�Q�W�O�\�� �L�P�D�J�H�G�� �R�Q�W�R�� �W�K�H�� �P�L�F�U�R�I�O�X�L�G�L�F��



11 
 

�F�K�D�Q�Q�H�O�����\�L�H�O�G�L�Q�J���D���������‰�P���G�L�D�P�H�W�H�U���F�L�U�F�X�O�D�U���G�H�W�H�F�W�L�R�Q���D�U�H�D�������7�K�H���P�L�F�U�R�I�O�X�L�Gic channel is positioned so 

that each droplet is aligned within the detection area. Light exiting the channel is collect ed and focused 

�L�Q�W�R���D�Q���R�S�W�L�F�D�O���I�L�E�H�U���F�R�Q�Q�H�F�W�H�G���W�R���D���I�D�V�W���V�S�H�F�W�U�R�P�H�W�H�U�����6�S�H�F�W�U�D���Z�H�U�H���U�H�F�R�U�G�H�G���D�W�������������+�]���Z�L�W�K���D���������‰�V��

acquisition time. (b) A representative time trace of transmitted light at 493 nm for a s olution of FITC at 

���������‰�0�����U�H�S�R�U�W�L�Q�J���L�Q�G�L�Y�L�G�X�D�O���G�U�R�S�O�H�W�V���D�W���D���I�U�H�T�X�H�Q�F�\���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������+�]�����–�Q�V�H�W�V���V�K�R�Z���E�U�L�J�K�W���I�L�H�O�G��
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�‰�P�������F�����%�U�L�J�Kt-field image of the microfluidic channel with droplets containing ink for better visibility. 

�7�K�H���V�F�D�O�H���E�D�U���L�V�����������‰�P�� .................................................................................................................................. 42 

Figure 2.2  Workflow associated with data processing. Time traces report the intensity of transmitted 

light at 405 nm extracted from broadband transmission spectra when a train of droplets passes  

through the detection area for (a) reference measurements (droplets containing PBS buffe r) and (b) 

�V�D�P�S�O�H�� �P�H�D�V�X�U�H�P�H�Q�W�V�� ���G�U�R�S�O�H�W�V�� �F�R�Q�W�D�L�Q�L�Q�J�� �������� �‰�0�� �)�–�7�&������ �$�W�� �W�K�L�V�� �Z�D�Y�H�O�H�Q�J�W�K���� �W�K�H�� �R�L�O�� �D�E�V�R�U�E�V���P�R�U�H��

strongly than the droplet. Two thresholds are applied for the selection of data points that correspond 

to transmitted light through the droplets (orange circles) and the oil (grey circle). Thes e serve to cluster 

the data sets between broadband transmission spectra of the droplets and oil, for both the refe rence 

and sample data sets (see main text for details). The right panels in (a) and (b) show time traces over 

a period of 40 ms (highlighted by the grey rectangle in the left panel). (c) Flowchart des cribing the data 

analysis procedure. For both reference and sample measurements, 50,000 spectra are cluste red into 

droplet and oil subsets as determined by the time traces in (a) and (b). Each subset t hen yields an 

average broadband spectrum. The calculated absorbance spectrum involves contributions from both 

the droplets and the oil of the reference and the sample. This is equivalent to subtracting a background 

absorbance contribution of the oil to the absorbance obtained from droplets only. ............................ 48 

Figure 2.3  (a) Absorbance spectra obtained from droplets containing FITC at concentrations ranging 

�I�U�R�P�����������W�R�����������‰�0�����(�D�F�K���V�S�H�F�W�U�X�P���L�V���R�E�W�D�L�Q�H�G���E�\���S�U�R�F�H�V�V�L�Q�J���D���U�H�I�H�U�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W���D�Q�G���D���V�D�P�S�O�H��

measurement, each comprising 50,000 spectra, and corresponding to approximately 500 drople ts. The 

same reference data set was used for all spectra. The inset displays an enlarged view of the lowest 

concentration measurement, showing the successful extraction of accurate spectral features . (b) 

Calibration curve based on absorbance values at 493 nm. Error bars represent the standard err or from 

triplicate measurements. The absorbance response is linear over the entire range of concentration 

studied, with a very high goodness of fit (R2 = 0.9988). (c) Normalized absorbanc e spectra obtained 

when averaging decreasing numbers of droplets. Panel V confirms that a representative broadband 

spectrum can be extracted from a single droplet. (d) Influence of the number of acquired spec tra on 

the concentration LOD for FITC. ..................................................................................................................... 50 

Figure 2.4  Salt-induced aggregation of gold nanoparticles. (a) Time evolution of the normalized 

absorbance spectrum of an AuNP solution after mixing with a 500 mM NaCl solution. (b) Monomer-

subtracted time-evolution of the absorbance spectra shown in (a). (c)  Variation of the integrated area 

under the curve from monomer-subtracted absorbance spectra (corresponding to the contribution of 
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Figure 3.1  (a) Schematic of the droplet-based microfluidic system for XAS measurements. A PDMS 

device is bonded to a Si3N4 membrane (450 nm thick) supported by a silicon frame (500 µm thick). 

The microfluidic device is then fixed to a copper holding plate for proper alignment inside the 

measurement chamber. (b) Schematic representation of the microfluidic device inside the 

measurement chamber. The X-ray beam enters the microfluidic channel at a 45° angle, with the 

detector being placed at a 90° angle with respect to the incoming beam. An LED and lens coupled to a 

high-speed camera are used to visualize the droplets during analysis. (c) Schematic of t he microfluidic 

channel network, showing the flow-focusing junction for droplet generation, the mixing regio n and an 

elongated channel for kinetic measurements. The incoming X-ray beam is focused in the centre of the 

channel for interrogation of the droplet stream. ......................................................................................... 62 
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microfluidic device, with the corresponding cross-section marked as a dotted-line white line. The scale 

bar is 100 µm. (b) Comparison of Ca K-edge XANES spectrum obtained from a bulk solution (C aCl2 

10mM) within the flow cell (black), and from pL volume droplets (CaCl2 60 mM) (purple). Spectra have 

been vertically shifted to aid visualization. ................................................................................................... 66 

Figure 3.3  Kinetic analysis of ACC from CaCl2 and Na2CO3 solutions. (a) Schematic of the microfluidic  

device used for the kinetics measurements. The coloured rectangles along the primary mic rochannel 

indicate the positions where XAS spectra were recorded, and correspond to reaction times of 10, 130, 

1100 and 2200 ms, respectively. (b) Ca K-edge XANES spectra of solvated calc ium ions (Ca2+) (60 mM 

CaCl2) in droplets, Ca K-edge XANES spectra of dry ACC and Ca K-edge XANES spectra measured at 
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Figure 4.4  Schematic representation of a microcapsule containing a TTA-based upconversion core 

(PtOEP as a sensitizer and DPA as an emitter in mineral oil) and a PFPE-dimethacrylate shell, dispersed  

in an aqueous solution of PVA as surfactant. ............................................................................................... 80 
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Figure 5.3  Comparison of the time-series of (a) PL peak values and (b) PL average lifetimes obtai ned 

from the early-time chip design (dark blue squares) and from the extended chip design (light blue 

circles) showing excellent consistency between the two measurements. The reaction was  performed 

at room temperature. ...................................................................................................................................... 98 

Figure 5.4  Effect of reaction temperature on the time evolution of (a-b) PL peak values and (c- d) PL 

average lifetimes. (b) and (d) show the zoomed-in view of the early times as highlighted by  the grey 

rectangles in a) and d). The colours of the plots indicate the synthesis temperatures as de fined by the 

legend in (a). .................................................................................................................................................... 100 

Figure 5.5  Temporal evolution of the relative amplitude coefficients A1 and A2 of the PL lifetime short 

�F�R�P�S�R�Q�H�Q�W�� �‘1 �D�Q�G�� �V�O�R�Z�H�U�� �F�R�P�S�R�Q�H�Q�W�� �‘2 respectively, as extracted from the biexponential fit, for 

increasing reaction temperatures. ............................................................................................................... 101 

Figure A2.1  Intermediate computation phases for the generation of an absorbance spectrum from 

�G�U�R�S�O�H�W�V���F�R�Q�W�D�L�Q�L�Q�J�����������‰�0���)�–�7�&�����D�����$�Y�H�U�D�J�H�G���W�U�D�Q�V�P�L�V�V�L�R�Q���L�Q�W�H�Q�V�L�W�\���I�R�U���H�D�F�K���G�D�W�D���V�H�W���D�V���L�G�H�Q�W�L�I�L�H�G���E�\��



14 
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Chapter 1 

 

Introduction 

 

 

 

 

 

The past decade has seen an explosive growth in the use of droplet-b ased microfluidic 

platforms, with a distinct trend towards high-impact applications in the biolog ical sciences. 

Major technological developments in high-throughput droplet oper ations and analysis have 

been a driving force for these innovations. In this chapter, we intr oduce the technologies 

underlying droplet-based microfluidic systems, with a focus on the ke y aspects that have 

been leveraged for chemical and biological applications. We first discuss how  pL-volume 

droplets may be generated in a controllable and rapid fashion, and th en review the primary 

functional operations that enable the realization of complex assays an d workflows . 

Subsequently, we describe notable applications of such platforms in chemical and  biological 

experimentation, particularly highlighting their utility in the invest igation of reaction kinetics 

on short timescales . Additionally, we review the current status of detection methods avail able 

for analysing droplet contents and obtaining in situ information regarding  the processes at 

play. 
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1.1 Droplet-Based Microfluidics 

Over the last three decades, microfluidic technologies have emerged  as outstanding tools for 

investigation of biological and chemical processes. The ability to manipulate small sample 

volumes (on the fL to �‰�/��scale) in a controllable manner has transformed the way in which 

chemical and biological experiments can be perform ed on short timescales and using 

minimal amounts of sample and reagent s.1,2 However, advances in microfluidic technologies 

have gone well beyond the simple downsizing of analytical methods, w ith a variety of novel 

experimentation capabilities, such as the integration of different functional  components 

within a single platform, being engendered through the adoption o f micromachining 

methods. In particular, the field of droplet-based microfluidics has now be come an essential 

and powerful platform technology in chemical and biological research. 3,4 In such systems, 

minute amounts of reagents can be compartmentalized into individ ual droplets within an 

immiscible carrier fluid , with the formed compartments acting as isolated vessels that can be 

further processed and analysed. In addition to the advantages associat ed with all microfluidic 

systems, including low reagent consumption, precise control of heat and m ass transport and 

facile integration of functional components, droplet-based (or segm ented-flow) systems 

possess additional attractive features. First, they overcome many of the  limitations of single-

phase systems, including Taylor dispersion and channel fouling. 5 Secondly, droplet-based 

platforms generate monodisperse droplets in the micron diameter  range, and at rates of 

many thousands of droplets per second. Since droplet payloads can be varied in a  rapid and 

precise manner , it is relatively simple to create large numbers of chemically-distinct assay 

volumes on short timescales. In this regard, enhanced (sub-millisecon d) mixing capabilities 

make such platforms particularly well suited to high-throughput experiment ation. 

 

1.1.1 Droplet Generation 

Droplet generation relies on the use of two immiscible phases: a co ntinuous phase (also 

termed carrier phase) and a dispersed (or discrete) phase. Often , a fluorinated oil is used as 

the carrier phase and an aqueous solution constitutes the droplet pha se; resulting in a water-

in-oil emulsion. Water- in-oil emulsions are widely used in the field of droplet-based 

microfluidics, but several other emulsion configurations have been emp loyed for specific 
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applications, including oil- in-water emulsions and higher-order emulsions. 6��8 A range of 

microfluidic tools has been developed for the discretization of a sam ple stream into 

monodisperse droplets. Droplet generation is normally determined by  the device geometry, 

the flow rates of each phase, and the physical properties (e.g. visco sity) of the involved fluids . 

The properties of the channel surface play a crucial role in droplet  formation, with efficient 

and stable droplet generation occurring when the channel surface has a high affinity with the 

carrier phase. This ensures that the carrier phase effectively wets th e channel walls and thus 

prevents unfavourable interaction with the discrete phase. Interfa cial effects between the 

continuous phase and the channel surface as well as the interfacial ten sion between the two 

immiscible phases play an important role in droplet emulsification due to the high surface  

area-to -volume ratio at the microscale. Droplet formation is mainly affected by t he 

competition between the interfacial tension and the viscous stress fro m the continuous 

phase.9 The capillary number �%�Ô is used to express this balance, as the ratio of viscous forces 

to surface tension: 10 

      �%�Ô
L ���ß�7�4���Û            1.1 

where �ß (kg/m·s) is the dynamic viscosity of the continuous phase, �7�4 (m/s) is the velocity of 

the continuous phase, and �Û (N/m) is the interfacial tension between the two immiscible 

phases. Additionally, the type and amount of surfactant used is also a ke y factor for the 

generation of stable emulsions. 11,12  

 

Figure 1.1  Four common geometries used to generate droplets in microfluidic systems: the T-

junction, the co-flow geometry, the flow focusing junction and the step emulsification met hod. 
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The primary strategies for droplet generation include droplet break- up in cross-flowing 

streams (T-junction), in co-flowing streams or at a flow-focusing junction ( Figure 1.1 ). In the 

co-flow approach, two concentric capillaries are employed: the inner one  carrying the 

dispersed phase and the outer one the continuous phase. The disp ersed phase breaks into 

droplets upon entering the main capillary due to the viscous stress created by the carrier 

phase.13,14 While simple in design, this approach is usually limited in terms of the range of 

droplet sizes and frequencies attainable. 15 In the T-junction design, the dispersed phase is 

delivered perpendicularly to the main channel carrying the continu ous phase. The shear from 

the continuous phase onto the dispersed phase induces downstrea m droplet break-up. 16��18 

This design is popular for its simplicity and its control over droplet  size and frequency. Finally, 

in a flow-focusing geometry, the continuous phase meets the disp ersed phase symmetrically 

via two side channels, and the dispersed phase is pinched (focused) o n both sides until 

droplet bre ak-up occurs. 19��21 This symmetrical design allows for exquisite control over 

droplet size and frequency, with more sensitivity to the flow rate o f each phase. In addition 

to these approaches, droplet generators based on step emulsificat ion have emerged as a 

powerful method for scaling up the production of droplets. 22 They rely on the delivery of the 

two co-flowing phases through a shallow microfluidic channel, which enter s a larger, much 

deeper reservoir at a step-like geometry. These generator s can be highly parallelized for the 

robust and scalable generation of droplets at industrial scale. 23 Importantly, the use of 

droplet generators in series or with tailored geometries enable the  generation of double (or 

higher-) emulsions, which find many applications for biochemical analysis 24 and for the 

generation of functional microcapsule s.25  

 

1.1.2 Droplet Manipulation 

Following the initial generation step, droplets can be manipulated in  several ways to allow 

the performance of multi-step assays and reactions. To this end, a numbe r of functional 

operations for droplet manipulation have been developed using besp oke channel 

architectures, and these different modules are often combined to fit a particular 

application/need. 26 The most common operations are presented in Figure 1.2  and include 

reagent dosing, mixing, merging, splitting, reinjection, trapping an d sorting. 27 Reagent dosing 

is most easily achieved through the precise control of the reagent flow rate ratios as laminar 

streams prior to droplet generation. 28 For some applications, however, the introduction of 
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reagents at a later stage is needed. This can be achieved via droplet fusion using a specific 

channel geometry to induce droplet pairs coalescence, 29 or in an active manner using an 

electric field to disrupt the interface between droplets. 30,31 Conversely, it is also possible to 

split droplets and control the volume ratio of the daughter droplets via adjustment of channel 

resistances. 32 This can be used to downsize droplets and to perform distinct downstream  

assays on the same droplet content in parallel. Pico-injection allows the controlled addition 

of picoliter volumes of reagents into droplets flowing at kilohertz rate s.33 Here, the water-oil 

interface between the pico-injection channel and the passing droplet is disrupted using an 

electric field and a controllable amount of the new reagent stream e nters each droplet during 

the transit time. Winding geometries are used to efficiently mix r eagents within droplets via 

chaotic advection, achieving ultra- �I�D�V�W�� �P�L�[�L�Q�J�� �R�Q�� �‰�V��- ms timescales, with smaller droplets 

and higher flow rates leading to faster mixing. 28 Droplets can be either incubated on-chip 

using various delaying geometries, 34 immobilized within static traps, 35 or collected off-chip 

for long-term incubation. Reinjection into a second device enables the completion of f urther 

steps of the assay. 36 It is especially important to note that droplets can be sorted accor ding 

to their content (at kHz rates) based on a variety of readouts, allow ing the selection of 

relevant droplet subsets from a much larger population. Sorting based on fluorescence 

readouts is most widely employed due to its high sensitivity, 37 however a growing number of 

detection methods are being applied to droplet sorting, including absorbance, 38 Raman 

spectroscopy, 39 and mass spectroscopy. 40 
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Figure 1.2  Examples of droplet operations. The channel geometries illustrated here enable 

payload control via reagent dosing, mixing via chaotic advection, droplets incubation in flow and 

in static traps, passive fusion of two droplets, pico-injection, droplet splitting, droplet re injection 

and droplet sorting. 

1.2 Applications of Droplet-Based Microfluidics  

The field of droplet-based microfluidics has now become an essential an d powerful 

technology for conducting chemical and biological research. 3,4 In this section, we briefly 

highlight a selection of some of the most important and successful applications of droplet-

based microfluidics. We review advances enabled in chemical and biological 

experimentation, the utility of droplets as templating structures to generate spherically 

shaped microparticles, and include a discussion on the advantages of drop let-based 

approaches for kinetic studies. 
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1.2.1 Materials Science and Chemical Applications 

Droplet-based microfluidic reactors have significant applications in chemical synthesis as well 

as in the material sciences; in particular nanomaterials synthesis. As previou sly noted, 

reactions can be conducted within droplets that are completely isolate d from the channel 

walls, thus preventing channel fouling and reactor failure which burde n continuous-flow 

reactors. 41 Continuous-flow reactors are also characterized by wide distributions in  residence 

times due to parabolic flow profiles. This distribution is almost entirely eli minated in droplet-

based reactors, with residence times being precisely defined. Addition ally, the excellent heat 

and mass transfer and the precise control over reaction conditions (su ch as temperature, 

reagents ratios and concentrations) often translates into higher yields, t he ability to use 

milder reaction conditions and shorter reaction times. 42��44 In the material sciences, the ability 

to predict reaction conditions that yield materials with desired pro perties is critical in 

reducing the time and costs associated with the discovery and product ion processes. In this 

regard, droplet-based microfluidic platforms are ideally suited for the synthesis of 

nanomaterials and the real-time characterization of their optical prop erties. 45,46 Indeed, the 

ease of integration of real-time monitoring systems enables the fast and efficient exploration 

of the parametric space of a reaction, whilst significantly reducing reagent c onsumption and 

screening times. As a result, droplet-based reactors have been app lied to the production of 

a wide range of nanomaterials, from noble metal nanoparticles 47,48 to quantum dots 49,50, 

perovskite nanocrystals 45,51,52 and metal-organic frameworks. 53 Self-optimizing algorithms 

coupled with segmented-flow systems can be used to drastically redu ce the number of 

measurements needed to reach a target output within a sparse d ataset. 54 Additionally, 

machine-learning frameworks have been coupled with high-throughpu t droplet-based 

platforms for the synthesis of bespoke nanoparticles with targeted o ptoelectronic properties, 

and the efficient screening of reaction condition s.55��60  

 

1.2.2 Microparticle Generation 

Highly monodisperse micron-sized droplets generated in a microfluidic de vice can be used 

as robust templates for the synthesis of microcapsules and microparticl es.61��64 Recently, 

these systems have gained much interest in the fields of drug delivery,  diagnostics and DNA 

purification assays.  
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Figure 1.3 Example applications of droplet-based microfluidics for the generation 

microcapsules and microparticles. a) Crosslinked alginate microparticles for cell encapsulation 

and 3D cell structure. 65 1. & 2. Bright-field and fluorescent images of alginate microbeads. 3. 

Single-cell encapsulation using a flow-focusing device. 4-5. Cell-containing alginate  beads 

directly after encapsulation and after being cultured for 15 days. b) Biodegradable PLA and PLGA  
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microparticles for drug delivery. 66 1-2. High-speed camera images of droplet generation showing 

variation of droplet size with orifice size. 3-4. SEM images of the produced PLA and PLGA 

microparticles. c) Fabrication of solid shell microcapsules for the temperature-triggered release 

of actives. 67 1. Formation of monodisperse double emulsion droplets in a capillary microfluidic 

device. 2-3. Bright-field and fluorescence images of microcapsules with solid shells. 4-5. 

Temperature-triggered release of cargo. Images adapted from the corresponding reference with 

permission. 

 

The ability to tune various particle properties (including size, porosity, m orphology and active 

ingredient loading) is of primary importance, making droplet-based microflu idics the method 

of choice for the production of these materials ( Figure 1.3 ). Microparticles are typically 

formed from single emulsions, microcapsules can be easily fabricated using double-emulsion 

schemes and hollow particles can also be generated using simple water -in-oil systems. 68 

Solidification of the whole particle or just the shell can be induced by various processes such 

as polymerization, gelation or self-assembly. Example materials include alginat e hydrogels 

for cell encapsulation and cell culture, 65 PLGA for controlled drug delivery and tissue 

engineering 66,69,70 and photo-polymerizable polymers for solid shell microcapsules. 71  

 

1.2.3 Biological Applications 

Droplet-based microfluidic platforms are becoming ubiquitous in biolo gical experimentation . 

In particular, droplet technologies have catalysed advances in the domains of drug 

delivery, 63,72,73 single-cell analysis, 74,75 and digital PCR.76,77 As noted previously, biocompatible 

microparticles and microcapsules are particularly attractive for targeted dr ug delivery due to 

their structural and functional abilities. It has been shown that the mon odispersity of such 

microparticles is critical for the success of targeted drug delivery ther apies, highlighting the 

benefit of droplet-based production for these systems. 78 Significant progress in the field of 

drug delivery is also anticipated from the development of nanoparticles for controlled drug 

release, with droplet-based technologies being exceptionally well suited  in optimizing drug-

loaded nanoparticles with bespoke physiochemical characteristics and pharmacok inetics. 79,80 

The ability to encapsulate single cells within picoliter droplets has elicited much research 

effort in studying the heterogeneous molecular landscape of cell populations. 81,82 Indeed, 

droplet-based microfluidics is now an established and central tool for sin gle cells analysis, 
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offering high-throughput and remarkable sensitivity. In particular , droplet-based microfluidic 

technologies have gained major attention with the advent of single-ce ll multi-omics. 3,83��87 

These breakthroughs have also enabled the discovery and characterization of rare cell types, 

for example within tumor environments. 88 The field of single-cell RNA sequencing has been 

subject to tremendous growth following the reports of two pivo tal protocols, namely inDrop83 

and Drop-seq.89 These methods leverage molecular barcoding strategies so that each 

transcriptomic read can be mapped back to its cell of origin. The development of such novel 

tools continues to enhance the capabilities of droplet platforms for sing le-cell analysis. For 

example, image-based single-cell sorting methods within droplet-based microfluidic 

platforms have attracted much interest for the label-free enrichment  of cell populations. 90 

Additionally, machine learning-based image recognition has been used to e xpand the 

breadth of criteria used for sorting beyond the dual case of �
empty �� versus �
cell-containing �� 

droplets. 91��93 Another importan t application of droplet-based microfluidics is in digital droplet 

PCR (ddPCR) for diagnostic purposes. In ddPCR, nucleic acid samples are partitione d into 

thousands of nanoliter-sized droplets, followed by PCR amplification within each droplet. A 

fluorescence readout of the positive droplets enables the quantificat ion of the target 

sequence with an unprecedented level of precision and limits of de tection down to the single 

DNA copy.76,94 This technology has obvious and major implications for rare target detection. 

 

1.2.4 Droplet-Based Microfluidics for Kinetics Studies 

Finally, it is important to note that droplet-based microfluidics constitute s an exceptional tool 

for the study of reaction kinetics in both biological and chemical systems. 95 This stems from 

the ir  ability to mix fluids in an ultra-fast manner, the ease of integr ation of in situ detection 

methods and the space- to -time relationship of the droplet train. Specifically, droplet cont ents 

can be probed at desired locations along an observation channel, with these locations bein g 

precisely mapped back to the residence time of a droplet. As a consequence, the integration 

time of the detection method can be decoupled from the reaction time itself, and signal 

acquisition can be averaged over a large number of droplets to improve an alytical sensitivity, 

whilst retaining exquisite time resolution. Ultra-fast mixing through chaotic adv ection allows 

the reaction to be initiated on us to ms timescales, which open s up the possibility of 

monitoring fast reactions with excellent temporal resolution. Imp ortantly, the ability to 

rapidly create different reaction conditions (such as temperature, reagen ts concentrations 
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and pH) enables the high-throughput characterization of reaction conditions and their effect 

on reaction kinetics. Additionally , such approaches allow for the characterization of reaction 

kinetics using only minutes amounts of reagents and sample. As a result, droplet-based 

approaches have been increasingly employed to  study biomolecular kinetics. 96 For example, 

droplet-based microfluidic platforms have proved highly useful for the inve stigation of 

enzyme kinetics, including single-turnover kinetics and enzyme-inhibito r reaction 

kinetics. 28,96��98 Moreover, recent developments have resulted in an unprecedented reduction 

in assay volumes and record throughput for the extraction of transient enzyme kin etics.99  

 

Figure 1.4  Example applications of droplet microfluidics for the study of reaction kinetics. 98 a) A 

droplet-based enzymatic assay platform. ��  Concentration gradient of barcoded substrate. ��  

Addition of a constant amount of enzyme. ��  Droplet formation. ��  Rapid mixing by chaotic 
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advection. �	  Detection via epifluorescence imaging. b) Droplet microfluidics for the monitoring 

�R�I�� �V�W�U�H�S�W�D�Y�L�G�L�Q�+�E�L�R�W�L�Q�� �E�L�Q�G�L�Q�J�� �N�L�Q�H�W�L�F�V��100 Schematic of the microfluidic device setup for FRET 

kinetic experiments and binding kinetic plots of the FRET efficiency as a function of time for a 

fixed streptavidin concentration at varying concentration ratios. c) SERS monitoring of t he 

Fenton degradation reaction in a droplet-based microfluidic platform. 101 d) Kinetic analysis of 

PbS quantum dot synthesis. 102 Schematic of the droplet-based microfluidic platform integrated 

with online absorbance and fluorescence detection, and evolution of extracted absorption 

spectra, together with the calculated size of the formed particles as a function of reaction t ime. 

Images adapted from the corresponding reference with permission. 

 

Other examples include the high-throughput kinetic analysis of compoun d libraries for drug 

discovery, 103 protein binding kinetics, 100 kinetics of viral fusion 104 and the investigation of 

protein aggregation. 105 Additionally, droplet-based microfluidic platforms have been 

leveraged for the study of small molecule reaction kinetics and nanomaterial synthesis. In 

this regard, notable examples include the investigation of nucleation rates  of colloidal 

crystallization, 106,107 oxidation reaction, 101 quantum dot formation on millisecond time 

scales,102 gold nanoparticle aggregation kinetics 108 and perovskite nanocrystal formation. 45 

Example applications of droplet-based microfluidic platforms for the study o f reaction 

kinetics are presented in Figure 1.4 . 

 

1.3 Analytical Detection Methods in Droplets 

1.3.1 Motivation 

How does one extract comprehensive biological and chemical information from femtoliter- 

and picoliter-sized droplets? To answer such a question, we now  describe the most important 

detection methods used in droplet-based microfluidic platforms. As descr ibed previously , 

droplet-based microfluidic devices can discretize a macroscale sample  into millions of pL-

volume droplets at kilohertz frequencies, with each droplet functio ning as a self-contained 

experiment. 109,110 Unsurprisingly, high-sensitivity detection methods are therefor e needed to 

extract chemical or biological information from each droplet in a rapid fashion, 111,96 with the 

combination of multiple detection methods being used to generate mu lti-dimensional data 
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sets.112 Optical detection methods are particularly attractive for use in d roplet-based 

experiments due to their high sensitivity and the ease of integration, and t hus represent the 

most widely used detection method. In this section, we briefly re view various optical 

detection and their ability to extract information-rich data ( Figure 1.5 ). Specifically, we focus 

on the analytical methods that have the potential to operate at sp eeds that match the high-

throughput capabilities of droplet-based systems. 

 

 

Figure 1.5  Summary of the primary detection methods used to probe droplets contents within 

microfluidic platforms. 
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1.3.2 Optical Detection 

Optical detection methods are ideally suited for used in droplet- based platforms due to their 

high-throughput nature, high sensitivity and low mass/concentration d etection limits . For 

example, bright-field imaging is routinely used within droplet-based m icrofluidic platforms 

as a simple and efficient tool to assess various droplet size, shape, colour and velocity. 19,113,114 

Here, the use of high-speed cameras is particularly beneficial when  monitoring high-

frequency droplet operations. Although colorimetric measurements via br ight field have 

been demonstrated in droplets, 115 the low sensitivity due to the short optical pathlength 

generally prohibits its use in quantitative analysis.  

 

1.3.2.1    Fluorescence-based detection  

Fluorescence-based detection methods offer exquisite sensitivity,  high versatility, and ultra-

fast readout, and are the most widely used detection method in droplet-based microfluidic 

experiments. 116 Fluorescence labels are easily integrated into biochemical assays and have 

been used to great effect in single-cell and single-molecule studies. F luorescence imaging is 

typically achieved using CCD/CMOS cameras. Despite their high sensitivity, such cameras are 

ill -suited to high-throughput operation (and thus droplet interro gation) due to limited 

readout rates. A clever approach to address this issue has been intr oduced by Hess and co-

workers. 98 In their 2015 paper, they used stroboscopic epifluorescence imag ing to acquire 

blur-free fluorescence images of segmented flows with single-droplet resolution, and 

extracted enzyme kinetic data at unprecedented thou ghputs .99 Importantly, wide-field 

fluorescence detection has become particularly powerful tool for i maging large arrays of 

droplets, 35 and has been used to probe over one million droplets at t he same time. 117  

Simultaneous imaging of multiple fluorophores using wide-field epi-fluore scence additionally 

enables the concurrent detection of multiple processes or species. For example, Ng et al. 

developed a multicolour Förster resonance energy transfer (FRET)-base d detection scheme 

using various enzymatic substrates to monitor protease activity in single c ells encapsulated 

in water- in-oil droplets. 118 Alternatively , it should be noted that photomultipliers have long 

been the detector of choice for single-point fluorescence measurem ents, due to their ultra-

short acquisition times. This feature is particularly important when probing fa st-flowing 

droplets and performing fluorescence-activated droplet sorting. 37  
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Photoluminescence (PL) from semiconductor nanocrystals yields important information on 

the size, size distributions, chemical composition, surface and PL quantum yield s. 

Unsurprisingly, PL detection within droplet-based platforms enables in -situ monitoring of the 

optical properties of these materials as they are being formed, and th us can be used for fast 

parametric space mapping, kinetics studies and optical property optimization. 45,52 In thi s 

regard, the fluorescence lifetime is an intrinsic property of a fluorophore  and can be used to 

probe a range of environmental and molecular properties. Accordin gly, time-resolved 

fluorescence spectroscopy offers an attractive alternative to conven tional (time-integrated) 

fluorescence measurements , especially since the fluorescence lifetime is independent of 

sample concentration, volume and excitation intensity. 119 The measurement of fluorescence 

lifetimes is normally achieved via time-correlated single photon counting (TCSPC), a 

technique able to extract fluorescence decaytime information on ps t o ns time scales . For 

example, fluorescence lifetime imaging was used to reconstruct mixing  patterns within 

droplets, achieving microsecond time resolution. 120 Leonard and co-workers demonstrated 

the implementation of TCSPC in high-throughput droplet-based micro fluidics, reporting 

fluorescence lifetime measurements in droplets and at rates exceedin g 1 kHz for nanomolar 

concentrations of fluorescein. 121 Fluorescence lifetime measurements can also be used as 

sorting criteria, as demonstrated by Hasan et al. who recently pr esented a fluorescence 

lifetime-activated droplet sorting platform, which was applied to the so rting of droplets 

containing two dyes with different fluorescence lifetimes. 122,123 Finally, Lignos et al. employed 

in-situ TCSPC in a droplet-based microfluidic platform to extract PL lifetimes of caesiu m lead 

halide perovskite nanocrystals. 124 Such a platform enables the mapping of parametric space 

by elucidating the effects that various reaction conditions and reagents concentrations have  

on the fluorescence lifetime of the nanocrystals.  

 

1.3.2.2  Absorbance spectroscopy 

Absorbance spectroscopy enables the label-free and quantitative analysis of a wide  range of 

chemical species, from organic conjugated molecules to quantum dots an d 

nanocrystals. 46,125,126 Unlike fluorescence-based methods, it does not require extern al 

labelling with a fluorophore and is also immune to photobleaching,  making it a highly 

pervasive detection method. An absorbance-activated droplet sorting (A ADS) platform was 

recently developed by Gielen et al. for the directed evolution of phenylalan ine 

dehydrogenase. 38 Such an approach extends high-throughput screening to assays that lack 
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intrinsic or extrinsic fluorescent labels. However, the reduced op tical pathlengths typically 

encountered in microfluidic systems usually restrict the sensitivity of t his method, since 

absorbance signals are directly proportional to the distance travelled  by light through the 

sample under investigation. To circumvent this issue, Yang and co-workers  proposed an 

extended pathlength technique in which a droplet is squeezed throug h an extended channel 

section and single-wavelength absorbance signals recorded via two liquid-co re waveguides 

embedded in close proximity to the channel. 112 Such an approach enhanced absorbance 

sensitivity and reduced the  limit of detection for fluorescein isethionate to 400 nM .  

For a number of applications, the ability to probe droplet conte nts at various positions along 

a microchannel is highly desirable, as is the case for the investigation of reaction  kinetics. It 

is worth noting that accessing the absorbance broadband spectrum of react ion species yields 

much more information than those extracted from a single-point readout . This is particularly 

exemplified by reactions involving plasmonic nanoparticles and semico nductor nanocrystals. 

Finally, it should be remembered that photothermal detection methods offer an alternative 

way to extract absorbance signals in a pathlength-independent manner . Such methods rely 

on the optical detection of the heat released when absorbing spe cies relax via a non-radiative 

pathway. To this end, Maceiczyk et al. developed differential detection p hotothermal 

interferometry (DDPI), for single-point absorbance detection at dr oplet frequencies 

exceeding 10 kHz. 

 

1.3.2.3  X-ray-based methods 

Interfacing synchrotron-based detection techniques with droplet-bas ed microfluidics can 

yield significant information on the electronic and crystal structure of chem ical species and 

nanoparticles, which are not accessible to conventional optical detecti on methods. However, 

the complexity of these measurements can impart significant challenges for their 

implementation in droplet-based systems due to the harsh conditions requ ired (such as a 

vacuum environment for certain X-ray energy ranges) and the small path length of the 

microfluidic system. For example, X-ray-based techniques are particularly  useful for the study 

of nucleation and growth processes, as well as protein crystallization analysis.  They 

encompass several analytical methods such as small-angle X-ray scattering (S AXS), X-ray 

diffraction (XRD) and X-ray absorption spectroscopy (XAS). SAXS is a powerful te chnique to 

obtain nanoscale structural and morphological information for a variety of mat erials, 
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including nanoparticles, colloids, proteins, and other biomolecules asse mblies such as DNA 

and RNA. It is the most widely used X-ray technique implemented in droplet-based 

microfluidic platforms and has been used to extract the distribution of  nanoparticle size 

during nucleation and growth kinetics studies. 127 XRD is widely used for crystallographic 

investigations, in both extracting the crystal structure of proteins and  evaluating the quality 

of crystals. Since micron-sized droplets offer an ideal environment for controlling and 

confining the crystallization reagents in a small volume, the use of in-sit u XRD offers great 

utility in protein crystallographic studies. 128 For example, Zheng et al. applied XRD to perform 

protein crystallization trials inside nanoliter volume droplets and assessed  the quality of the 

on-chip formed crystals, using a combination of a PDMS platform with an X-ray transparent 

glass capillary. 129 Additionally, Levenstein et al. interfaced XRD with a segmented flow  

platform for the characterization of nucleating agents in calcium carbonate  crystallization. 130  

 

1.3.2.4  Raman Spectroscopy 

Raman spectroscopy is an analytical technique based on the inelastic scatte ring of photons 

with a molecule, and can provide detailed information about the structure and pro perties of 

molecules from their vibrational transitions. A Raman-activated droplet sortin g (RADS) 

platform was recently developed by Wang et al., enabling the labe l-free screening of live 

single cells.39 However, Raman spectroscopy is hindered by its relatively low sensitiv ity, which 

limits its application in the analysis of dilute samples. 131 To address this issue, surface-

enhanced Raman scattering (SERS) utilizes signal-enhancement nanostructures (preferably 

gold and silver), to increase the sensitivity of weak Raman signals. SERS is a w ell-established 

analytical technique that offers low limits of detection, high spatial re solution, and high 

molecular specificity. 132 The use of SERS in droplet-based microfluidic platforms has been 

used for on-chip monitoring of chemical synthesis, 101 the detection of trace amounts of 

herbicides, 133 and the sensitive detection of therapeutic molecules in human seru m,134 

among st other applications. 135 By leveraging the exquisite spatial resolution and high 

sensitivity of the method, Willner et al. obtained a high-resolu tion SERS map from an array of 

static droplets containing prostate cancer cells for the detection o f glycan expression on cell 

surfaces. 136  
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1.3.3 Non -Optical Detection Methods 

1.3.3.1  Electrical detection 

Electrical detection approaches have been applied to droplet-based microfluidic system s for 

label-free, high-throughput detection of single cells in droplets.  The recording of impedance 

spectra enables the differentiation of empty from cell-encapsulating dro plets while retaining 

the viability of cells. 137 Impedance measurements also allow the monitoring of droplet 

properties such as size and velocity in real-time, offering a potential alt ernative to image-

based droplet detection methods. 138 In another study, Fan et al. used impedance 

measurements to monitor stem-cell differentiation in single cells, whi ch was correlated to 

the appearance of two differentiation biomarkers. 139  

 

1.3.3.2  Mass spectroscopy 

Mass spectroscopy is an analytical technique based on measuring the mass- to -charge ratio 

of molecules, ( m/z). These measurements can be used to extract the exact molecular weigh t 

of the molecule of interest, identify unknown species and quantify known species, and 

determine the structure and chemical properties of molecules. Holland- Moritz et al. recently 

developed a ma ss-activated droplet sorting platform utilizing the detection capability o f 

electrospray ionization (ESI) mass spectrometry for the high-throug hput screening of 

enzymatic reactions. 40 To address the challenge of sample destruction by ESI, each dro plet is 

split asymmetrically, so that detection can be performed on one p ortion, whilst the 

corresponding sister droplet is sorted with its content intact.  
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1.4 Thesis overview 

This thesis presents the development of innovative droplet-based microfluidic platforms 

integrated with novel optical detection schemes, and their successful ap plication for the in 

situ monitoring of chemical reactions on millisecond timescales. Chapter 2  describes a 

method for the acquisition of high-sensitivity broadband absorbance spe ctra within fast-

flowing picoliter droplets. The platform is applied to the investigation o f the kinetics of gold 

nanoparticle aggregation under diffusion-limited conditions. Chapter 3  reports the first 

integration of XAS measurements with droplet microfluidics. An X-ray compatible microfluidic 

chip is reported and the kinetics of ACC formation are investigated by t he in situ monitoring 

of the XAS spectra. In Chapter 4 , a double emulsion approach for the generation of polymeric 

microcapsules is presented. Chapter 5  presents a platform for the elucidation of nucleation 

and growth of perovskite NCs at unprecedented early reaction times w ith the combined 

integration of time-integrated and time-resolved photoluminescence . Chapter 6  concludes 

this thesis and discusses future research directions. 
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Chapter 2 
 

Broadband Spectrum, High-Sensitivity 

Absorbance Spectroscopy in Picoliter-

Volume Droplets 

 

 

In this chapter, we describe a detection scheme for the extractio n of broad-band absorbance 

spectra from pL-volume droplets with high sensitivity. The combination o f a confocal optical 

system (that confines incident light to a reduced detection volume) a nd a post-processing 

algorithm (that effectively removes the contribution of the carr ier oil from the extracted 

spectra) engenders significant enhancements in signal- to -noise ratios. Our system is initially 

calibrated by acquiring absorbance spectra from aqueous solutions of fluor escein 

isothiocyanate. These measurements confirm both excellent linearity ove r the studied range 

���I�U�R�P�������W�R�����������‰�0�����D�Q�G���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���O�L�P�L�W���R�I���G�H�W�H�F�W�L�R�Q���R�I�����������Q�0�����7�K�H���P�H�W�K�R�G�R�O�R�J�\���L�V���W�K�H�Q��

used to monitor the salt-induced aggregation of gold nanoparticles w ith millisecond time 

resolution. This approach for small-volume absorbance spectroscopy allows for both high-

throughput and high-information content measurements in sub-nan oliter volumes and will 

be highly desirable in a wide variety of bioanalytical applications where sensitivit y and 

throughput are priorities. 

 

 

Adapted with permission from Julie Probst, Philip Howes, Paolo Arosio, Stavros Stavrakis, and Andrew  

deMello . Analytical Chemistry, 2021 93, 7673��7681. Copyright (2021) American Chemical Society. 



38 
 

2.1 Introduction 

Despite the fact that absorption spectroscopy is one of the most wide ly used optical 

techniques for the analysis of macroscopic samples, its implementation and use w ithin 

microfluidic environments is far less common. Indeed, fluorescence -based detection 

methods remain the predominant choice within small-volume systems , due to their exquisite 

sensitivity and selectivity, non-invasive nature and low mass/concentration  limits of 

detection. However, the vast majority of (both synthetic and natural) molecules are non-

fluorescent and thus detection must be accomplished through che mical modification with an 

appropriate (extrinsic) fluorophore; adding significantly to assay complexity  and introducing 

potential interferences to the analytical signal. In contrast, (UV-visib le) absorbance 

spectroscopy is a pervasive, label-free method able to quantitativel y analyse almost all 

organic molecules exhibiting some degree of conjugation, and does no t suffer from photo-

bleaching or quenching effects that frequently hamper time-integrated fluorescence 

techniques. Despite the undoubted utility of absorbance-based dete ction in a wide variety of 

experimental scenarios, its implementation in microfluidic systems is encumbe red by the fact 

that optical pathlengths are typically between 2 and 3 orders of mag nitude less than those 

encountered on the macroscale (i.e. ten to a hundred micron s). Such abridged pathlengths 

are almost always unavoidable, yield proportionally weaker absorbance signals and thus 

significantly comprise both analytical sensitivity and limits of detection. 

Early attempts to improve the sensitivity of absorbance measuremen ts within microfluidic 

systems (whilst ensuring that detector bandwidths are not compromised) focused on the 

development of multi-reflection flow cells. 140,141 For example, Moosavi et al. pioneered the 

use of integral aluminium mirrors to guide light along the lengt h of microchannel, reporting 

a 5-10 fold increase in sensitivity. 140 Miniaturizing the flow cell geometries in all but one 

dimension has also been exploited as a way to efficiently collect light travell ing along the 

direction of flow, hence reducing the footprint of the device whil e retaining an adequate 

optical pathlength. 142 Direct integration of photodetectors in the microfluidic device can also 

be used to bypass the need to couple transmitted light towards an external detector. Indeed, 

such an approach has been used for sensitive detection of BSA at conce ntrations as low as 

15 nM, but at the expense of greatly increased manufacturing comple xity and cost. 143 It is 

�V�L�J�Q�L�I�L�F�D�Q�W���W�R���Q�R�W�H���W�K�D�W���E�U�R�D�G�E�D�Q�G���D�E�V�R�U�E�D�Q�F�H���V�S�H�F�W�U�D���I�U�R�P���������‰�0���P�H�W�K�\�O�H�Q�H���E�O�X�H���V�R�O�X�W�L�R�Q��

have also been obtained in a single-pass manner with a pathlength of �R�Q�O�\�������� �‰�P�����X�V�L�Q�J���D��
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multilayer chip composed of an elastomeric valve to switch between a re ference and a 

sample channel. 144 Alternatively, cavity-enhanced absorption spectroscopy can be used t o 

increase sensitivity when probing small volumes samples. For example,  two high-reflectivity 

mirrors can be placed on each side of the detection channel to form an optical cavity in which 

light is reflected multiple times. Such an approach has been shown to r esult in a 28 times 

increase in effective pathlength and an enhancement of the sensitivity  of approximately 5 

times. 145,146 

Over the last two decades, droplet-based microfluidic systems have be come a dominant tool 

in high-throughput chemical and biological experimentation. 147��149 Briefly, droplets may be 

generated within microfluidic channels at rates of up to hundreds of k Hz, with the user being 

able to exert exquisite control over droplet size, velocity and composition. 74,95,150 

Unsurprisingly, much of the power of droplet-based microfluidic too ls stems from the ability 

to optically interrogate droplet contents in a sensitive and high-th roughput manner. To this 

end, a wide variety of sensitive optical detection methods, including fl uorescence, 37 surface-

enhanced Raman (SERS),151 surface-enhanced resonance Raman scattering (SERRS), 152 

photothermal spectroscopy, 153 time-resolved fluorescence, 121 fluorescence anisotropy 154 and 

infrared spectroscopy, 155 have been successfully integrated within droplet-based microfluidic 

systems.116,156 Absorbance-based detectors have also been used to probe droplets in 

microfluidic systems. That said, the majority of these studies have focused on the 

interrogation of relatively large droplets (with diameters great �H�U���W�K�D�Q�����������‰�P�����S�U�R�G�X�F�H�G���D�W��

low frequencies (1-2 Hz) and at single-wavelengths. 97,157,158 Unsurprisingly, to mitigate the 

limitations associated with short optical pathlengths, the same strategies u sed for 

continuous flow systems have been applied to segmented-flow platforms,  namely extended 

pathlength geometries, 112 direct integration of optical components, 159 and cavity-enhanced 

approaches. 160 Additionally, in contrast to continuous flow systems, the curved inte rfaces of 

droplets create undesirable scattering, and the presence of the car rier oil phase usually 

dampens the signal when measurements are integrated over seve ral droplets. To mitigate 

this issue, Deal and Easley developed a lock-in detection approach based on alt ernating 

reference and sample droplets, and reported an LOD of 500 n M (for bromophenol blue) with 

�D���S�D�W�K�O�H�Q�J�W�K���R�I���R�Q�O�\���������‰�P�����E�X�W���D�W���W�K�H���H�[�S�H�Q�V�H���R�I���X�Q�D�F�F�H�S�W�D�E�O�\���O�R�Z���G�U�R�S�O�H�W���J�H�Q�H�U�D�W�H���U�D�W�H�V��

(<10 Hz).161 More recently, it was showed that the combination of a continuou s referencing 

approach, an extended pathlength (that stretches droplets through  a constriction) and 

embedded liquid waveguides enabled absorbance measurements of pL-volume  droplets 

with a detection limit of 400 nM for fluorescein. 112 Moreover, and through the direct 
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integration of on-chip optical fibers, Gielen et al. described an absorbance-activated sorting 

�S�O�D�W�I�R�U�P�� �Z�L�W�K�� �D�� ������ �‰�P�� �S�D�W�K�O�H�Q�J�W�K�� �D�Q�G�� �D�� �O�L�P�L�W�� �R�I�� �G�H�W�H�F�W�L�R�Q�� �R�I�� ������ �‰�0�� �I�R�U�� �:�6�7-1 formazan, 

which is sufficient for sorting individual droplets at a rate of 100 Hz. 38 Alternatively, a quasi-

pathlength-independent approach recently introduced by Maceiczyk and co-workers, termed 

differential detection photothermal interferometry (DDPI), was su ccessfully applied to 

quantify absorbance signals in fL-volume droplets at frequencies exceedin g 11 kHz.153 

Although the aforementioned approaches have achieved low detecti on limits, they lack the 

broadband character of conventional absorption spectroscopy. While this can  be tolerated 

in certain applications, access to the entire visible spectrum is highly advantageous for 

extracting information from multicomponent systems. Surprisingly, there  have been only two 

studies describing the application of broadband absorption spectroscopy to  the analysis of 

droplets within microfluidic systems. 160,162 Interestingly, in both there is a clear trade-off 

between achievable sensitivity and throughput. First, Neil et al. leveraged a cavity-enhanced 

optical system to acquire broadband absorbance spectra from flowing dro plets, with an 

�R�S�W�L�F�D�O���S�D�W�K�O�H�Q�J�W�K���R�I�����������‰�P��160 �7�K�H���D�X�W�K�R�U�V���U�H�S�R�U�W�H�G���D���/�2�'���R�I�����������‰�0���I�R�U���D���V�R�O�X�W�L�R�Q���R�I���.2IrCl6 

measured in a continuous-flow format, and also demonstrated bro adband absorption 

�V�S�H�F�W�U�D���I�U�R�P�������‰�/���I�R�U���I�O�R�Z�L�Q�J���V�O�X�J�V���Z�L�W�K���D���I�U�H�T�X�H�Q�F�\���D�S�S�U�R�D�F�K�L�Q�J�����������+�]�����6�H�F�R�Q�G�����0�D�R��et al. 

extracted broadband absorbance spectra from droplets to study reaction kinetics; 162 but 

sensitivity limitations of the detection system restricted application to con centrations (of  

�5�K�R�G�D�P�L�Q�H�����*�����D�E�R�Y�H�����������‰�0���� 

A significant number of applications, ranging from enzyme kinetics to nan omaterial 

synthesis, are best investigated when complete spectral information is accessible. 

Accordingly, there is an unmet need to generalize broadband absor bance detection schemes 

into the toolbox of droplet-based microfluidics. To address this need,  we herein demonstrate 

the acquisition of complete absorbance spectra from single pL-volume drople ts with a limit 

of detection (LOD) of 800 nM for fluorescein isothiocyanate (FITC). To reconcile the short 

optical pathlengths representative of microfluidic systems with the high  sensitivity and low 

limits of detection of conventional spectrometers, our methodology  centres on three key 

aspects. First, incident light is confined to a region that closely matche s the size of the 

transiting droplets, thus minimizing contributions from stray light. Secon d, a fast 

�V�S�H�F�W�U�R�P�H�W�H�U���L�V���X�V�H�G���W�R���D�F�T�X�L�U�H���V�S�H�F�W�U�D���X�V�L�Q�J���L�Q�W�H�J�U�D�W�L�R�Q���W�L�P�H�V���D�V���V�K�R�U�W���D�V���������‰�V�����7�K�L�U�G�����D��

post-processing algorithm efficiently filters out optical contribut ions of the continuous oil 

phase from the absorbance spectra, enhancing signal- to -noise ratios (S/N) through averaging 

of a large number of spectra. Using this methodology, we demo nstrate the acquisition of 
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broadband absorbance spectra from pL-volume droplets containing diff erent concentrations 

of FITC, with a concentration detection limit of 800 nM. To highli ght the utility of our 

approach, we additionally investigate and probe the kinetics of salt-indu ced gold 

nanoparticle aggregation through changes in the broadband absorbance spectrum.  

 

2.2 Materials and Methods 

2.2.1 Absorption Spectroscopy 

Absorbance measurements were performed using a custom-built opt ical spectrometer, as 

shown in Figure 2.1a . Briefly, a broadband high-intensity liquid guide-coupled light  source 

(Medium Power Xenon Arc Lamp, Newport, Darmstadt, Germany) was coll imated using a 

�I�X�V�H�G���V�L�O�L�F�D���F�R�O�O�L�P�D�W�R�U�����1�H�Z�S�R�U�W�����'�D�U�P�V�W�D�G�W�����*�H�U�P�D�Q�\�����D�Q�G���I�R�F�X�V�H�G���R�Q�W�R���D���������‰�P���G�L�D�P�H�W�H�U��

pinhole (P25S Mounted Precision Pinhole, Thorlabs, Germany) using an aspheric lens 

(A240TM-A lens, Thorlabs, Dachau, Germany). Alternatively, a white LED lamp consisting of 

six solid-state light sources (SPECTRA X light engine®, Lumencor, Be averton, USA) was also 

used as the broadband light source in some experiments, and was collimated using a fiber 

collimator (F950SMA-A 473, Thorlabs, Dachau, Germany). The pinhole was the n imaged into 

the microfluidic channel using a Plano N 10× NA 0.25 objective lens follo wed by a Plano N 4× 

NA 0.1 (Olympus, Tokyo, Japan), to yield a 200 pL detection volume.  The microfluidic chip was 

placed on a precision x-y stage (Mad City Laboratories, Maddison, USA) used to align the 

channel with the detection area. Light transmitted through the m icrochannel was collected 

by a Plan Fluor ELWD 20× NA 0.45 objective (Nikon, Tokyo, Japan), reflected by a mirror and 

coupled into an optical fiber using a Plano N 10× NA 0.25 objective.  The other end of the fiber 

was connected to an Ocean FX-XR1 spectrometer (Ocean Insight, Rostock, Germany) 

�I�H�D�W�X�U�L�Q�J���D�����������‰�P���H�Q�W�U�D�Q�F�H���V�O�L�W�����7�K�H���F�R�Q�W�L�Q�X�R�X�V���D�Q�G���G�L�V�F�U�H�W�H���S�K�D�V�H�V���Z�H�U�H���O�R�D�G�H�G���L�Q�W�R�������P�/��

�D�Q�G�����������‰�/���J�D�V�W�L�J�K�W���V�\�U�L�Q�J�H�V�����+�D�P�L�O�W�R�Q���$�*�����%�R�Q�D�G�X�]�����6�Z�L�W�]�H�U�O�D�Q�G�������U�H�V�S�H�F�W�L�Y�H�O�\�����)�O�X�L�G���G�H�O�L�Y�H�U�\��

was performed using neMESYS high precision syringe pumps (Cetoni GmbH,  Korbussen, 

Germany) connected to microfluidic ports via Tygon tubing (Cole Palmer, Hanwell, U.K.).   

  



42 
 

 

 

 

Figure 2.1  (a) Schematic of the optofluidic platform. A high-intensity broadband light source is 

�F�R�O�O�L�P�D�W�H�G���D�Q�G���W�K�H���F�L�U�F�X�O�D�U���D�U�H�D���R�I���D���������‰�P���S�L�Q�K�R�O�H���V�X�E�V�H�T�X�H�Q�W�O�\���L�P�D�J�H�G���R�Q�W�R���W�K�H���P�L�F�U�R�I�O�X�L�G�L�F��

�F�K�D�Q�Q�H�O���� �\�L�H�O�G�L�Q�J�� �D�� ������ �‰�P�� �G�L�D�P�H�W�H�U�� �F�L�U�F�X�O�D�U�� �G�H�W�H�F�W�L�R�Q�� �D�U�H�D���� �� �7�K�H�� �P�L�F�U�R�I�O�X�L�Gic channel is 

positioned so that each droplet is aligned within the detection area. Light exiting the channel is 

collected and focused into an optical fiber connected to a fast spectrometer. Spectra were 

�U�H�F�R�U�G�H�G���D�W�������������+�]���Z�L�W�K���D���������‰�V���D�F�T�X�L�V�L�W�L�R�Q���W�L�P�H������b) A representative time trace of transmitted 

�O�L�J�K�W���D�W�����������Q�P���I�R�U���D���V�R�O�X�W�L�R�Q���R�I���)�–�7�&���D�W�����������‰�0�����U�H�S�R�U�W�L�Q�J���L�Q�G�L�Y�L�G�X�D�O���G�U�R�S�O�H�W�V���D�W���D���I�U�H�T�X�H�Q�F�\���R�I��

approximately 70 Hz. Insets show bright field images corresponding to the detection area in  

between two droplets (i), when a droplet is partially visible (ii) and when a droplet is perfec tly 

aligned (iii), with red arrows indicating the corresponding signal on the time trace. Dotted white 

�O�L�Q�H�V���K�L�J�K�O�L�J�K�W�V���W�K�H���F�R�Q�W�R�X�U���R�I���W�K�H���G�U�R�S�O�H�W�����7�K�H���V�F�D�O�H���E�D�U���L�V���������‰�P�������F�����%�U�L�J�Kt-field image of the 

�P�L�F�U�R�I�O�X�L�G�L�F���F�K�D�Q�Q�H�O���Z�L�W�K���G�U�R�S�O�H�W�V���F�R�Q�W�D�L�Q�L�Q�J���L�Q�N���I�R�U���E�H�W�W�H�U���Y�L�V�L�E�L�O�L�W�\�����7�K�H���V�F�D�O�H���E�D�U���L�V�����������‰�P�� 
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For the FITC calibration experiment involving serial dilutions, the oil fl ow rate was maintained 

�D�W�� ���� �‰�/���P�L�Q�� �D�Q�G�� �W�K�H�� �W�R�W�D�O�� �D�T�X�H�R�X�V�� �I�O�R�Z�� �U�D�W�H�� ���L���H���� �3�%�6�� �E�X�I�I�H�U�� ���� �)�–�7�&���� �Z�D�V�� �V�H�W�� �D�W���������� �‰�/���P�L�Q����

Under these conditions, droplets were generated at a frequency of ab out 70 Hz with a mean 

droplet volume of 95 pL. For reference measurements, droplets c ontaining PBS buffer were 

generated at a rate of 70 Hz and 50,000 spectra were acquired over  a period of 11.11 s, which 

corresponds to approximately 65 spectra per droplet. The same numbe r of spectra were 

used for sample measurements, where droplets of different FITC con centrations were 

generated on-chip �E�\���P�L�[�L�Q�J���G�L�I�I�H�U�H�Q�W���U�D�W�L�R�V���R�I���3�%�6���D�Q�G���)�–�7�&���V�W�R�F�N���V�R�O�X�W�L�R�Q�������������‰�0�������(�D�F�K��

measurement was averaged over 770 droplets, yielding a total samp le volume of 

approximately 70 nL. Data from microfluidic experiments were compar ed with 

measurements using a conventional spectrophotometer (Fluoromax, H ORIBA Scientific, 

Northampton, U.K.) incorporating a 1 cm optical path length cuvette and using 1 mL of 

sample. 

For AuNPs aggregation experiments, the oil and the total aqueous (water, NaCl so lution and 

AuNP solution) flo �Z�� �U�D�W�H�V�� �Z�H�U�H�� �V�H�W���D�W������ �‰�/���P�L�Q�� �D�Q�G������������ �‰�/���P�L�Q�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �8�Q�G�H�U���W�K�H�V�H��

conditions, the droplet generation frequency was 90 Hz and the mean d roplet volume 80 pL. 

Droplets containing water were used as a reference when probing AuNP solution droplets, 

with reference droplets containing the same salt concentration as used in the sample 

measurement. Salt concentration was controlled by varying the rat io of the individual 

aqueous flow rates, whilst keeping the total flow rate constant. 

 

2.2.2 Data Acquisition and Processing 

Spectra acquisition was performed using OceanView 2.0 spectroscopy softwar e (Ocean 

Insights, Rostock, Germany) in burst-mode, with a dark measurement b eing subtracted prior 

to the start of each experiment. Burst-mode operation allows for a maximum acquisition rate 

of 4500 scans per second by using the onboard buffer-memory of the  spectrometer to store 

�V�S�H�F�W�U�D���L�Q���U�H�D�O���W�L�P�H�����)�R�U���D�O�O���H�[�S�H�U�L�P�H�Q�W�V�����Z�H���X�V�H�G���D�Q���L�Q�W�H�J�U�D�W�L�R�Q���W�L�P�H���R�I���������‰�V���S�H�U���V�S�H�F�W�U�X�P��

and recorded 50,000 consecutive spectra per measurement. Each set  of measurements was 

post-processed using a custom MATLAB® script, as summarized in Figure 2.2c . First, data 

sets were processed to select spectra that correspond to the oil and  spectra that correspond 

to the droplets. Filtering was based on the single-wavelength time-t race of light transmitted 
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at 405 nm, as shown in Figure 2.2a-b . Two thresholds were used to select data points 

corresponding to light transmitted through the droplets and light transmitted through the 

oil, respectively. This served to cluster data sets between broadband t ransmission spectra 

from the droplets and from the oil, for both the referenc e and sample data sets. All spectra 

from each sub-set were then averaged to yield the average transmitte d spectra of the oil and 

droplets from a reference measurement, i.e.  �–�5�H�I�H�U�H�Q�F�H
�2�L�O  and �–�5�H�I�H�U�H�Q�F�H

�'�U�R�S�O�H�W�V, and from a sample 

measurement, �–�6�D�P�S�O�H
�2�L�O  and �–�6�D�P�S�O�H

�'�U�R�S�O�H�W�V (Figure A2.1a ). The absorbance of a sample droplet can 

then be calculated by subtracting absorbance spectra of light transmitted through the oil 

phase �$�2�L�O from absorbance spectra of droplets �$�'�U�R�S�O�H�W�V (Figure A2.1b-c ). Since the 

absorbance of the oil will be constant, the subtracted term her e accounts for any fluctuation 

in the light intensity that occurs between reference and sample measuremen ts,158 i.e. 

 

�$���ˆ������� �������$���ˆ���'�U�R�S�O�H�W�V����
F ���$���ˆ���2�L�O����� ������
F���O�R�J���� �F
�–�6�D�P�S�O�H
�'�U�R�S�O�H�W�V

�����ˆ������

�–�5�H�I�H�U�H�Q�F�H
�'�U�R�S�O�H�W�V

�����ˆ����
�G�����������O�R�J���� �F

�–�6�D�P�S�O�H
�2�L�O �������ˆ��

�–�5�H�I�H�U�H�Q�F�H
�2�L�O �����ˆ��

�G������� �������‚�ˆ�F�O        2.1 

 

2.2.3 Microfluidic Device Fabrication 

Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) following  standard soft 

lithographic procedures, with the main observation being made t hrough a thin membrane-

like layer of PDMS. Thicker PDMS slabs for inlet and outlets areas allow ed for the easy 

connection of tubing. Briefly, microfluidic channel patterns were d esigned using AutoCAD 

2018 (Autodesk, San Rafael, U.S.A.) and printed onto high-resolution p hotolithographic 

masks (Micro Lithography Services Ltd., Chelmsford, U.K.). An SU-8 m aster mold with a height 

�R�I�������������‰�P���Z�D�V���I�D�E�U�L�F�D�W�H�G���Y�L�D���V�W�D�Q�G�D�U�G���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\�����)�R�O�O�R�Z�L�Q�J���L�W�V���I�D�E�U�L�F�D�W�L�R�Q�����W�K�H���6�8-8 

mold was exposed to chlorotrimethylsilane (Sigma-Aldrich, Buchs, S witzerland) vapor for at 

least 5 hours in a desiccator at a pressure of 150 mbar, to aid subsequent removal of PDMS. 

A thin layer of 10:1 (wt/wt) mixture of PDMS base to curing agent (S ylgard 184; Dow Corning, 

Midland, U.S.A.) was degassed in a desiccator for 60 minutes, spin coate d (800 rpm for 1 

minute) on the master mold and cured for 45 minutes at 70°C. P DMS slabs were then bonded 

onto the inlet and outlet regions using an air-plasma (EMITECH K1000X, Quorum 

Technologies, East Sussex, United Kingdom). Curing was continued for at  least 30 minutes at 
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70°C to strengthen the bonding of the PDMS slabs. The thin PDMS- membrane layer together 

with the PDMS slabs were then peeled from the wafer and diced t o form individual devices. 

Inlets and outlets were formed at the desired locations using a hole pun cher (Syneo, Florida, 

U.S.A.). Finally, the individual devices were bonded via air-plas ma to PDMS-covered glass 

coverslips. Two minutes after bonding, a 5% vol. solution of Tridecafl uoro-1,1,2,2-

tetrahydrooctyl)trichlorosilane (ABCR- chemicals, Karlsruhe, Germany) in HFE 7500 Novec oil 

was injected into the channels to render the internal surfaces h ydrophobic and left for a 

period of 5 minutes. Channels were then rinsed with pure HFE oil and devices were left  on a 

hot plate at 120°C for at least 2 hours before use.  

 

2.2.4 Materials and Reagents 

The oil phase consisted of a mixture of two parts HFE 7500 Novec flu orinated oil containing 

1.25% fluoro-surfactant (RAN Biotechnologies, Beverly, USA) and one p art 3,5-

Bis(trifluoromethyl)bromobenzene (ABCR-chemicals, Karlsruhe, German y). The latter was 

used to create transparent emulsions via refractive index matching. 108 The refractive index 

of the fluorinated oil is 1.29, while the refractive index of 3,5 -

Bis(trifluoromethyl)bromobenzene is 1.427. Therefore a ratio of 1:2 (fluorinated oil : 3,5-

Bis(trifluoromethyl)bromobenzene) yields a refractive index of 1.33, matching that of the 

aqueous droplets.  

�$���V�W�R�F�N���V�R�O�X�W�L�R�Q���R�I�����������‰�0���I�O�X�R�U�H�V�F�H�L�Q���L�V�R�W�K�L�R�F�\�D�Q�D�W�H�����6�L�J�P�D-Aldrich, Buchs, Switzerland) was 

prepared in phosphate buffer saline (PBS 1x, Gibco, ThermoFischer Scie ntific, Switzerland). A 

AuNP colloidal solution (BBI Solutions, Newport, UK) containing 15 n m diameter 

nanoparticles was used as received. Alternatively, a concentrated so lution of AuNPs was 

prepared by spinning down 1 mL of this solution for 8 minutes at 13  000 rpm, then discarding 

���������‰�/���R�I���W�K�H���F�O�H�D�U���V�X�S�H�U�Q�D�W�D�Q�W�����D�Q�G���U�H-homogenizing the solution using a vortex mixer.  

Purified water (Milli-Q, Merck Millipore, Burlington, USA) was used for on-chip  dilution of the 

AuNP solution. To induce aggregation of the AuNPs, a 500 mM or 250 mM saline solution of 

NaCl (Sigma-Aldrich, Buchs, Switzerland) was prepared in purified water .  
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2.3 Results and Discussion 

2.3.1 Strategy and Working Principle 

Our initial strategy focused on minimizing the scattered light that t ravels through droplets 

and onto the detector, causing a decrease in the overall sensitivity . As previously noted, 

integrated optical waveguides aid in coupling light into the microflu idic device and have been 

used in a number of schemes for absorbance measurements in dr oplets. 38,159,163 However, 

the fact that the geometry of the microfluidic channels must accomm odate the waveguides 

adds complexity to the entire design. In addition, the use of a waveguide  means that 

detection may be performed at only one single position along the microfluidic channel, 

unless additional waveguides and detectors are integrated. The ability to interrogate droplets 

content at different locations across the chip is critical in many important applications, most 

notably in the study of reaction kinetics. 96 The optical set-up presented in Figure 2.1a  serves 

to shape the incident light of a high-intensity broadband source into a defined circular area 

�Z�L�W�K�� �D�� �V�L�]�H�� �F�R�P�S�D�U�D�E�O�H�� �W�R�� �W�K�D�W�� �R�I�� �W�K�H�� �G�U�R�S�O�H�W�V���� �7�K�H�� �S�L�Q�K�R�O�H�� �������� �‰�P�� �G�L�D�P�H�W�H�U���� �Z�D�V�� �L�P�D�J�H�G��

onto the sample using a microscope objective lens (4x, NA 0.1) to c reate a localized detection 

volume in the sample. Due to its low NA, its focal length is large eno ugh to project the pinhole 

inside the microfluidic channel, whilst accommodating the finite thickness of the PDMS 

substrate (5 mm at the inlets and outlets). Transmitted light was collected b y a second 

objective (NA 0.45). A larger numerical aperture allows collection of  photons from a restricted 

depth of field, and it is advantageous if this matches the droplet diame ter, since more light 

probes the sample. The numerical apertures of both objectives used were judged to provide 

the best possible combination of high collection efficiency and confocal de pth of field. Such 

an approach enables the light path to travel only through the drop let volume, minimizing any 

stray light contributions. In addition, absorbance spectra can then be collected at any location 

along the channel by simply translating the entire device, enablin g precise spatio-temporal 

mapping of reactions.  

Small droplets moving at high linear velocities impart an additional challenge to the collection 

of broadband absorption spectra. In the case of single-wavelength measur ements, fast and 

sensitive detectors such as photomultiplier tubes can be used to coll ect photons on a 

timescale that matches the frequency of the droplet production. To acquire broadband 

spectra, however, a spectrometer is required. If the integration  (acquisition) time of the 
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spectrometer is longer than the transit time of a droplet through th e optical probe volume, 

averaging of several droplets into a single measurement will necessarily in clude a 

contribution of the carrier phase, which significantly reduces the tran smitted signal. For this 

reason, almost all studies reporting absorbance detection in droplet- based microfluidic 

systems have utilized large droplets (nL- �‰�/���Y�R�O�X�P�H�V�����D�Q�G���O�R�Z���J�H�Q�H�U�D�W�L�R�Q frequencies (<2 Hz). 

In the current study, we leveraged microsecond integration times to  overcome this issue and 

effectively filter out the oil contribution from the overall signal.  To optimize signal- to -noise 

ratios (SNR), the intensity of the incident light was maximized to ensu re that the signal 

detected by the spectrometer was close to its saturation level. The use of a high-power Xenon 

�O�L�J�K�W���V�R�X�U�F�H���H�Q�D�E�O�H�V���R�S�H�U�D�W�L�R�Q���R�I�� �W�K�H�� �V�S�H�F�W�U�R�P�H�W�H�U���D�W���Y�H�U�\���V�K�R�U�W���L�Q�W�H�J�U�D�W�L�R�Q���W�L�P�H�V�� �������� �‰�V������

whilst working close to saturation. Such short integration times allow droplets to be 

�H�I�I�H�F�W�L�Y�H�O�\�� �
�V�O�L�F�H�G���� �L�Q�W�R�� �G�L�V�F�U�H�W�H�� �V�S�H�F�W�U�D���� �W�K�X�V�� �H�Q�D�E�O�L�Q�J�� �W�K�H�� �D�Y�H�U�D�J�L�Q�J�� �R�I�� �D���O�D�U�J�H�� �Q�X�P�E�H�U�� �R�I��

spectra. Such a strategy proved to be highly efficient in reducing no ise and enabled the 

extraction of full absorbance spectra with excellent SNRs. 

 

2.3.2 Data Processing 

�'�D�W�D���V�H�W�V���Z�H�U�H���F�O�X�V�W�H�U�H�G���L�Q�W�R���V�X�E�V�H�W�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���
�G�U�R�S�O�H�W�V-�R�Q�O�\�����R�U���
�R�L�O-�R�Q�O�\�������E�D�V�H�G���R�Q��

the transmitted intensity at 405 nm. To achieve an identical clusterin g efficiency for both 

reference- and sample-droplets across different concentrations, the wavelength used to 

distinguish droplets from oil was fixed regardless of the content of t he droplet.  For example, 

at 405 nm, the fluorinated oil has a slightly higher absorbance th an the aqueous phase, which 

allows discrimination of droplets from the oil, regardless of the dro plet sample 

concentration. In this regard, we introduce two parameters that  correspond to the number 

of spectra included into the oil ( P) and droplets ( Q) subsets. These parameters can be fine-

tuned after visual inspection of the single-wavelength time trace at 4 05 nm, as shown on 

Figure 2.2a-b . An example of the intermediate phases of the computation is include d in 

Figure A2.1 . In this way, we ensure that the maximum number of spectra are inclu ded into 

each sub data set, whilst achieving optimal differentiation between the oil and droplet 

signals. These parameters can be modified depending on the integr ation time used during 

experimentation, as well as the flow rate used. For example, a high er oil flow rate will mean 

that more spectra will contain oil only (need to increase P) and less sp ectra will include 

droplets only (need to decrease Q).  
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Figure 2.2  Workflow associated with data processing. Time traces report the intensity of 

transmitted light at 405 nm extracted from broadband transmission spectra when a train of 

droplets passes through the detection area for (a) reference measurements (droplets containin g 

PBS buffer) an�G�����E�����V�D�P�S�O�H���P�H�D�V�X�U�H�P�H�Q�W�V�����G�U�R�S�O�H�W�V���F�R�Q�W�D�L�Q�L�Q�J�����������‰�0���)�–�7�&�������$�W���W�K�L�V���Z�D�Y�H�O�H�Q�J�W�K����

the oil absorbs more strongly than the droplet. Two thresholds are applied for the selection of 

data points that correspond to transmitted light through the droplets (orange circles) and the 

oil (grey circle). These serve to cluster the data sets between broadband transmiss ion spectra of 

the droplets and oil, for both the reference and sample data sets (see main text for details). The 

right panels in (a) and (b) show time traces over a period of 40 ms (highlighted by the g rey 

rectangle in the left panel). (c) Flowchart describing the data analysis procedure. For both 

reference and sample measurements, 50,000 spectra are clustered into droplet and oil subset s 

as determined by the time traces in (a) and (b). Each subset then yields an average broa dband 

spectrum. The calculated absorbance spectrum involves contributions from both the droplets 

and the oil of the reference and the sample. This is equivalent to subtracting a background 

absorbance contribution of the oil to the absorbance obtained from droplets only. 
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�7�\�S�L�F�D�O�O�\���� �I�R�U�� �D�Q�� �R�L�O�� �I�O�R�Z�� �U�D�W�H�� �R�I�� ���� �‰�O���P�L�Q���� �D�Q�� �D�T�X�H�R�X�V-�S�K�D�V�H�� �I�O�R�Z�� �U�D�W�H�� �R�I�� �������� �‰�O���P�L�Q���� �D�Q��

�L�Q�W�H�J�U�D�W�L�R�Q���W�L�P�H�� �R�I�� ������ �‰�V�� �D�Q�G���D�� �W�R�W�D�O���Q�X�P�E�H�U�� �R�I�� ����,000 spectra, the optimized parameters 

were P = 30,000, and Q = 5000. This means that 30,000 spectra were averaged for the oil 

contribution, whilst 5000 spectra were averaged for the droplet co ntribution. The 15,000 

remaining spectra correspond to transitional instants when droplets only  partially fill the 

detection area. These were therefore excluded.  

 

2.3.3 Performance and Calibration 

Due to the refractive index mismatch between the fluorinated oil (n = 1.29) and water ( n = 

1.33), a significant amount of light will be scattered at the dro plet-oil interface. Whilst not 

necessarily problematic in single-wavelength detection schemes, where a signal spike in the 

light intensity is seen at the droplet/oil interface, this phenome non becomes far more 

problematic in the case of full spectrum acquisition. Indeed, such scatt ering induces a 

background signal that enhances and rounds the baseline ( Figure A2.3 ). In some cases, the 

scattering background is so strong that it overlaps and pollutes the absorbance spectrum o f 

the species under investigation ( Figure A2.3b,d) . To negate this issue, the reactive index of 

the oil is matched to that of the aqueous droplet by the addition  of a high-refractive index 

liquid into the oil. 108 Under these conditions, a flat baseline is obtained for buffer-cont aining 

droplets and non-distorted absorbance spectra obtained for sample-co ntaining droplets 

(Figure A2.3a,c ). 

To characterize the performance and sensitivity of our method, w e next analysed pL-volume 

droplets containing various concentrations of a FITC solution ( �‚493 = �����H���������0�+1 cm �+1) between 

���� �D�Q�G�� �������� �‰�0. The time traces of the transmitted light at 493 nm for each of these 

measurements are shown in Figure A2.2 . On-chip dilution was performed by adjusting the 

ratio of a stock FITC stream and a buffer (PBS) stream, achieving a maximum dilution factor 

of 1:20 with high precision.  Droplets containing pure PBS buffer were used as reference. 

Absorbance spectra resulting from droplets containing various concentrations o f FITC and a 

corresponding calibration curve are shown in Figure 2.3 . The variation in absorbance value 

at the maximum extinction wavelength (493 nm) follows a linear relationship over the 

concentration range investigated ( Figure 2.3b ).   
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Figure 2.3  (a) Absorbance spectra obtained from droplets containing FITC at concentrations 

�U�D�Q�J�L�Q�J���I�U�R�P�����������W�R�����������‰�0�����(�D�F�K���V�S�H�F�W�U�X�P���L�V���R�E�W�D�L�Q�H�G���E�\���S�U�R�F�H�V�V�L�Q�J���D���U�H�I�H�U�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W��

and a sample measurement, each comprising 50,000 spectra, and corresponding to 

approximately 500 droplets. The same reference data set was used for all spectra. The inset 

displays an enlarged view of the lowest concentration measurement, showing the successful 

extraction of accurate spectral features. (b) Calibration curve based on absorbance values at  493 

nm. Error bars represent the standard error from triplicate measurements. The absorbance 

response is linear over the entire range of concentration studied, with a very high goodness  of 

fit (R2 = 0.9988). (c) Normalized absorbance spectra obtained when averaging decre asing 

numbers of droplets. Panel V confirms that a representative broadband spectrum can be 

extracted from a single droplet. (d) Influence of the number of acquired spectra on the 

concentration LOD for FITC. 
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The limit of detection (LOD) was determined by extrapolating to a co ncentration that is equal 

�W�R�� �W�K�U�H�H�� �W�L�P�H�V�� �W�K�H�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�R�L�V�H�� �����•������ �D�Q�G�� �F�R�U�U�H�V�S�R�Q�G�V�� �W�R�� �������� �™�� �����+4 

absorbance units or 800 nM of FITC. Moreover, to assess the spectral feature accuracy of our 

method, we compared representative spectra obtained from pL-volum e droplets with those 

measured using a conventional spectrometer. Inspection of Figure A2.4  indicates excellent 

agreement between the two methods, but using only 70 n L of sample with our on-chip 

method, compared to 1 mL with the benchtop spectrometer. As noted previously, the optical 

pathlength in on- �F�K�L�S���H�[�S�H�U�L�P�H�Q�W�V���Z�D�V���������‰�P�����D�V���G�H�I�L�Q�H�G���E�\���W�K�H���F�K�D�Q�Q�H�O���K�H�L�J�K�W�����+�R�Z�H�Y�H�U����

the effective pathlength of the system is actually smaller than this value, m ostly due to the 

droplet shape. Put simply, when a spherical droplet moves through the detection volume, 

the optical pathlength through the droplet will be reduced al ong its outer curved regions. 

Based on the Beer-Lambert law, and assuming a molar extinction coeff icient for FITC at 493 

�Q�P���R�I�������H���������0�+1 cm �+1 we calculated an effective pathlength through the droplets of 24. 5 ± 

�������� �‰�P���� �7�K�L�V�� �L�V�� �L�Q�� �H�[�F�H�O�O�H�Q�W�� �D�J�U�H�H�P�H�Q�W�� �Z�L�W�K�� �W�K�H�� �U�D�W�L�R�� �R�I�� �W�K�H�� �G�U�R�S�O�H�W�� �Y�R�O�X�P�H�� �������� �S�/���� �W�R�� �W�K�H��

detection volume of 200 pL, defined by the confocal illumination. 

Importantly, we were able to obtain an absorbance spectrum from a sin gle (reference-

�V�D�P�S�O�H���� �G�U�R�S�O�H�W�� �S�D�L�U���� �Z�L�W�K�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �/�2�'�� �R�I�� ������ �‰�0�� �I�R�U�� �)�–�7�&�� ��Figure 2.3c ). The 

relationship between the number of spectra acquired (and thus the  number of droplets 

averaged) and the LOD is depicted in Figure 2.3d . 

 

2.3.4 Kinetics of Salt-induced Gold Nanoparticle Aggregation 

Droplet-based microfluidic systems are especially useful for studying rapid reactions due to 

their fast mixing capabilities, short dead times and the correspondence b etween the distance 

travelled in the direction of flow with time. 28,164 Gold nanoparticle (AuNP) aggregation results 

in distinct colour changes that can be leveraged in chemical and biomolecular se nsing. 165 For 

example, colloidal solutions of AuNPs (with diameters between 5 and 20  nm) exhibit a 

plasmonic absorption peak around 520 nm, which confers a characteris tic red colour to such 

solutions. 166 In the presence of halide salts, AuNPs rapidly aggregate, with t he solution 

turning a purple colour, due to the shift of the absorption pe ak towards longer 

wavelengths. 167 We applied our method to monitor the kinetics of gold nanoparticl e 

aggregation via the time evolution of the absorbance spectrum after add ition of NaCl. A 
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schematic of the microfluidic device used for kinetic analysis is presente d in Figure A2.5 .  

Here, three aqueous streams converge at a flow-focusing geome try where rapid droplet 

generation occurs. Droplets are subsequently driven at high speed th rough a winding 

channel section to accelerate payload mixing via chaotic advection. Subseque ntly, droplet 

velocities are reduced in the observation region by removing part of the continuous phase 

through flanking channels. Sequential absorbance spectra are then ext racted along the 

observation channel and mapped to reaction time.  

As previously noted, we observed that a difference in the refractiv e index between the 

reference and the sample droplets leads to increased background signals. Since addition of 

salt into the water phase leads to a small increase of refractive ind ex168, the same salt 

concentration was used for both the reference and sample measure ments. Droplets 

containing the AuNPs (15 nm diameter and 2×10 12 nanoparticles per mL), water and a salt 

solution (NaCl 500 mM or 250 mM), were generated at the flow-focu sing junction and rapidly 

mixed by chaotic advection along the winding channel, yielding a dead time o f 50 ms. Droplet 

payloads were precisely controlled by varying the ratio of the incom ing aqueous fluid 

streams. We initially recorded an absorption spectrum for the AuNP solution without the 

addition of salt (the monomeric spectrum at t=0) and then monitored the change in 

absorption spectra as a function of time after induction of aggregatio n by addition of NaCl 

up to 1500 ms ( Figure 2.4a ). As time progresses, a distinct plasmonic peak emerges at  

approximately 590 nm, which is attributed to interparticle plasmon c oupling as the particles 

begin to aggregate. The short time period probed using the d roplet-based microfluidic 

platform corresponds to a regime where aggregation behaviour is  dominated by the 

formation of short nanoparticle chains (e.g. dimers and trimers), 169 and our observations are 

in excellent agreement with those of Salmon and co-workers, w ho studied the aggregation 

of 30 nm diameter AuNPs via dark-field scattering and surface-enhance d Raman 

spectroscopy using droplet microfluidics. 108 AuNP dimers display two surface plasmon 

resonance peaks; one corresponding to the transversal mode that overlaps with the 

monomeric peak (at 520 nm for 15 nm diameter AuNPs), and one  corresponding to the 

longitudinal mode that is red-shifted relative to the monomeric p eak.170 We note that the 

intensity of the peak at 520 nm was not significantly affected over th e observed timescale, 

which is consistent with the contribution of the transversal modes of th e dimers and trimers. 

This further confirms that we are able to observe the formation o f these short multimers 

during the early times of aggregation (Figure A2.6) . Figure 2.4b  shows the (monomer-

subtracted) time-evolution of the absorption spectra, revealing the co ntribution of the 
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dimers 171, from which the characteristic aggregation timescale can be estimated ( Figure 

2.4c). 

 

 

Figure 2.4  Salt-induced aggregation of gold nanoparticles. (a) Time evolution of the normalized 

absorbance spectrum of an AuNP solution after mixing with a 500 mM NaCl solution. (b) 

Monomer-subtracted time-evolution of the absorbance spectra shown in (a). (c)  Variation of the 

integrated area under the curve from monomer-subtracted absorbance spectra (corresponding 

to the contribution of the dimers) as a function of time for two salt concentrations. (d)  Variation 

of the wavelength of the plasmonic peak as a function of time.  
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Under the investigated conditions, salt screens electrostatic repulsion b etween the surface 

charged nanoparticles and aggregation occurs according to a diffusion-limit ed cluster 

aggregation (DLCA) model. 172 The predicted characteristic time of DLCA coagulation is given 

by: 

      �W��� 
���„

���N�7�1��
            2.2 

where  �„ is the viscosity of the solvent, k the Boltzmann constant, T temperature and N0 the 

�L�Q�L�W�L�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �7�K�H�� �F�D�O�F�X�O�D�W�H�G�� �Y�D�O�X�H�� �R�I�� �W�� �/�� ���������P�V�� �L�V�� �L�Q�� �H�[�F�H�O�O�H�Q�W��

agreement with the observed experimental data (time to reach hal f the aggregates 

population, Figure 2.4c ). Moreover, the characteristic timescale is only weakly affected by an 

increase of salt concentration from 250 mM to 500 mM, further confi rming that the system 

is under a diffusion-limited regime ( Figure 2.4c ). Finally, we also note a small but distinct red-

shift of the monomeric plasmonic peak during aggregation ( Figure 2.4d ).  

This proof- of-concept study demonstrates the suitability of our method fo r the in-situ 

assessment of fast processes via broadband absorbance spectroscopy. It should be noted 

that the use of a higher intensity light source will allow for further improvemen ts in the LOD 

by enabling faster acquisition (< 50 µs) of spectra, whilst keeping signal s close to the 

saturation level of the spectrometer; the spectrometer used in this st udy enables acquisition 

�W�L�P�H�V���D�V���V�K�R�U�W���D�V���������‰�V�����6�X�F�K���D���P�R�G�L�I�L�F�D�W�L�R�Q���Z�R�X�O�G���D�O�V�R���D�O�O�Rw the use of increased droplet 

velocities and frequencies. Second, it is worth noting that there  is a clear trade-off between 

the total acquisition time and the obtainable LOD. As discussed previou sly, our platform 

allows for the extraction of an absorbance spectrum from a single reference-sample drop let 

pair, with sensitivity being drastically increased by averaging over multip le droplets. For 

applications where the content of the droplet is uniform over mu ltiple droplets, the 

acquisition of a high number of spectra is extremely valuable.  

  



55 
 

2.4 Conclusions 

We have presented a novel optofluidic platform for the sensitive and high-throughput 

acquisition of broadband absorbance spectra from pL-volume droplets. The innovation 

herein lies in two key routes to the reduction of measurement  noise. First, confocal 

illumination effectively confines the detection area to be close to the  size of the contained 

droplets. Second, the combination of microsecond-scale spectra acquisition  with a simple 

post-processing scheme enables the efficient removal of oil contr ibutions and light-source 

instabilities that lead to background instabilities. Importantly, our approach  enables the 

acquisition of absorbance spectra at varying positions along a microfluidic channel, which is 

particularly useful for the in-situ study of kinetic processes over wide time scales. Finally, the 

versatility of the method and the ease of fabrication of the microflu idic-platform make it 

relevant to a wide variety of applications, such as fundamental kinetics stu dies and protein 

unfolding investigations. 
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Chapter 3 
 

In Situ X-ray Absorption Spectroscopy 

and Droplet-Based Microfluidics:  

An Analysis of Calcium Carbonate 

Precipitation 

 

In this chapter, we report for the first time the integration o f millisecond droplet-based 

microfluidics with XAS. Such a platform allows for the sensitive acquisition  of X-ray absorption 

data from picoliter-volume droplets moving at high linear velocities. Signif icantly, the high-

temporal resolution of the droplet-based microfluidic platform enables u nprecedented 

access to the early stages of the reaction. Using such an approach, we demo nstrate in situ 

monitoring of calcium carbonate precipitation by extracting XAS spectra at th e early time 

points of the reaction with a dead time as low as 10 ms. We obtain insig hts into the kinetics 

of the formation of amorphous calcium carbonate (ACC) as a first species d uring the 

crystallization process by monitoring the proportion of calcium ions con verted into ACC. 

Within the confined and homogeneous environment of picoliter- volume droplets, the ACC 

content reaches 60% over the first 130 ms. More generally, the presented method offers new 

opportunities for the real-time monitoring of fast chemical and biological pro cesses. 

 

Reproduced from Julie Probst, Camelia N. Borca, Mark A. Newton, Jeroen van Bokhoven, Thomas 

Huthwelker, Stavros Stavrakis, and Andrew deMello. ACS Measurement Science Au, 2021 1, 27��34. 

(Creative Commons Attribution �� NonCommercial-NoDerivatives 4.0 International License) 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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3.1 Introduction 

In recent years, droplet-based microfluidic systems have emerged as power ful tools for the 

study of a variety of chemical and biological processes. 4,147,148,173,174 In simple terms, droplet-

based microfluidic systems generate, manipulate, and process discrete dr oplets contained 

within an immiscible carrier fluid. Such platforms enable the processing of m onodisperse (fL-

nL volume) droplets at rates in excess of tens of kilohertz and pro vide for precise control over 

each droplet in terms of its size, location and chemical payload. The advantages o f such 

platforms include low reagent consumption, efficient heat and mass-transfer  and the ability 

to perform complex experiments in a high-throughput manner. Indeed, the ability to create 

and homogenize temperature or solute gradients within confined droplets make them 

uniquely suited for the study of fast reactions. 28,164 Moreover, mapping the position of each 

droplet as it moves downstream allows for the extraction of high te mporal resolution kinetic 

data, regardless of the acquisition time of the detection method being used. Fo r example, in 

the case of reactive systems, it is possible to match volumetric flow r ates and the locations 

where the system is interrogated in order to probe reaction t imes on a millisecond or even 

sub-millisecond timescale. 99 Indeed, it should be realized that droplet-based microfluidic 

systems are best exploited when combined with sensitive and high-th roughput detection 

methods that are able to probe individual droplet payloads. To thi s end, a diversity of 

detection methods have been successfully used with droplet-based m icrofluidic platforms to 

allow for the real-time characterization of encapsulated species and react ions. 116 That said, 

probing such small (normally pL) volumes is far from simple, due to r educed optical 

pathlengths and the fact each moving droplet can only be analysed o ver a short time period.  

As noted, in situ characterization tools are necessary for monitoring dro plet contents in a 

rapid and efficient manner. In this context, a wide variety of opt ical tools, including those 

based on UV-visible absorption, fluorescence, photothermal, Raman and  IR spectroscopies , 

have been used to probe droplets in a sensitive and rapid manner. O f these, only Raman and 

IR spectroscopies are able to extract significant amounts of structural informat ion in a direct 

manner. However, both approaches suffer from background issues th at hamper their use in 

small volume environments. For example, (non-surface-enhanced) Raman  signals are often 

polluted by background fluorescence, and since water strongly abso rbs in the infrared region 

of the electromagnetic spectrum, the application of IR-based tools in biological systems is 

frequently compromised. 155,175 Accordingly, the utility of techniques based on X-ray 
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absorption spectroscopy (XAS) is without doubt due to the fact that XAS is an element-

selective detection method that allows chemical characterization via measurem ent of the 

binding energies of core electrons. 176,177 

In recent years, synchrotron-based detection techniques have been su ccessfully interfaced 

with continuous-flow microfluidic platforms, and used to study a variety  of processes 

including, the nucleation and growth of nanomaterials, self-assembly pro cesses and protein 

unfolding. 178��182 For example, XAS has been used to probe chemical species at laminar flow 

interfaces in a spatially-resolved manner. 183,184 Moreover, other X-ray-based analytical 

methods have been applied to droplet-based microfluidic platforms; al though these have 

primarily been restricted to small-angle X-ray scattering (SAXS) stud ies.127,185��187 More 

recently, Levenstein et al. reported the coupling of X-Ray diffraction (XRD) with droplet 

microfluidics for the identification of nucleating agents in calcium carbonate cr ystallization, 130 

determining that bioactive glasses are efficient nucleants for calcite. Finally , an X-ray 

compatible cell for the study of static microliter-volume droplets was recently described by 

Xto and co-workers, and applied to the investigation of calcium carb onate crystallization 

under controlled humidity. 188 However, to the best of our knowledge, there has been no  

report of in-situ reaction monitoring using XAS within a droplet-base d microfluidic platform. 

XAS is a powerful method for probing chemical environments in a chemi cally specific manner. 

Importantly, and in contrast to diffraction-based methods, it can be u sed to study both 

crystalline and amorphous materials, revealing the oxidation state and  electronic band 

structures of the atoms of interest. An XAS spectrum is obtained by me asurement of the 

absorption coefficient as a function of the incident photon energy,  either in a direct 

transmission mode, or indirectly via emitted fluorescence photons.  XAS measurements can 

�E�H���S�H�U�I�R�U�P�H�G���R�Y�H�U���O�D�U�J�H���H�Q�H�U�J�\���U�D�Q�J�H�V�����I�U�R�P���
�K�D�U�G�������!�����N�H�9�����W�R���
�V�R�I�W������������-1 keV) to X-rays. 

Tender X-rays exist between these two extremes (1-5 keV) and offer unique op portunities to 

study absorption edges that are of interest to the materials and life sciences communities; 

notably the K edges of Na, Mg, Al, Si, P, S, Cl, K, and Ca.189 A key advantage when using droplet-

based microfluidic tools to process samples for XAS analysis is the minimization of the sample 

exposure to the probe beam. Since droplets typically move at h igh linear velocities, their 

transit time through the optical probe volume is often no more t han a few milliseconds, 

limiting the exposure of material in each droplet to the incoming X-rays. In this way, 

prolonged beam exposure that would otherwise alter or damage s ensitive samples (such as 

highly valent transition metals), or could change chemical equilibria in aq ueous solutions, 190 

is eliminated. That said, there are challenges associated with the inter rogation of droplet-
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based microfluidic tools with X-rays. Most notably, the microfluidic de vice must be robust 

enough to sustain beam exposure as well as strain from vacuum en vironments, whilst 

ensuring high transmission to X-rays.  

Herein, we present the combination of XAS with a high-through put droplet-based 

microfluidic platform for in-situ monitoring of fast processes and the  extraction of kinetic 

data. We first describe the fabrication of an X-ray compatible microfluidic de vice containing 

a microchannel network tailored for rapid kinetic studies. We then investigate the kin etics of 

amorphous CaCO 3 formation by monitoring the evolution of the Ca K-edge XANES (X- ray 

Absorption Near Edge Structure) spectra within pL-volume droplets at vario us positions 

along the length of the primary microfluidic channel. Understanding t he detailed process of 

calcium carbonate precipitation from supersaturated salt solutions is of significan t interest 

for many applications in geochemistry, biology and industry. 191��193 For example, numerous 

living organisms are able to precisely control calcium carbonate formation and  its 

incorporation in various functional biomaterials. 194 Moreover, calcium carbonate serves as a 

fundamental model system for nucleation, and is the centre of a yet unreso lved controversy 

advocating either classical or non-classical nucleation models. 195��198 XAS measurements at 

the Ca K-edge enable the characterization of the local environment o f calcium centers. 199 XAS 

has also been used to analyse amorphous calcium carbonate intermed iated and investigate 

their relevance for converting to crystalline phases. 200 In another study, Politi et al. used  X-

ray absorption near edge spectroscopy in the larval stages of the se a urchin spicules to reveal 

the initial formation of ACC prior to its crystallization into calcite single crystals. 201 Since 

confined reaction environments are useful in spatially controlling biomineral formation, 

droplet-based microfluidic platforms are particularly well suited for stu dying both nucleation 

and crystallization processes in homogeneous environments. In this regard, it should be 

noted that droplet-based microfluidic systems have been successfully empl oyed to 

controllably generate amorphous and crystalline CaCO 3, with end-point characterization of 

samples (collected off-chip) achieved using Raman spectroscopy. 202,203  
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3.2 Experimental Section 

3.2.1 Design and fabrication of the X-Ray compatible microfluidic device 

The X-ray compatible microfluidic device comprises a single-layer elastom eric chip 

(fabricated using soft lithography) and an X-ray transparent window (a Si3N4 membrane on a 

silicon frame) that accommodates measurements with tender X-rays (Figure 3.1a ). For 

tender X-rays between 3090 and 4200 eV, the 450 nm-thick  Si3N4 window yields a 

transmission of 98%. 204  XAS measurements along the observation channel are possible at 

locations were the Si 3N4 window slit overlays the detection channel. Si 3N4 windows were 

custom fabricated from Si 3N4 coated Si wafers (Si3N4: 450 nm thick, Si: 525 µm thick, 

MicroChemicals GmbH, Ulm, Germany) via KOH etching following standard proce dures. 205 

Photomasks were designed using AutoCAD 2018 (Autodesk, San Rafael, US A) and printed 

onto high-resolution photolithographic masks (Micro Lithography Se rvices Ltd., Chelmsford, 

UK). The silicon layer is etched at a 54.7° angle; therefore, atten tion must be paid to mask 

design, such that desired feature dimensions are obtained. The PDMS part  of the microfluidic 

device was fabricated following standard soft lithography procedures. 206 Briefly, microfluidic 

channel patterns were designed using AutoCAD and printed onto high -resolution 

photolithographic masks. An SU- ���� �P�D�V�W�H�U�� �P�R�O�G���� �K�D�Y�L�Q�J�� �D�� �O�D�\�H�U�� �K�H�L�J�K�W�� �R�I�� ������ �‰�P���� �Z�D�V��

fabricated via standard photolithography. After fabrication, the SU-8  mold was exposed to a 

chlorotrimethylsilane (Sigma-Aldrich, Buchs, Switzerland) vapor for at least 3 hours in a 

desiccator at a pressure of 150 mbar, to aid subsequent removal of  cured PDMS. A 10:1 

(wt/wt) mixture of PDMS base to curing agent (Elastosil RT 601 components A and B,  Wacker 

Chemie AG, Basel, Switzerland) was poured onto the master mold, de gassed in a desiccator 

for 15 minutes and cured for 2 hours at 70°C. After peeling the PDMS from the mold and 

device dicing, inlets and outlets (0.76 m diameter) were formed at desired locations using a 

hole puncher (Syneo, Florida, U.S.A.). 
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Figure 3.1  (a) Schematic of the droplet-based microfluidic system for XAS measurements. A 

PDMS device is bonded to a Si3N4 membrane (450 nm thick) supported by a silicon frame (5 00 

µm thick). The microfluidic device is then fixed to a copper holding plate for proper alignment 

inside the measurement chamber. (b) Schematic representation of the microfluidic device inside 

the measurement chamber. The X-ray beam enters the microfluidic channel at a 45° angle, with 

the detector being placed at a 90° angle with respect to the incoming beam. An LED and lens 

coupled to a high-speed camera are used to visualize the droplets during analysis. (c) Sc hematic 

of the microfluidic channel network, showing the flow-focusing junction for droplet generation, 

the mixing region and an elongated channel for kinetic measurements. The incoming X-ray 

beam is focused in the centre of the channel for interrogation of the droplet stream. 
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Next, the structured PDMS substrates were aligned and bonded to  the Si3N4 windows after a 

20 second exposure to an air-plasma (EMITECH K1000X, Quorum Techn ologies, East Sussex, 

United Kingdom). Two minutes after bonding, a 5% solution of Tridecafluoro-1,1,2,2-

tetrahydrooctyl)trichlorosilane (ABCR-chemicals, Karlsruhe, Germany) in HFE 7 500 Novec oil 

was injected into all microchannels for a period of 5 minutes, followed  by rinsing with pure 

HFE oil. This treatment renders the internal surfaces hydrophobic. The height of all 

microchannels in the fabricated device was 40 µm, and the width of t he elongated channel 

for XAS measurements was 200 µm. Figure 3.1c  depicts the microfluidic channel pattern 

used in this study. The device comprises five inlets, one for the co ntinuous phase and four 

for the delivery of the aqueous reagents. In a first experiment , all aqueous inputs contained 

a CaCl2 solution, with a view to obtaining a spectrum of free solvated calcium ion s (Ca2+). 

Subsequently, in the kinetics experiment, the outer aqueous chann els supplied CaCl 2 solution 

on one side and Na 2CO3 solution on the other, while the inner aqueous channels carried  a 

dilute solution of HCl and a stream of water, creating a buffer layer  to prevent the reagents 

from precipitating prematurely (see also Figure 3.3a ). The design of the channel and its 

operation are described in more detail in the Results and Discussion se ction. Importantly, 

this channel design could be easily adapted and optimized for various applications , 

highlighting the versatility of the method. 

 

3.2.2 Microfluidic device operation and XAS measurements 

Precision neMESYS syringe pumps (CETONI GmbH, Korbussen, Germany) w ere used to 

precisely control fluid flow rates. The flow rate of the continuou s phase was typically set to 

������ �‰�/���P�L�Q�� �D�Q�G�� �W�K�H�� �W�R�W�D�O�� �I�O�R�Z�� �U�D�W�H�� �R�I�� �W�K�H�� �D�T�X�H�R�X�V�� �I�O�R�Z�V�� �W�R���������� �‰�/���P�L�Q���� �$�W�� �W�K�H�V�H�� �I�O�R�Z�� �U�D�W�H�V����

droplets were generated at a frequency of 630 Hz, with a droplet volu me of approximately 

�������S�/�����*�D�V�W�L�J�K�W���������P�/���D�Q�G�����������‰�/���V�\�U�L�Q�J�H�V�����+�D�P�L�O�W�R�Q���$�*�����%�R�Q�D�G�X�]�����6�Z�L�W�]�H�U�O�D�Q�G�����Z�H�U�H���X�V�H�G��

for the oil phase and for the aqueous phases, respectively. For the  stated flow rates, syringes 

could be operated for up to 13 hours without interruption or  intervention. The tender X-ray 

energy range (between 3090 and 4200 eV) necessitates operation w ithin a vacuum or Helium 

environment, to minimize attenuation of the incoming beam. Consequen tly, optimal sealing 

of all the fluidic connections is a necessity. Syringes were connected t o PTFE tubing (0.25 mm 

�–�'���[���������������2�'�����)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����5�H�L�Q�D�F�K�����6�Z�L�W�]�H�U�O�D�Q�G�����Y�L�D���D���/�X�H�U-lock adapter, with the other 

ends connected to a short segment of Tygon tubing (Tygon®S- 54-�+�/���� �–�'�� �������� �‰�P���� �)�L�V�K�H�U��
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�6�F�L�H�Q�W�L�I�L�F�����5�H�L�Q�D�F�K�����6�Z�L�W�]�H�U�O�D�Q�G�����Y�L�D���P�H�W�D�O���S�L�Q�V�����7�(���1�H�H�G�O�H���������*�$�������������/�D�Y�H�Q�G�H�U�����%�X�F�K�V�W�H�L�Q�H�U����

Gingen, Germany). Tygon tubing was directly inserted into the inlets of th e microfluidic device 

to create a tight fluidic connection able to withstand vacuum conditions without leakage .  

XANES measurements at the Ca K edge (E0 = 4038.5 eV) were carried out at the PHOENIX I 

Beamline, Swiss Light Source (Paul Scherrer Institut, Villigen, Sw itzerland). The microfluidic 

device was fixed onto a copper holder using double sided-tape, and th en mounted on an x-

y-z stage for precise manipulation and alignment. The X-ray beam enter s the microfluidic 

channel at an angle of 45° to the surface, with the solid-state flu orescence detector (Ketek 

GmbH, Germany) being placed at a 90° angle with respect to the incomin g beam (Figure 

3.1b) . An LED lamp was used for bright field illumination of the device, with dr oplet formation 

being visualized using a zoom lens (Leica Z16 APO A) coupled to a high-s peed camera 

(MotionBLITZ EoSens® mini, MIKROTRON, Unterschleißheim, Germany). All m easurements 

were carried out in a Helium environment below atmospheric pre ssure. To generate this 

condition whilst avoiding significant stress on the Si 3N4 membrane, the exhaust vial was 

connected via a 3-way valve to the inside of the chamber. In this way, the pressure at the 

outlet of the chip could be precisely controlled. Typically, measurements wer e performed as 

follows: with the valve open (exhaust vial equilibrated with the inside of the chamber), the 

chamber was pumped down to 100 mbar, then vented with He t o 750 mbar. This cycle was 

repeated twice, the valve then closed (yielding a pressure of 750  mbar He in the exhaust vial) 

and the chamber pumped to 600 mbar. Due to the low concent rations and small detection 

volume used, long data acquisition times are needed to achieve approp riate signal- to -noise 

ratios. One scan typically took 8 minutes to acquire, with several scans (between 10 to 15) 

being averaged to obtain the final spectrum. 

 

3.2.3 Materials and Reagents 

Calcium chloride dihydrate, sodium carbonate and hydrochloric acid 37 % (Sigma-Aldrich, 

Buchs, Switzerland) were used as received. Purified water (Milli-Q, M erck Millipore, 

Burlington, USA) was used to prepare all solutions and used as the  water stream on-chip. 

Aqueous solutions of 60 mM CaCl 2, 80 mM Na 2CO3 and 30 mM HCl were prepared and loaded 

into the syringes prior to each experiment. The continuous phase co nsisted of HFE-7500 oil 
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(3M, Minnesota, USA) containing 1.25 % (w/w) of fluorosurfactant (RAN B iotechnologies, 

Massachusetts, USA).  

 

3.3 Results and Discussion 

3.3.1 In-situ  XAS measurement in picoliter droplets 

To assess the capability of our platform to acquire high resolution XAS spe ctra, we first 

acquired a reference spectrum from solvated calcium ions (Ca 2+), and compared this to a 

spectrum obtained from a bulk solution. All syringes were loaded with a 60  mM CaCl2 

solution, and thus droplets contained only free solvated Ca 2+. The X-ray beam was focused to 

a 50 x 75 µm area, which is slightly larger than the size of a droplet within the segmented 

flow. During initial experiments, we observed that exposure of t he PDMS substrate to a 

focused X-ray beam yielded a distinct imprint on the surface within a fe w seconds (Figure 

A3.1). This imprint appears as a darkened area and is off-center due to a parallax from the 

45° angle of the incident beam. We attribute this to the appearance of coloured centres in 

the PDMS bulk under beam exposure. Importantly, we have observ ed that the shape of the 

channel is not affected, and the stability of the droplets is not co mpromised. We leveraged 

this effect to estimate both the beam size and the beam position within th e microfluidic 

channel. To precisely align the beam with the droplet train, and t hus maximize the signal, we 

first performed a cross-sectional scan across the channel with the in coming energy set to 

4050 eV (Figure 3.2a ). The Si XRF profile (originating from the PDMS substrate) clearly 

highlights the microchannel walls and the 200 µm-wide microfluidic ch annel, while the Ca 

XRF signal reports the centred position of the droplet train. It should be noted that Ca XRF 

also increases at the channel walls due to Si pile-up counts overlap ping with the Ca K- �~���O�L�Q�H��

(See Figure A3.2  for a more detailed explanation). Subsequently, XAS spectra were acquired 

at the position giving maximum Ca counts, which corresponds to the cen tre of the droplet 

train. Figure 3.2b  provides a comparison of Ca K-edge XANES spectra obtained from a 100 

µm deep flow-cell with a 10 mM CaCl 2 solution (using a 50 µm X-ray beam) and from rapidly 

moving 15 pL droplets containing 60 mM CaCl 2. The presented bulk spectrum was obtained 

by averaging 5 scans, whilst the droplet spectrum was obtained by ave raging 14 scans from 

a 40 µm deep microchannel (one scan takes 8 minutes to acquire). As exp ected, signals from 
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the microfluidic device were lower than those originating from the  bulk flow cell, due to the 

reduced optical pathlength and the fact that droplets are separated  by significant volumes of 

carrier oil. That said, the excellent correspondence between spectra originating from droplets 

and those from the flow cell confirms that high resolution XAS spectra  can be measured with 

excellent signal- to -noise within fast-flowing, pL-volume droplets. 

 

Figure 3.2  (a) Cross-sectional scans perpendicular to the microchannel axis with droplets 

containing 20 mM Ca2+, reporting variations in XRF (X-ray fluorescence) intensity for Si and Ca. 

The energy is maintained at 4050 eV. The variation in Si XRF (red) indicates the position of the 

channel walls, whilst Ca XRF (blue) reports droplets centred in the middle of the channel. The Ca 

XRF increases at the channel walls due to Si pile-up overlapping with the Ca K- �~���O�L�Q�H�����7�K�H���L�Q�V�H�U�W��

shows an image of the microfluidic device, with the corresponding cross-section marked as a 

dotted-line white line. The scale bar is 100 µm. (b) Comparison of Ca K-edge XANES s pectrum 

obtained from a bulk solution (CaCl2 10mM) within the flow cell (black), and from pL volume 

droplets (CaCl2 60 mM) (purple). Spectra have been vertically shifted to aid visualization. 

 

3.3.2 Kinetics of calcium carbonate precipitation in droplets 

Next, we employed our platform to monitor the early-stage of CaCO 3 precipitation from free 

solvated ions, by mixing of calcium chloride and sodium carbonate: 

     CaCl2 (aq) + Na2CO3 (aq)  �:  CaCO3 (s) + 2 NaCl (aq)         3.1 

Time-resolved SAXS studies of ACC formation have previously reported that  ACC is formed 

within the first second of mixing, highlighting the need to inve stigate the early-times of the 
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reaction on a millisecond timescale. 207,208 These SAXS measurements however were limited 

by the minimum cluster size that can be detected, and thus observation s of the first few 

milliseconds after mixing were precluded. The microfluidic channel n etwork used in the 

current study was designed and optimized to measure kinetic data on a mil lisecond to second 

timescale. Indeed, we have recently used a similar design for the st udy of enzyme kinetics on 

sub-millisecond timescales. 99 Briefly, the channel structure allows for the rapid acceleration 

of droplets immediately after droplet formation to decrease mixing times. This acceleration 

phase is followed by droplet deceleration to allow for efficient int errogation of droplets in the 

measurement channel. In the current work, the chip consists o f four inlets to introduce 

aqueous reagents and one inlet to introduce the oil phase. The f our inner channels unite at 

the flow-focusing junction where 15 pL volume droplets are gene rated at a rate of 630 per 

second. Immediately after formation, the droplets are accelerated  and mixed via chaotic 

advection within a short winding section of the channel. 5 An increase of the channel width in 

the main observation channel is used to slow droplets down and d irect them towards the 

middle of the channel. XAS spectra are then acquired at various positions alon g the length of 

the channel ( Figure 3.3a) . Droplet velocity is extracted via analysis of brightfield movies, and 

the reaction time corresponding to each measurement position calculat ed. The two side 

aqueous inlets are used to inject CaCl 2 and Na2CO3, while the two central inlets are used to 

inject water and a HCl solution. The water and HCl streams act as a slightly  acidic buffer layer 

to prevent precipitation at the interface between CaCl 2 and Na 2CO3 and ensure that mixing 

occurs after droplet formation. Moreover, such a configuration allows t uning of reagent 

concentrations and pH on-chip. In the current study, the flow rates of CaCl2 (60 mM) and 

Na2CO3 (80 mM) were 0.2 µl/min, whilst the flowrates of water and HCl (30  mM) were 0.1 

µl/min. This yielded effective concentrations (in each droplet) of 20 mM for Ca Cl2, 26 mM for 

Na2CO3 and 5 mM for HCl. These concentrations yield a pH of 10.2 and supersat uration ratio 

of 2.022 for amorphous calcium carbonate (ACC), indicating that pre cipitation will occur after 

droplet generation (ACC will precipitate at a pH of 8.2 or above). 209 Using a slight excess of 

carbonate ensures that all the calcium ions will react with a carbonate rad ical, and thus there 

are no unreacted calcium that could be measured in the background. 
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Figure 3.3  Kinetic analysis of ACC from CaCl2 and Na2CO3 solutions. (a) Schematic of the 

microfluidic device used for the kinetics measurements. The coloured rectangles along the 

primary microchannel indicate the positions where XAS spectra were recorded, and correspond 

to reaction times of 10, 130, 1100 and 2200 ms, respectively. (b) Ca K-edge  XANES spectra of 

solvated calcium ions (Ca2+) (60 mM CaCl2) in droplets, Ca K-edge XANES spect ra of dry ACC and 

Ca K-edge XANES spectra measured at increasing reaction times. (c) The relative cont ribution 

from free calcium ions (Ca2+) and ACC as a function of time. Data were obtained from an LCF of 

each spectrum from the reference spectra. 

 

CaCO3 exists as three anhydrous polymorphs; calcite, aragonite and vate rite, as well as the 

highly unstable amorphous ACC phase. We measured in-situ XANES spectra at four different 

positions along the microfluidic channel, corresponding to reaction time s of 10, 130, 1100 

and 2200 ms. The corresponding XANES spectra are presented in Figure 3.3b , along with 

reference spectra of free Ca 2+ ions and ACC (measured in impurity-free ACC under 80% 

humidity, using an aerosol-based synthesis 210). On the XANES spectra, the sharp intense peak 
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from the rising absorption edge is referred to as the white line . The calcium K-edge XANES 

spectrum exhibits a distinct pre-peak centred at 4039.0 eV as a result of the 1s-3d transition. 

The white line peak for solvated calcium ions has a signature energy centr ed at 4050.0 eV, 

whereas in the ACC phase, the white line of the Ca K-edge XANES shifts to 4049.0 eV. As the 

reaction time increases, the Ca white line continuously shifts to low er energies (~ 1 eV) but 

does not show any shape change (insert of Figure 3.3a ). This shift is correlated to the change 

in average oxygen coordination number (0.7 eV for each O-atom) 211 and tracks the 

movements of water molecules around the Ca ion. It is known that for  a 6 M CaCl2 solution, 

the mean coordination number is 7.2 (± 1.2) water molecules at an average Ca-O dist ance of 

2.437 (± 0.010 Å).212 Therefore, the 1 eV shift we observe points towards a decrease  in the 

number of oxygen atoms towards 6 atoms around the Ca atom. F or each time point, we 

determined the fraction of free Ca 2+ ions and the fraction of ACC via a Linear Combination 

Fitting (LFC) of the reference spectra using the Athena software package.213 The resulting 

kinetic curve shown ( Figure 3.3c ) consists of  two kinetic phases; a steep increase of ACC 

fraction within the first 100 ms and a subsequent slower phase repor ting a further increase 

of the ACC content. Such an observation confirms that ACC is the  first intermediate species 

in the carbonate crystallization process. 196 Importantly, for the concentrations employed 

here, ACC precipitation occurs quickly over the first few millisecon ds of the reaction, with ACC 

formation reaching 60 % after 130 ms. For the timescales investigated h ere, we do not 

observe any further crystallization of the ACC polymorph to calcite or vaterite phases within 

the confined volume of a droplet. These more stable crystalline p olymorphs are known to 

form over longer timescales. Furthermore, our observation is in go od agreement with 

previous results suggesting that confinement within small volumes drastical ly slows down 

the nucleation of crystalline phases of CaCO 3.214,215 Finally, it can be seen that droplets offer 

increased control over the crystal polymorph, as previously rep orted, 202 due to their 

homogeneous composition and the lack of contained impurities. 
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3.4 Conclusions 

In summary, we have presented for the first time the combination o f X-ray absorption 

spectroscopy with droplet-based microfluidics for in-situ reaction monitorin g with 

millisecond time resolution. Specifically, we have developed a versatile an d X-ray compatible 

microfluidic device that is easy to fabricate and can be used in a variety of applications. 

Importantly, we demonstrate that high quality XAS spectra within p L-volume droplets moving 

at high velocity may be acquired in a reliable and robust fashion. To prove  both the concept 

and utility of the approach, we show that monodisperse and impurity -free droplets provide 

well-defined environments in which to perform and probe CaCO 3 crystallization. In this 

regard, we successfully monitored CaCO 3 precipitation from free solvated ions and the 

formation of the amorphous phase, on a millisecond to second time scale. We expect that the 

combination of XAS with droplet-based microfluidics will be of significant int erest for the 

materials community at large, and particularly for the investigation of nucleation and 

crystallization processes and the mechanisms of rapid reactive chemistries with  an 

exceptional level of structural detail. 
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Chapter 4 

 

Double-Emulsion Mediated Generation 

of Polymeric Microcapsules  

 

Photo upconversion, the process wherein emission is of a higher en ergy than the excitation 

light, has recently attracted much attention due to its promising applications in 

photosensitive devices. In particular, upconversion based on triplet-tr iplet annihilation is 

attractive when using low-power density excitation such as sunlight. The energy transfer 

steps involved in this process are greatly influenced by molecular mo bility, with efficiencies 

being significantly reduced in the solid-phase system when compare d to liquid media. With 

a view to combining the higher efficiency associated with liquid phase  media with the ease 

of manipulation and robustness of a solid-state matrix, this chapter desc ribes the fabrication 

of monodisperse polymeric upconversion microcapsules using a double emu lsion droplet 

microfluidic reactor. The core-shell structure of the formed microcapsules al lows for high 

molecular mobility of chromophores within the liquid core, whilst  the solid polymer shell 

provides significant structural rigidity as well as partial oxygen blockag e. Specifically, we 

present a droplet-based microfluidic device that achieves three-dimensional foc using of an 

inner core phase by a high-viscosity polymeric shell phase and sub sequent controlled droplet 

breakup by the shear flow of an aqueous continuous phase. The d evice does not require 

surface treatment patterning and can be easily deployed for the prod uction of a diverse 

range of polymeric microcapsules.   
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4.1 Introduction 

4.1.1 Triplet-triplet Annihilation Upconversion 

Upconversion (UC) refers to the process that creates higher energ y light from lower energy 

excitation, by way of the sequential absorption of two (or more) p hotons followed by the 

emission of one higher energy photon. This phenomenon has significant u tility in improving 

the efficiency of solar energy harvesting technologies by allowing t he exploitation of lower 

energy photons that would otherwise be wasted. 216 Additionally, upconversion finds a 

plethora of applications in photocatalysis, 217 in vivo biological imaging, 218 thermal sensing 219 

and theranostics. 220 �$�P�R�Q�J���W�K�H���V�H�Y�H�U�D�O���S�U�R�F�H�V�V�H�V���W�K�D�W���D�F�K�L�H�Y�H���X�S�F�R�Q�Y�H�U�V�L�R�Q�����W�U�L�S�O�H�W�+�W�U�L�S�O�H�W��

annihilation (TTA) UC is an attractive approach that has elicited growing inte rest. 221 

Importantly, TTA-based UC exhibits a significantly higher upconversion efficiency than other 

approaches and does not require the use of high excitation intensiti es. TTA-based UC can 

utilize non-coherent excitation at low irradiation power, such as sunlight. 222 The mechanism 

of TTA is based on energy transfer between a sensitizer molecule, ty pically an organometallic 

complex, and an emitter (also called annihilator), often an aromatic hydrocar bon (Figure 4.1 ). 

These molecules are usually hydrophobic and easily disperse into no n-polar solvents or oil, 

making TTA-UC a difficult process to achieve in aqueous phases. 223 Importantly, the required 

energy transfer steps for TTA are limited by diffusion of the sensitiz er and emitter and thus 

heavily rely on collisions between these molecules. 224 As such, high mobility of the emitter 

and sensitizer are required to ensure high upconversion efficiencies.  Accordingly, in solid-

state materials, TTA upconversion efficiencies are severely reduced due  to limited diffusion. 

To this end, encapsulating such systems within solid shell microcapsules has man y useful 

implications. 225,226 First, it enables upconversion in aqueous environments, and facilitates  

water dispersibility as well as biocompatibility, extending the method t o many different 

applications. Second, it confers structural rigidity whilst maintaining the high efficiency 

associated with a liquid environment. Last, it provides partial oxygen b lockage, another 

important consideration to prevent the oxygen quenching of triplet states.  
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Figure 4.1  Jablonski diagram depicting the triplet-triplet annihilation upconversion process. A 

sensitizer first absorbs a low-energy photon and populates its first triplet excited state via 

intersystem crossing (ISC) from the singlet state. The excitation energy is then transferred from 

the sensitizer triplet state to the emitter triplet state via triplet energy transfer, resulting in a 

triplet excited emitter. Two triplet excited emitters can undergo triplet-triplet annihilation, 

forming one singlet excited emitter. The emitter singlet excited state then relaxes to the ground 

state via fluorescence of an upconverted photon.  

 

4.1.2 Liquid-core Microcapsules  

Core-shell microcapsules have found much interest in the materials and  biological sciences 

for the encapsulation of a variety of substances. In such systems, the core can  be used to 

store and deliver species, while the shell offers compartmentaliz ation and functionalization 

properties that tune interactions and exchanges with the environment . Microfluidic 

generation of microcapsules via the formation of double emulsion has traditionally  been 

achieved using concentric capillary tubes, which enable the formation of multiple 

emulsions. 227��229 However, there are a number of challenges associated with this app roach, 

including the delicate and tedious fabrication process and difficulties in al igning the 

capillaries. 230 Additionally, each device must be fabricated individually, which can hamper the 

reproducibility between devices and prohibits the generation of pr oduction scale quantities 

of material. In contrast, microfluidic devices fabricated via soft lit hography are easy to 

manufacture and can be reproduced with precision and in large quanti ties. Bespoke channel 

geometries can be designed to fit specific applications and allow for more  complex payload 
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manipulations. Furthermore, parallelization offers a way to scale out th e production of 

double emulsions. 231 That said, one downside of using polydimethylsiloxane (PDMS) devices 

for the formation of double emulsions is the need to incorporate a dual 

hydrophobic/hydrophilic surface treatment. 61,232 Such a patterning of the channel surface 

wettability is required to initially ensure the adequate wetting  of the walls by the middle 

phase and then by the continuous phase at the second junction.  

Herein, we present a platform for the generation of solid shell p olymeric microcapsules with 

an upconversion core, using a fully hydrophilic double emulsion PDMS de vice. Importantly, 

the proposed geometry employs a two-height channel to achieve thre e-dimensional (3D) 

hydrodynamic focusing of the inner core phase by the middle phase. This feature comb ined 

with the use of a UV curable polymer circumvents the need for dual surface treatment and 

allows the robust generation of double emulsions containing a viscous shell phase, such as 

UV curable polymers. Tuning of the shell thickness as well as of the size of the microcapsules 

is achieved by direct control of input flow rates. To obtain solid microcapsu les, core-shell 

droplets are cured under UV illumination upon collection. 

 

4.2 Materials and Methods 

4.2.1 Two-layer Microfluidic Device Fabrication 

Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) following  standard soft 

lithographic procedures, using a two-layer SU-8 master mold to ach ieve channels of two 

different heights. Microfluidic channel geometries were designed using Au toCAD 2018 

(Autodesk, San Rafael) and printed onto high-resolution photolithog raphic masks (Micro 

Lithography Services Ltd., Chelmsford, U.K.). The SU-8 master was fabricated in a two-step 

procedure. The schematic of the two-layer design around the fl ow-focusing junction is 

presented in Figure 4.2 �����–�Q���W�K�H���I�L�U�V�W���V�W�H�S�����D�������������‰�P���K�L�J�K layer of SU-8 photoresist (GM1060, 

Gersteltec, Pully, Switzerland) was sp in-�F�R�D�W�H�G���R�Q�W�R���D���������V�L�O�L�F�R�Q���Z�D�I�H�U�����V�R�I�W-baked according 

�W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U���V�� �L�Q�G�L�F�D�W�L�R�Q�V�� �D�Q�G�� �H�[�S�R�V�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�L�F�� �P�D�V�N���� �7�K�L�V��

layer was then post- �E�D�N�H�G���E�X�W���Q�R�W���G�H�Y�H�O�R�S�H�G�����$���V�H�F�R�Q�G�������������‰�P���K�L�J�K���O�D�\�H�U���R�I���6�8-8 (GM1070, 

Gersteltec, Pully, Switzerland) was then spin-coated on top of the  first layer, yielding a total 
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�K�H�L�J�K�W���R�I���������‰�P�����$�I�W�H�U���D���V�R�I�W-bake, the mask corresponding to the second layer was aligned  

using a mask aligner (UV-KUB 3, Kloé, France) and alignments mar ks designed on each mask. 

Subsequent to the second layer post-bake, both layers were  developed simultaneously and 

the master mold then hard-baked.  

 

 

Figure 4.2  Schematic of the double emulsification junction using a two-height master mold. 
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Following its fabrication, the SU-8 mold was exposed to chlorotrimet hylsilane (Sigma-Aldrich, 

Buchs, Switzerland) vapor for at least 3 hours in a desiccator at a pressure  of 150 mbar to aid 

subsequent removal of PDMS. A 10:1 (w/w) mixture of PDMS base to cur ing agent (Elastosil 

RT 601 components A and B, Wacker Chemie AG, Basel, Switzerland) was p oured onto the 

master mold, degassed in a desiccator for 15 minutes, and cured for  2 hours at 70°C. The 

PDMS was then peeled from the mold and diced to form individual devi ces, with inlets and 

�R�X�W�O�H�W�V���������������‰�P���G�L�D�P�H�W�H�U�����E�H�L�Q�J���I�R�U�P�H�G���D�W���G�H�V�L�U�H�G���O�R�F�D�W�L�R�Q�V���X�V�L�Q�J���D���K�R�O�H���S�X�Q�F�K�H�U�����6�\�Q�H�R����

Florida, USA). Two identically patterned PDMS slabs (a top one sporting punched holed and 

a bottom one without holes) were aligned and bonded to each o ther using an air-plasma 

(EMITECH K1000X, Quorum Technologies, East Sussex, United Kingdom). The bottom PDMS 

slab was bonded onto a glass coverslip for easier manipulation. Two minutes after bonding, 

a 1 vol. % aqueous solution of poly(vinyl alcohol) (PVA) was injected into t he channels to 

render the internal surfaces hydrophilic and left for 10 minutes. The  channels were then 

purged with nitrogen, and the devices left on a hot plate at  120°C for at least 10 minutes. 

These last three steps (injection of PVA solution, nitrogen purging, and annealing) were 

repeated two more times to create a robust PVA surface treatment  on the channel walls. 

Such an approach significantly enhanced the durability of the hydrophilic surface tre atment, 

and allowed devices to be stored for several weeks before use, whilst retaining their 

hydrophilic properties.  

 

4.2.2 Characterization of Upconversion Efficiency 

Upconversion spectra of bulk solutions and the microcapsules were obtained using a 

conventional spectrophotometer (Fluoromax, HORIBA Scientific, Northam pton, U.K.) 

incorporating a 1 cm optical path length quartz cuvette and using 1 m L of sample. The 

excitation light was fixed at 532 nm.  
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4.2.3 Materials and Reagents 

Microcapsule shells were formed from perfluoropolyether-urethane  methacrylate (PFPE, 

Fluorolink® MD700, Solvay, Germany) mixed with 3 wt. % of pho toinitiator (2,2-dimethoxy-2-

phenylacetophenone, 99%, Sigma-Aldrich). For the TTA-based UC , we employed a benchmark 

Platinum octaethylporphyrin (PtOEP, 98%, Sigma-Aldrich)/9,10-Dip henylanthracene (DPA, 

99%, ABCR) sensitizer/emitter pair. The emission spectra of DPA, PtOEP, and both species 

together (displaying upconversion) are presented in Figure A4.1.  DPA and PtOEP were 

dissolved in light mineral oil (MO, Sigma-Aldrich) via vigorous stirring . Following the 

dissolution of the TTA species, N 2 was bubbled into the solution for at least one hour to purge 

oxygen from the solution. The outer phase consisted of a 1 % vol.  aqueous solution of 

poly(vinyl alcohol) (PVA, 87% hydrolysed, average Mw 85,000-124,000 , Sigma-Aldrich). To 

prepare the PVA solution, an adequate amount of PVA was dissolved i n deionized water by 

stirring for 45 minutes at 80°C. Prior to use, the solution was filter ed on a membrane filter 

(Acrodisc® 25 mm Syringe Filter, 0.45 µm PTFE Membrane) to rem ove any undissolved PVA 

particles. This solution was also employed for the hydrophilic surface treat ment of the PDMS 

channels.  

 

4.2.4 Microfluidic Generation of Microcapsules 

To generate core-shell microcapsules, MO containing the PtOEP/DPA sensitizer/emitter  pair, 

PFPE with a photoinitiator, and an aqueous PVA solution were injected  at the first, second, 

and third inlets, respectively (see Figure A4.2 ). We employed a PDMS microfluidic device to 

generate double emulsion droplets as templates for the fabrication  of the microcapsules. 

The design allows for hydrodynamic focusing of the core phase with in the polymer shell 

phase, immediately followed by a narrow constriction at a flow-focusi ng junction to achieve 

droplet break-up by the outer aqueous phase. The fluid flow r ates were controlled by 

precision neMESYS syringe pumps (CETONI GmbH, Korbussen, Germany).  The MO inner 

phase and the PFPE phase were loaded into 1 mL gastight syringes and the PVA outer solution 

was loaded into a 5 mL gastight syringe (Hamilton AG, Bonaduz, Switzerland). The flow rates 

�X�V�H�G���I�R�U���W�K�H���3�9�$���S�K�D�V�H���U�D�Q�J�H�G���I�U�R�P���������‰�O���P�L�Q���W�R���������‰�O���P�L�Q�����Z�K�L�O�V�W���W�K�H���I�O�R�Z���U�D�W�H�V���R�I���W�K�H���P�L�G�G�O�H��

�D�Q�G�� �L�Q�Q�H�U�� �S�K�D�V�H�� �U�D�Q�J�H�G�� �E�H�W�Z�H�H�Q�� ���������� �‰�O���P�L�Q�� �D�Q�G�� ���� �‰�O���P�L�Q���� �7�R��solidify the shell, the PFPE 

polymer shells were polymerized under UV irradiation at 365 nm for 1 min ute.  
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4.3 Results and Discussion 

As described previously, most reports describing the microfluidic ge neration of 

microcapsules have employed concentric glass capillaries. For example, microcapsules with 

upconversion core have been prepared using a capillary technology. 225,233 When using such 

�G�H�Y�L�F�H�V�����L�W���L�V���G�L�I�I�L�F�X�O�W���W�R���R�E�W�D�L�Q���P�L�F�U�R�F�D�S�V�X�O�H�V���V�P�D�O�O�H�U���W�K�D�Q�����������‰�P���L�Q���V�L�]�H�����+�R�Z�H�Y�H�U�����D�F�K�L�H�Y�L�Q�J��

smaller sizes and a better size control are advantageous for many applications. To this end, 

PDMS devices offer greater flexibility and can incorporate a large n umber of additional 

operations, as presented in Chapter 1. Inspired by the hillock g eometry, 234,235 we developed 

a novel design enabling 3D hydrodynamic focusing with excellent co ntrol of droplet break-

up even in the case of highly viscous phases, as is the case when using UV  curable polymers 

of high molecular weight. Such polymers are particularly well suit ed for upconversion 

microcapsules as they offer structural rigidity and efficient oxygen blockage. We em ployed a 

PFPE polymer with methacrylate chain- end functionality, mixed with a radical photoinitiator. 

Double emulsification relies on a 3D focusing design to co-axially surround  the inner phase 

within the middle phase prior to droplet breakup. A two-layer PDMS microchannel was 

fabricated from a two-height master mold as shown in Figure 4.1 . The complete channel 

designs are shown in Figure A4.2 �����7�K�H���F�K�D�Q�Q�H�O���K�D�V���D���F�R�Q�V�W�D�Q�W���K�H�L�J�K�W���R�I�����������‰�P���W�K�U�R�X�J�K�R�X�W��

the device, except for specific areas at the double emulsification ju nction where the height is 

reduced to ������ �‰�P���� �7�K�L�V�� �J�H�R�P�H�W�U�\�� �L�V�� �D�F�K�L�H�Y�H�G�� �E�\�� �W�K�H�� �E�R�Q�G�L�Q�J�� �R�I�� �W�Z�R�� �L�G�H�Q�W�L�F�D�O�O�\�� �S�D�W�W�H�U�Q�H�G��

�3�'�0�6�� �V�O�D�E�V�� �I�D�E�U�L�F�D�W�H�G�� �I�U�R�P�� �D�� �P�D�V�W�H�U�� �P�R�O�G�� �R�I�� ���������� �‰�P�� �K�H�L�J�K�W�� �D�Q�G�� ���������� �‰�P�� �K�H�L�J�K�W�� �D�W�� �W�K�H��

shallow region. This design allows the inner core phase to be hydrod ynamically focused by 

the PFPE middle phase and thus prevents wetting of the channel wall by the core phase. At 

the first junction, the inner core flow is squeezed in the shallow region of the channel and 

gradually focused by the PFPE flow, with a progressive return to the initial channel height. At 

the second junction, the PVA-containing aqueous flow complete ly wets the hydrophilic 

channel surface and encompasses the middle PFPE flow. A shallow and narrow  constriction 

aids controlled droplet breakup, generating double emulsion drop lets in a dripping mode 

and avoiding jetting instabilities. Figure 4.3  presents bright-field images of the microfluidic 

channel and the double emulsion process. 
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Figure 4.3  (a-b) Bright-field images of the two-height PDMS channel for double emulsion 

generation, showing the inlets for the continuous phase (aqueous PVA solution), the middle  

phase (PFPE polymer mixed with a photoinitiator) and the inner phase containing the TTA 

emitter and sensitizer in mineral oil (MO). (c-d) Close up views of the second flow-foc using 

junction with efficient droplet cut- �R�I�I�����6�F�D�O�H���E�D�U�V���D�U�H�����������‰�P���L�Q�����D-�E�����D�Q�G���������‰�P���L�Q�����F-d). 
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We achieve double emulsification in a one-step process, which allows for be tter control of 

the shell thickness and overcomes the difficulty of matching the freq uencies of two 

consecutive dripping instabilities. 236 In this configuration, the inner core phase is not yet 

emulsified at the first flow-focusing junction. Instead, it is hydrod ynamically focused within 

the shell phase and thus kept away from the channel walls. 237 One-step double emulsification 

improves the monodispersity of the droplets and allows for the cre ation of thinner shells. 

Importantly, our strategy enables us to bypass the need to patte rn channel surface 

wettability, as is normally needed to achieve double emulsion. 232 Indeed, the hydrophobic 

nature of the inner phase, combined with the 3D hydrodynamic fo cusing by the PFPE phase 

allows the use of a fully hydrophilic surface throughout the device . This considerably 

simplifies the fabrication process as well as the shelf life of the PDMS dou ble-emulsion 

microfluidic devices. The robust hydrophilic surface treatment allows for lon g-term device 

storage and the possibility to reuse a device several times. To r egenerate the surface coating 

after use, microchannels are flushed with a 1% vol. aqueous PVA solution and purged with 

nitrogen before being allowed to dry completely on a hot plate at 120°C for 1 0 minutes.  

 

 

Figure 4.4  Schematic representation of a microcapsule containing a TTA-based upconversion 

core (PtOEP as a sensitizer and DPA as an emitter in mineral oil) and a PFPE-dimethacrylate shell, 

dispersed in an aqueous solution of PVA as surfactant. 

 

Microcapsules consist of an upconversion core and a PFPE shell that can be  polymerized 

under UV irradiation to yield solid shells ( Figure 4.4 ). The inner core contains the benchmark 

PtOEP sensitizer and DPA emitter pair dissolved in mineral oil. The aqueous continuous 
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phase contains 1% vol. PVA as a surfactant. Importantly, the size of the m icrocapsules could 

be adjusted by controlling the flow rate of the aqueous cont inuous phase, as shown in Figure 

4.5a-d . The microcapsules were highly monodisperse, with coefficient of variations o f 2.1 %, 

0.8 % and 0.6 % for the sizes illustrated in Figure 4.  a, b and c, respectively. Furthermore, the 

shell thickness of the microcapsules could be adjusted by control of the ratio of the inner 

core flow rate and the middle phase flow rate. Figure 4.5e-h  illustrates the tuning of the shell 

�W�K�L�F�N�Q�H�V�V���I�U�R�P���D�S�S�U�R�[�L�P�D�W�H�O�\�������‰�P���W�R�������‰�P�����0�L�F�U�R�F�D�S�V�X�O�H�V���Z�H�U�H���J�H�Q�H�U�D�W�H�G���D�W���D���I�U�H�T�X�H�Q�F�\��

�R�I�� �X�S�� �W�R�� ������ �+�]�� �X�V�L�Q�J�� �I�O�R�Z�� �U�D�W�H�V�� �R�I�� ������ �‰�O���P�L�Q�� �D�Q�G�� ���� �‰�O���P�L�Q�� �I�R�U�� �W�K�H�� �R�X�W�H�U�� �D�Q�G�� �L�Q�Q�H�U�� �S�K�D�V�H����

respectively; this is significantly higher than previous reports. 61 Microcapsules sizes and 

diameters were measured by image analysis using the ImageJ software. 

 

Figure 4.5  Bright-field images of the generated microcapsules with varying sizes (a-c) and 

varying shell thickness (e-g). (d) The effect of the carrier phase flow rate on the final size of the 

microcapsule. (h) The effect of the shell/core flow rate ratio on the thickness of the shell. 

Microcapsule size could be tuned by controlling the flow rate of the continuous phase (PVA 

solution), while the shell thickness can be tuned by controlling the flow rate ratios of the inner 

phase (MO) and middle phase (PFPE). The red circles in (e-g) highlight the thickness of t he shells 

�I�R�U�� �E�H�W�W�H�U�� �Y�L�V�L�E�L�O�L�W�\���� �7�K�H�� �V�F�D�O�H�� �E�D�U�� �L�V�� ������ �‰�P���� �7�K�H�� �H�U�U�R�U�� �E�D�U�V�� �Z�H�U�H derived from the averaged 

diameter and shell thickness measurements of 15 to 20 microcapsules. 
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Figure 4.6  depicts the emission intensities of a suspension of monodisperse microcapsule s 

in aqueous media. Upconversion from DPA at about 430 nm and down-c onversion from 

PtOEP at about 640 nm were observed. Compared to the bulk e mission spectra from the 

emitter-sensitizer pair displayed in Figure A4.1 , the excitation signal appears much more 

intense due to important scattering from the microcapsules. 

 

 

Figure 4 .6 Emission spectra of the core/shell microcapsules displaying upconversion. The 

intense signal centred at 532 nm comes from the scattered reflection of the spec trophotometer 

excitation light. 

 

4.4 Conclusions 

We have presented a robust platform that allows for the generation of p olymeric solid shell 

microcapsules for upconversion applications, using a simple- to-fabricate microfluidic device. 

The PDMS-based device enables 3D hydrodynamic focusing of an inner core phase followed  

by a controlled one-step double emulsification. This is accomplished using a two-height 

channel design with two shallow regions allowing the gradual encompas sing of the inner core 

phase by the middle phase, followed by the envelopment of the t wo coaxial inner and middle 

phases flow by the outer phase.  Importantly, this approach doe s not require patterning or 

control of channel wall wettability. It is important to note that our design enables the robust 

production of monodisperse microcapsules with viscous polymeric she ll phases such as 
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PFPE. The presented approach provides a versatile route for th e production of PFPE 

microcapsules for a variety of applications. Future work will focus on the o ptimization of 

various microcapsules parameters in regard to the upconversion efficiency,  such as the shell 

thickness and the ratio of sensitizer to the emitter. To this end, in  situ monitoring of the 

upconversion efficiency would be particularly relevant. Additionally, the lon g-term effects of 

polymeric microencapsulation on the upconversion efficiency will be stu died. We expect that 

such developments will have significant implications in the advancement of upconv ersion 

within aqueous environments as well as for a variety of applications of so lid-shell 

microcapsules.  
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Chapter 5 

 

Millisecond-Timescale in situ 

Fluorescence Lifetime Analysis of 

Perovskite Nanocrystals Synthesis 

using Droplet Microfluidics 

 

 

Despite a sustained interest in lead halide perovskite nanocrystals over the past decade , the 

formation process of such materials remains poorly understood, with be tter insights into the 

mechanism of growth being essential to realize their full potentia l. In this chapter, we present 

a novel platform for the early-stage (in situ) characterization of nucl eation and growth of 

formamidinium lead bromide perovskite nanocrystals (FAPbBr 3 NCs) using droplet-based 

microfluidics. The platform combines online photoluminescence (PL) and time-correlated 

single photon counting measurements, enabling extraction of PL spectra and PL lifetimes 

during NC nucleation and growth. The high temporal resolution of t he platform enables 

unprecedented access to the early-stage of the reaction, with a dead-time as low as 3.6 ms. 

The observable time window is extendable through the use of a second  microfluidic device. 

The evolution of the optical properties of FAPbBr 3 NCs is investigated by conducting time-

dependent analysis at various reaction temperatures between room t emperature to 50°C. 

For the first time, we successfully monitor the evolution of ea rly-time species over the first 

few hundreds of milliseconds of the reaction. The general approach op ens up new 

opportunities for the integration of fluorescence lifetime measuremen ts within droplet-

based microfluidic systems, and in particular for the in situ monitoring o f nucleation and 

growth events. 
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5.1 Introduction  

 Fluorescence lifetime analysis is a ubiquitous and precise method that finds 

application in the characterization of many biological and chemical systems. 119,238,239 

Significantly, fluorescence lifetime analysis can be used for the post-synthe sis 

characterization of semiconductor nanocrystals. 240,241 Fluorescence lifetime analysis is often 

preferable to time-integrated fluorescence measurements when assay ing chemical or 

biological systems, since fluorescence decaytimes are independent of co ncentration, 

excitation light intensity and other optical artifacts. 119 The extraction of fluorescence 

decaytimes is most commonly achieved using time-correlated single photon cou nting 

(TCSPC) due to its high sensitivity, high counting efficiency and high associated  signal-to -noise 

ratios. Importantly, TCSPC provides for excellent time resolution and allows for the analysis 

of multicomponent systems. 242 TCSPC is based on the repetitive counting and registration of 

single fluorescence photons following an excitation event, with moder n photon detectors 

and electronics allowing for picosecond time resolution. A time decay trac e is constructed 

from the histogram of photon arrivals per time bin, with fluor escence decaytime components 

being extracted by analysis of the recorded decay profile. It is impo rtant to note that 

�G�H�W�H�F�W�L�R�Q���V�K�R�X�O�G���E�H���O�L�P�L�W�H�G���W�R���D���P�D�[�L�P�X�P���R�I���R�Q�H���S�K�R�W�R�Q���S�H�U���H�[�F�L�W�D�W�L�R�Q���S�X�O�V�H���W�R���D�Y�R�L�G�����S�L�O�H-

�X�S���� �H�I�I�H�F�W�V�� �G�X�H�� �W�R�� �W�K�H�� �G�H�D�G-time of the detectors and electronics. 243,244 In this regard, and 

likely due to the perceived limitations imposed by the photon acquis ition rate under single 

photon detection conditions, the use of TCSPC in high-throughpu t platforms �� and in 

particular in droplet-based microfluidics �� has been limited. 245 That said, a few reports have 

reported the integration of TCSPC with droplet-based microfluidic syste ms.121,246 For 

example, Leonard et al. reported its utility for high-throughput biomolecular assays. 247,248 

Additionally, Hasan et al. developed a platform for fluorescence lifetime-activated droplet 

sorting using TCSPC detection, 122 and recently extended the capability to two-photon 

excitation for fluorescence lifetime detection, enabling sorting in a labe l-free and 

information-rich manner, albeit at limited throughputs of 10 Hz. 123 In the field of 

nanomaterial synthesis, Lignos and co-workers employed fluorescenc e lifetime analysis for 

the end-point characterization of perovskite nanocrystal formation within  nanoliter-volume 

droplets. Despite these examples, the marriage of droplet-based micr ofluidic platforms with 

in situ fluorescence lifetime analysis has yet to be fully exploited. This is particularly surprising 

since droplet-based reactors are recognized to be effective tools fo r the synthesis of high-

quality nanomaterials, providing for exquisite control over optical,  electronic and structural 
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properties. 46 Droplet-based microfluidic systems offers many advantages over classical flask-

based synthesis methods, primarily by allowing the precise control of  reagent 

concentrations, reaction times, and reaction temperatures. 46,147 Such platforms can be 

integrated with in situ detection capabilities to enable high-throughpu t exploration of the 

parametric space of the reaction, and efficient optimization of nanomateria ls 

properties. 45,51,54,102,249 Moreover, due to their ultra-fast mixing capabilities, droplet-b ased 

microfluidic platforms enable the monitoring of fast reactions on millisecond  time-scales. 98,99 

 In recent years, lead halide perovskite nanocrystals (LHP NCs) h ave received 

considerable attention due to their outstanding optoelectronic character istics250��252 and 

promising applications for light emitting devices 253��255, next-generation photovoltaic solar 

cells256��259, lasers260,261, photodetectors 262,263 and upconversion sensitizing 264��266. Much of the 

interest elicited by these materials stems from their precise bandg ap tunability through 

composition and quantum size effects, high color purity characterized by n arrow full width 

at half maximum (FWHM), and bright emission with near unity photolumine scence quantum 

yields reported. 267��269 Despite a large amount of research dedicated to such materials over  

the past seven years, a fundamental understanding of the processe s of nucleation and 

growth of perovskite nanocrystals is still lacking. Capillary-based drop let microfluidic reactors 

have been used to study the dynamics of perovskite NCs nucleation and growth, showing 

that both events happen within 1 to 5 seconds. 45 However, monitoring of the reaction below 

0.1 s was precluded. This lack of understanding is further amplified by  difficulties 

encountered with other in situ methods. For example, Udayabhaskarar ao et al. studied the 

formation of cubic CsPbX 3 nanocrystals using electron microscopy and suggested a two-stage 

mechanism based on Pb 0 NCs and oriented attachment. 270 However, subsequent studies of 

electron beam irradiation-induced Pb 0 NC formation have since challenged this 

observation. 271 Put simply, elucidating the early times of nucleation and growth re mains a 

significant challenge due to fast reaction kinetics. Previous attempts at studying the growth 

kinetics of perovskite NCs have primarily focused on slowing down the r eaction, but such 

approaches inevitably impart significant differences on the reaction conditions and do not 

necessarily relate to the mechanisms involved under normal condit ions. 272,273 It is therefore 

critical to be able to perform in situ measurements for the extra ction of kinetic data, with 

access to timescales below 100 ms and with high temporal resolution. This is not achievable 

in flask-based syntheses, but can be achieved within droplet-based microfl uidic platforms 

integrating in situ optical detection methods. 
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 As a model system for our study, we investigated the formation of form amidinium 

lead bromide nanocrystals (FAPbBr 3 NCs, where FA+ stands for CH(NH 2)2
+) synthesized via the 

phosphine oxide ligand route. 274 Compared to the well-studied CsPbBr 3 NCs, FA-based LHP 

NCs display attractive red-shifted emission peaks between 530 to 5 35 nm (in the range of the 

industrially desired wavelength for displays) as well as improved thermal and chemical 

stability. 275 Recently, Almeida et al. proposed a novel phosphine oxide-based route for the 

synthesis of CsPbBr 3 NCs,276 which was later applied to FAPbBr 3 NCs.274 This amine-free 

method yields monodisperse cubic NCs with a simpler ligand shell consistin g of only Cs-

oleate. Importantly, the reaction proceeds at much lower temper atures than those used in 

the traditional hot-injection synthesis. In the work of Ashton et al ., highly luminescent 

FAPbBr3 NCs were synthesized at temperatures ranging from room temperatu re (RT) to 75°C, 

whilst in previous reports the synthesis of FAPbBr 3 NCs via hot-injection methods was 

conducted between 80 and 130°C. 275  Such a route is thus ideally suited for chip-based 

microfluidic reactors operated at low to medium temperatures. Her ein, we describe a 

droplet-based microfluidic platform with integrated optical detection fo r the in situ 

assessment of the photoluminescence of formamidinium lead bromide per ovskite QDs, to 

uncover the underlying kinetics of nucleation and growth on millise cond timescales. 

Significantly, we acquire both time-integrated PL spectra and time-resolved  PL 

measurements to extract fluorescence decaytime information at early time-p oints during the 

synthesis, via integration of a time-correlated single-photon count ing (TCSPC) module. We 

use a chip-based configuration to enable both ultra-fast mixing and the integration of optical 

detection systems immediately after the completion of the mixing, ach ieving a dead-time as 

low as 3.6 ms. Moreover, we are able to extend the observation wind ow by using a second 

microfluidic device to access reaction times up to 3.3 s. The robustn ess of the approach is 

confirmed by the excellent consistency of the data obtained from both devices.  Importantly, 

we are able to study the effect of various reaction temperatures on t he synthesis of 

formamidinium lead bromide NCs using a phosphine oxide route. 
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5.2 Materials and Methods 

5.2.1 Materials 

Lead bromide (PbBr 2, ABCR, 98%), formamidinium acetate (Sigma-Aldrich, 99%), oleic acid 

(OA, Sigma-Aldrich, 90%), trioctylphosphine oxide (TOPO, Strem Chemicals, I nc., 99%), 1-

octadecene (ODE, Sigma-Aldrich, 90%), Atto390 dye (ATTO-TEC GmbH, Siegen, Germany) 

were used as received. The continuous phase consisted of HFE-7500 oil (3M, Minnesota, USA) 

containing 1.25% (w/w) of fluorosurfactant (RAN Biotechnologies, Massachusetts, USA).  

5.2.2 Preparation of Precursors 

Formamidinium Precursor 

Precursor solutions were prepared by adapting the protocol d escribed by Ashton et al. 274 OA 

(5 mL) was filtered into a 10 mL Schlenk flask and dried at 120°C under  vacuum for one hour 

before being cooled to room temperature. Formamidinium acetate (0.2075 g, 1.9875 mmol) 

was added under N 2 and the mixture was degassed for 15 minutes at 50°C under vacu um. 

Under N 2, the temperature of the oil bath was raised to 120°C and the  mixture was mixed 

until all formamidinium acetate had dissolved. The obtained clear and slightly yellow solution 

was allowed to cool to room temperature and stored under nitrogen befo re use. 

Lead Bromide Precursor 

PbBr2 (60 mg, 0.16 mmol), TOPO (0.6295 g; 1.63 mmol), OA (0.25 mL) and ODE (3.15 mL) were 

added into a 10 mL Schlenk tube and degassed for 30 minutes at R T under vacuum. The 

mixture was then heated to 75°C under N 2 until clear. The solution was then cooled and 

stored under nitrogen until further use. 

Buffer Solution 

TOPO (0.741g; 1.92 mmol), OA (0.3 mL) and ODE (3.7 mL) were added t o a 10 mL Schlenk tube 

and degassed for 30 minutes at RT under vacuum. The mixture was t hen heated to 75°C 

under N 2 until clear. The solution was then cooled and stored under nitrog en until further 

use. 



90 
 

5.2.3 Droplet-based microfluidic synthesis of FAPbBr 3 NCs  

The precursors and buffer solutions were loade �G���L�Q�W�R�����������‰�/���J�D�V�W�L�J�K�W���V�\�U�L�Q�J�H�V�����+�D�P�L�O�W�R�Q���$�*����

Bonaduz, Switzerland) that had been previously flushed with N 2, and the oil phase was loaded 

into a 10 mL gastight syringe. Precision neMESYS syringe pumps (CETONI GmbH,  Korbussen, 

Germany) were used for the precise control of fluid flow rates. The flow rates typically used 

�L�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� ������ �‰�/���P�L�Q�� �I�R�U�� �W�K�H�� �F�R�Q�W�L�Q�X�R�X�V�� �S�K�D�V�H���� ���������� �‰�/���P�L�Q�� �I�R�U�� �W�K�H�� �O�H�D�G��

�E�U�R�P�L�G�H�� �S�U�H�F�X�U�V�R�U���� �������� �‰�/���P�L�Q�� �I�R�U�� �W�K�H�� �I�R�U�P�D�P�L�G�L�Q�L�X�P�� �S�U�H�F�X�U�V�R�U�� �D�Q�G�� �������� �‰�/���P�L�Q�� �I�R�U�� �W�K�H��

buffer solution. At these concentrations and flow rates, an FA:Pb molar ratio of 2.5 was 

obtained. The syringes were connected to polytetrafluoroethylene tu bing (0.25 mm i.d. × 1/16 

in. o.d., Fisher Scientific, Reinach, Switzerland) using a Luer-lock adapter , with the other ends 

connected to a short segment of Tygon tubing (TygonS- 54-�+�/�����L���G�������������‰�P�����)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F����

Reinach, Switzerland) directly inserted into the inlets of the microfluidic device.  

 

5.2.4 In situ PL spectra and PL decay measurements 

The optical setup is depicted in Figure 5.1.  Excitation light from a 405 nm dual-mode laser 

(Omicron, QuixX® 405-120 PS) was coupled by a fiber delivery syste m and focused on the 

droplet stream through a 40x magnification microscope objective (40x CF I S Plan Fluor ELWD 

ADM 40XC, 0.60 NA, Nikon). The laser can alternatively serve as the e xcitation light for both 

time-integrated PL measurements (in continuous mode) and for T CSPC measurements (in 

picosecond pulsed-mode). Photoluminescence from the sample was collected  through the 

same objective and reflected by a dichroic mirror (Laser-Beamsplitter HC BS  R405, Semrock). 

The residual excitation light was removed by the appropriate long-pa ss filter (405 LP Edge 

Basic Longpass Filter, Semrock) and reflected by a mirror to the de tection path. The 

photoluminescence was directed onto a continuously variable neutral densit y filter wheel 

(Refl. ND Filter Wheel, OD = 0��2.0, M4 Tap, Thorlabs, Germany), and was then focused on a 

�������‰�P���S�L�Q�K�R�O�H�����3�����6���0�R�X�Q�W�H�G���3�U�H�F�L�V�L�R�Q���3�L�Q�K�R�O�H�����7�K�R�U�O�D�E�V�����*�H�U�P�D�Q�\�����W�R reject out- of -focus 

light, before being separated by a 50:50 beam-splitter (BS031 - 50:50 Non-Polarizing 

Beamsplitter Cube, Thorlabs).  
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Figure 5.1  a) Schematic of the droplet-based microfluidic platform with integrated 

photoluminescence and TCSPC detectors. A dual-mode 405 nm laser served as the excitat ion 

source for both PL spectra acquisition as well as TCSPC measurements. b) Schematic of the  

droplet-based microfluidic approach for the investigation of FAPbBr 3 NC formation with in situ 

optical monitoring. Precursors and buffer streams converge at a flow-focusing nozzle where fast 

droplet generation occurs at a rate > 500 kHz. After fast mixing within the  serpentine channel, 

droplets decelerate in the observation channel for in situ PL measurements.  

 



92 
 

Exiting the beam-splitter, 50% of the light was focused on a single p hoton detecting avalanche 

�S�K�R�W�R�G�L�R�G�H�����0�3�'���3�'�0���6�H�U�L�H�V�������K�‰�P�����0�L�F�U�R���3�K�R�W�R�Q���'�H�Y�L�F�H�V����Italy) while the other 50% was 

focused on a fiber-based spectrometer (Ocean FX-XR1, Ocean Insigh t, Rostock, Germany) 

through a 10x magnification objective (RMS10X - 10X Olympus Plan Achromat  Objective, 0.25 

NA, 10.6 mm WD, Thorlabs). The photodiode output was coupled to fast TCSPC electronics 

based on the TimeHarp 260 stand-alone module (PicoQuant GmbH, Germany) that  provides 

a temporal resolution of 25 ps. A precision motorized stage (Micro-Dri veTM, Mad City Labs 

Inc.) controlled by Labview software enabled accurate positioning of th e laser beam within 

the segmented flow and at different positions along the detection channel, corresponding to 

different reaction times. A custom-made heating stage insert provided temperature control 

with 0.1°C precision. Each measurement was integrated over multiple droplets that reflect 

the same advancement of the reaction. PL spectra were acquired by aver aging 100 spectra 

with an integration time of 100 ms each, using a constant laser power of 6 mW. TCSPC 

measurements were recorded until 10 4 counts were reached in the channel of maximum 

intensity. A pulse repetition rate of 10 MHz was used for TCSPC measurem ents. To avoid any 

distortion of the decay histogram through pile-up effects, which w ould affect the extracted 

lifetime, it is important to ensure a low probability of registering m ore than one photon per 

cycle. We therefore limited the average count rate at the detector t o be about 1% of the 

excitation rate, by adjusting the ND filter wheel position.  

5.2.5 Data analysis 

Integrated PL data were analysed using an in-house MATLAB® script an d TCSPC data were 

analysed with the SymPhoTime 64 software (PicoQuant GmbH, Germany).  A biexponential 

model was used to fit the experimental data: 
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where �=�Ü is the ith  pre-exponential factor and �ì�Ü is the lifetime of the ith  component. The 

amplitude-weighted average lifetime can be recovered from the �=�Ü and �ì�Ü  values according 

to the following equation:  
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5.2.6 Calibration of droplet velocities using high-speed movies 

Characteristic droplet velocities and frequencies were determined by re cording high-speed 

videos at the droplet generation junction and along the main chann el (Figure A5.1 ). 

Microfluidic devices were mounted on a motorized stage (Prior, UK) on an inverted 

microscope (Eclipse Ti-E, Nikon, Japan), equipped with a 10X objective (CFI Plan Fluor ELWD 

10x C, Nikon, Japan) and a high-speed camera (MotionPro Y5, Inte grated Design Tools IDT 

Inc., USA). Bright-field images were acquired at a rate of 5000 frames per second and 

analysed using ImageJ software. For the typical flow rates used in  the experiments (oil phase 

������ �‰�O���P�L�Q���� �W�R�W�D�O�� �I�O�R�Z�� �U�D�W�H�� �R�I�� �W�K�H�� �G�L�V�S�H�U�V�H�G�� �S�K�D�V�H�� ���������� �‰�O���P�L�Q������ �W�K�H�� �F�K�D�Q�Q�H�O�� �G�H�V�L�J�Q�� �\�L�H�O�G�H�G��

�G�U�R�S�O�H�W���Y�H�O�R�F�L�W�L�H�V���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\�������� �‰�P���P�V���D�Q�G�������� �‰�P���P�V���L�Q���W�K�H���H�[�S�D�Q�V�L�R�Q���F�K�D�Q�Q�H�O���I�R�U��

the early-time design in Figure A5.3a  and the extended design in Figure A5.3b , respectively.   

 

5.2.7 Bulk synthesis and optical characterization 

For comparison with microfluidic experiments, FAPbBr 3 NCs were synthesized in bulk as 

follows: in a 10 mL Schlenk tube under N 2, 0.68 mL of PbBr 2 precursor was mixed with 0.4 mL 

of buffer solution. The FA precursor (0.2 mL) was then quickly add ed under vigorous mixing 

at 1000 rpm. The ratios of precursor solutions were therefore  identical to the microfluidic 

synthesis. After 5 seconds of reaction the Schlenk tube was quickly tr ansferred to an ice bath. 

The NCs were separated from the crude solution and washed using toluene and aceto nitrile 

following a reported procedure. 274 Briefly, an equal volume of toluene (0.4 mL) and half the 

volume of acetonitrile (0.2 mL) was added to the reaction mixture (0. 4 mL) and centrifuged 

at 5000 rpm for 10 minutes. After discarding the supernatant, t he NCs were redispersed in 

toluene (0.6 mL) and acetonitrile was added at a 2:1 volume ratio. The  solution was then 

centrifuged at 3000 rpm for 5 minutes. The supernatant was dis carded and the NCs were 

redispersed in toluene. Bulk PL and absorbance measurements were  obtained using a 

conventional spectrophotometer (Fluoromax, HORIBA Scientific, Northam pton, U.K.) 

incorporating a 1 cm optical path length quartz cuvette and using 1 mL of sample. 
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5.2.8 Microfluidic Device Fabrication 

Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) following  standard soft 

lithographic procedures. Briefly, microfluidic channel patterns were  designed using AutoCAD 

2018 (Autodesk, San Rafael) and printed onto high-resolution pho tolithographic masks (Micro 

Lithography Services Ltd., Chelmsford, U.K.). An SU- �����P�D�V�W�H�U���P�R�O�G���Z�L�W�K���D���K�H�L�J�K�W���R�I�������������‰�P��

was fabricated via standard photolithography. Following its fabrication, the SU-8 mold was 

exposed to chlorotrimethylsilane (Sigma-Aldrich, Buchs, Switzerland ) vapor for at least 3 

hours in a desiccator at a pressure of 150 mbar to aid subsequent removal of PDMS. A 10:1 

(w/w) mixture of PDMS base to curing agent (Elastosil RT 601 component s A and B, Wacker 

Chemie AG, Basel, Switzerland) was poured onto the master mold, de gassed in a desiccator 

for 15 minutes, and cured for 2 hours at 70°C. The PDMS was peeled fr om the mold and diced 

�W�R���I�R�U�P���L�Q�G�L�Y�L�G�X�D�O���G�H�Y�L�F�H�V�����W�K�H�Q���L�Q�O�H�W�V���D�Q�G���R�X�W�O�H�W�V���������������‰�P���G�L�D�P�H�W�H�U�� were formed at desired 

locations using a hole puncher (Syneo, Florida, USA). Finally, the indiv idual devices were 

bonded via air-plasma (EMITECH K1000X, Quorum Technologies, East Sussex, United 

Kingdom) onto PDMS-covered glass coverslips. Two minutes after bo nding, a 5 vol % solution 

of (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (ABCR-Chemical s, Karlsruhe, 

Germany) in HFE 7500 Novec oil was injected into the channels to ren der the internal surfaces 

hydrophobic and left for a period of 5 minutes. Channels were t hen rinsed with pure HFE oil, 

and devices were left on a hot plate at 120°C for at least 2 hours before use. 

 

5.3 Results and Discussion 

5.3.1 Working principle and methodology 

The experimental set-up combines two parts: a microfluidic platform for fast droplet 

generation and precise temperature control, and the integrated optical detection systems 

allowing both confocal TCSPC measurements and PL emission measurements ( Figure 5.1 ). 

The microfluidic reactor consists of a PDMS device with a flow-focusing junction t o generate 

picoliter droplets containing the precursors. To calibrate the TCSPC m odule, we first 

performed fluorescence lifetime analysis of Atto390 in aqueous picolite r droplets. For a pure 

dye in solution, the fluorescence decay can be modelled using a sin gle exponential 
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function. 277 The measured decay and corresponding fit are displayed in Figure A5.2 . The 

�F�D�O�F�X�O�D�W�H�G�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �O�L�I�H�W�L�P�H�� �R�I�� �‘�� �  5.02 ns is in excellent agreement with literature 

values.277 

For the synthesis of FAPbBr 3 NCs, the precursor solutions were prepared following the same 

experimental procedure as described elsewhere, with small modificat ions to adapt to the 

droplet-based microfluidic system. 274 Unlike the synthesis of CsPbBr 3, which require an 

excess of Pb, it has been shown that an FA:Pb molar ratio higher than 2 is needed to ensure 

the formation of stable and bright NCs. 275 The concentrations and flow rates used here 

ensure an optimized FA:Pb molar ratio of 2.5, thus fulfilling this con dition. 274 An additional 

buffer stream containing ODE and the ligands (TOPO and OA) was intr oduced to keep the 

precursor solutions separated until the droplet is generated, thu s preventing any initial 

mixing by diffusion ( Figure A5.1b ). Reaction initiation is considered to be at the time of 

droplet generation. To allow monitoring at early times, the droplets w ere first accelerated 

through a serpentine channel for fast and efficient mixing of the r eagents through chaotic 

advection, 5 before being slowed down upon entering the wider observation channel ( Figure 

5.1b). A similar strategy was recently reported to elucidate enzyme kinet ics on millisecond 

timescales. 99 �:�L�W�K���D���I�O�R�Z���U�D�W�H���R�I���������‰�O���P�L�Q���I�R�U���W�K�H���F�D�U�U�L�H�U���S�K�D�V�H���D�Q�G���D���W�Rtal flow rate of 0.64 

�‰�O���P�L�Q�� �I�R�U�� �W�K�H�� �G�L�V�S�H�U�V�H�G�� �S�K�D�V�H���� �W�K�H�� �G�H�D�G-time was 3.6 ms and the maximum observation 

time was about 270 ms, corresponding to the end of the 15 mm- length straight observation 

channel (Figure A5.3a ). The microfluidic chip was mounted onto a custom-built heating sta ge 

with a narrow slit allowing the observation of the detection channel. The tempe rature inside 

the microfluidic channel was probed with a thermocouple inserted directl y in the channel 

during a separate calibration experiment. After allowing the system to  equilibrate at the 

desired temperature, time-integrated PL measurements as well as time -resolved PL decays 

were acquired at consecutive positions along the main detection chann el (Figure A5.3a ), 

corresponding to increasing reaction times. Each position along the channel was mapped to 

its respective reaction time for a given flow rate via analysis of high-spee d movies under 

bright-field illumination.  
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Figure 5.2  Time evolution of the normalized online photoluminescence spectra (a-d) and PL 

lifetime decays (e-h) during the early-stage of FAPbBr 3 NCs synthesis (3.6 - 270 ms) for increasing 

temperatures (RT to 50°C). Inserts in (a-d) show the corresponding non-normalized PL spectra. 

The intensity of the first spectrum (3.6 ms) at RT is at the noise level. 

 

5.3.2 Early-time evolution of PL spectra and PL decays 

Importantly, the phosphine oxide route for formamidinium lead bro mide NCs synthesis has 

been shown to allow for much lower reaction temperature than t ypically employed. 274,275 Our 

observations confirmed that NCs readily form at room temperature, and we investigated the 

reaction at four different temperatures: RT, 30°C, 40°C and 50° C. Figure 5.2a-d  shows the 

evolution of the time integrated PL emission spectra during NC formation for increasing 

reaction times (3.6 ms to 270 ms) and at increasing temperatures, w hile Figure 5.2e-h  

illustrates the corresponding time-resolved PL decays for the same conditions and reaction 

times. At RT, the PL signal at 3.6 ms is within the noise level and was there fore excluded from 

the normalized plot. Importantly, we observe that both the  PL peak wavelength and the PL 

intensity drastically increase over the first 270 ms, which confirms th at nucleation and growth 

of perovskite NCs are governed by very fast kinetics, justifying the need for early-time 

monitoring. PL evolution is characterized by an exponential increase in intensity as well as a 

significant redshift of the emission colour associated with NC growth. The average PL lifetime 

increases as a function of reaction time. Small FAPbBr 3 NCs (5 nm in size and with a PL peak 

value of 470 nm) have previously been reported via size-engineer ing, by increasing the 

amount of oleylamine ligand. 275 Remarkably, we herein report for the first time the 

observation of transient FAPbBr 3 NCs species emitting below 470 nm and their 

corresponding PL decay. 

 

5.3.4 Extending the observation window 

Comparison of PL spectra obtained from picoliter droplets at a 270 m s reaction time and 

from a bulk measurement with a 5 s reaction time indicates that NC gr owth is not complete 

at 270 ms, and further growth and associated redshifts will occur (Figure A5.4 ). To capture a 

longer reaction time-window, we designed a second microfluidic de vice with an extended 
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channel geometry featuring loops (similar to the one employed in Chapter 3 ), while retaining 

the same droplet generation and mixing geometry as in the first de vice. Time-integrated and 

time-resolved PL measurements along the observation channel are possib le at locations 

where the slit of the heating stage insert overlays the detectio n channel, as indicated on 

Figure A5.3b . Such a design is less suited for measurements at very early times d ue to 

backpressure effects that increase the dead time. However, as the tot al length of the channel 

is increased by more than 10-fold, the maximum observation time cou ld be extended to 3300 

ms under the flow rates used. Interestingly, this approach bring s the additional benefit of 

verifying the robustness of our platform and assessing the consistency  and repeatability of 

the data obtained from two different channel designs, with indepen dent calibration of the 

droplet velocities for each design. To this end, we performed measurem ents on each device 

with an overlapping time window between 25 ms to 250 ms. The  PL decays are modelled 

using a biexponential function to extract the PL lifetimes of the individ ual comp �R�Q�H�Q�W�V���‘1 and 

�‘2 (Equation 2 ).  The extracted PL peaks and average lifetime data obtained from bot h 

designs show excellent consistency, as can be seen on Figure 5.3 . This is the case for all the 

studied temperatures ( Figure A5.5 ). 

 

 

Figure 5.3  Comparison of the time-series of (a) PL peak values and (b) PL average lifetimes 

obtained from the early-time chip design (dark blue squares) and from the extended chip design 

(light blue circles) showing excellent consistency between the two measurements. The re action 

was performed at room temperature. 
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5.3.5 Kinetics of FAPbBr 3 formation 

With the combined data from our two devices, we obtained time series of both PL spectra 

and PL decays spanning reaction times between 3.6 and 3300 ms. The evolu tion of the PL 

peak wavelength as a function of time and for different temperatur es is shown in Figure 

5.4a-b , whilst Figure 5.4c-d  displays the evolution of the average lifetime extracted by the 

biexponential fit for the same reaction times and conditions. A redshift of the PL peak is 

observed for all temperatures, and characterized by a two-stage pro file: a first fast stage with 

a steep increase of the PL peak wavelength followed by a slower stage . During the first stage, 

a PL redshift of more than 40 nm occurs within the first 200 ms  of the reaction. Importantly, 

the reaction temperature strongly influences the kinetics in this f irst stage: for higher 

temperatures, the PL emission of the earliest observed time-po int is increasingly red-shifted, 

suggesting higher temperatures drastically accelerate the initial growt h phase (Figure 5.4b ). 

In the second stage, NCs growth continues with slower kinetics (a round a 10 nm redshift in 3 

seconds) and the PL peak gradually plateaus toward a narrow range of wavelengths for all 

temperatures, with higher temperature leading to slightly lar ger NCs. The effect of 

temperature on the PL peak value is therefore much weaker in this second growth stage. 

Additionally, the initial fast stage is shorter for higher temperature s. It is interesting to 

compare these observations with the time-resolved PL measuremen ts. The overall evolution 

of the average lifetime is greatly influenced by temperature, wit h higher temperature leading 

to much longer lifetime ( Figure 5.4c ). We observe again two stages, matching the ones 

reported for the PL peak values. In the first stage, the ave rage lifetime increases rapidly, with 

a steeper slope for higher temperatures ( Figure 4d ). Remarkably, during the second stage 

the lifetime is greatly influenced by the reaction temperature: while the lifetime plateaus at 

RT, it steadily increases at 50°C, with 30°C and 40°C displaying interm ediate behaviours . 

Narrower bandgaps associated with larger NCs usually lead to a longer PL lifet ime 278, which 

is consistent with the concurrent increase of PL peak value and average lifetime during the 

initial fast growth stage. However, the steady and fast increase of the PL lifetime at higher 

temperatures (while the growth plateaus during the second st age) seems to indicate the 

involvement of other factors. Surface traps leading to non-radiat ive recombination of the 

photoexcited carriers are usually associated with a short PL lifetime c omponent, thus 

shortening the average lifetime. 279,280 A growth-independent increase of the average lifetime 

at higher temperatures could therefore be attributed to a m ore effective passivation of these 

surface defects during the second stage of the reaction.  
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Figure 5.4  Effect of reaction temperature on the time evolution of (a-b) PL peak values and (c-d) 

PL average lifetimes. (b) and (d) show the zoomed-in view of the early times as highlighted by 

the grey rectangles in a) and d). The colours of the plots indicate the synthesis temperat ures as 

defined by the legend in (a). 

 

We can gain additional insights into the factors driving the evolution of the ave rage lifetime 

�I�U�R�P�� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�� �F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �R�I�� �W�K�H�� �V�K�R�U�W�� �D�Q�G�� �I�D�V�W�� �F�R�P�S�R�Q�H�Q�W�V���� �‘1 �D�Q�G�� �‘2. Figure 5.5  

shows the evolution of the relative amplitude coefficients A1 and A2 f or the short component 

�‘1 �D�Q�G���V�O�R�Z�H�U���F�R�P�S�R�Q�H�Q�W���‘2 respectively, extracted from the biexponential fit. Over the first 

200 ms of reaction, the contribution of the shorter lifetime component  drastically increases, 
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which can be attributed to the formation of surface traps during t he fast initial growth stage. 

This is followed by a gradual decrease of the shorter lifetime co ntribution, which occurs more 

quickly for higher reaction temperatures. This observation further supp orts the hypothesis 

that higher temperatures enhance surface trap passivation, leading to  a longer average PL 

lifetime.     

 

 

Figure 5.5  Temporal evolution of the relative amplitude coefficients A1 and A2 of the PL lifetime 

�V�K�R�U�W���F�R�P�S�R�Q�H�Q�W���‘1 �D�Q�G���V�O�R�Z�H�U���F�R�P�S�R�Q�H�Q�W���‘2 respectively, as extracted from the biexponential 

fit, for increasing reaction temperatures. 
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5.4 Conclusions 

We have presented a novel droplet-based microfluidic platform for the  optical 

characterization of FAPbBr 3 NCs during the early-stage of nucleation and growth. The 

microfluidic reactor ensures ultra-fast mixing of the precursors and t he reaction can be 

followed after a de ad-time as short as 3.6 ms. In addition to in situ PL measurements, t he 

integrated TCSPC module enables the in situ monitoring of PL lifetimes at  unprecedented 

early reaction times. Time-correlated single-photon counting is a pow erful method to extract 

fluorescence decay dynamics, and the corresponding lifetimes can be extr acted by analysing 

the corresponding decay profiles. We combined the measurements fr om a microfluidic chip 

designed for early time in situ monitoring of the reaction with those  from a separate device 

allowing for extended reaction time monitoring, after confirming excellent consistency 

between both devices. This strategy allows the optical monitoring  from the first few 

milliseconds of the reaction up to 3.3 s with excellent temporal resolut ion. Our observations 

highlight the ultra-fast kinetics of the reaction, with a 40 nm redshift of the PL peak value over 

the first 200 ms of growth. We identify two distinct growth stages,  and postulate that higher 

reaction temperatures facilitate the passivation of surface trap states form ed during the 

initial fast growth. We believe that this platform will allow further un derstanding of the 

reaction kinetics of perovskite NCs and that a deeper understanding o f these processes will 

help to better engineer and optimize these materials. Moreover, w e anticipate that the 

methodology presented here will be of high interest for the microflu idic community at large, 

opening the way for a wide range of applications that can benefit from in situ monitoring of 

fluorescence lifetimes during (bio)-chemical reactions. 
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Chapter 6 

 

Conclusions and Outlook 

 

6.1 Summary 

The ability to probe droplet contents in a rapid and sensitive mann er is of paramount 

importance in high-throughput chemical and biological experimentation. Imp ortantly, the 

sensitive analysis of chemical and biological species within rapidly moving dropl ets has 

important implications for high-throughput screening and the study of fast  reaction kinetics. 

In this regard, the studies presented in this thesis have been driv en by a desire to develop 

novel tools for the extraction of information-rich data from picoliter-volume droplets,  to use 

such information to probe fast chemical reactions. Additionally, the develop ment of a novel 

droplet-based microfluidic tools for the preparation of double emulsio ns containing viscous 

polymer shell phases marks an important step towards improving the  performance and 

production of functional microcapsules.  

Initially, a sensitive method for the acquisition of broad-band absorb ance spectra from 

rapidly moving picoliter-volume droplets was presented . The recognised challenges posed 

by short optical pathlengths and scatter at the droplet-oil interfa ce were surmounted 

through the adoption of a confocal illumination platform and a post-proce ssing scheme. Such 

an approach yielded high-quality absorbance spectra with concentration lim its of detection 

below 800 nM for FITC. The platform was then used to study th e kinetics of gold nanoparticle 

aggregation through the extraction of high-quality absorbance spectra with millisecond time 

resolution. 
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Subsequently, a novel platform for the acquisition of X-ray absorpt ion spectra from droplet-

based microfluidic systems was developed. Such an advance extends the range of available 

in-situ synchrotron-based measurements for analysing droplet contents.  The robust 

integration of XAS with droplet-based platforms poses significant challenge s, especially when 

using soft and tender X-rays. In addition to overcoming problem s associated with reduced 

optical pathlengths and high droplet velocities , the microfluidic substrate must offer high 

transmission as well being able to withstand a vacuum environment for prolonged periods . 

To this end, we developed a versatile and X-ray compatible microfluidic d evice that meets the 

aforementioned demands and can be easily adapted to a variety of app lications. Importantly, 

we demonstrated the robust and reliable acquisition of high-quality XAS  spectra within 

picoliter-volume droplets moving at high velocities, and showcased the u tility of the  approach 

through the successful monitoring of amorphous calcium carbonate pre cipitation from free 

solvated ions on millisecond timescales .  

Next , a novel platform for the generation of polymeric microcapsules comp rising an aqueous 

upconversion core was established. Such microcapsules facilitate upconversion  in aqueous 

environment and extend operational upconversion lifetimes throug h oxygen blockage. 

Specifically, we developed a microfluidic device for three-dimensional hydro dynamic 

focusing using a dual height channel design. This was then used to robustly generate 

monodisperse double emulsions with a polymeric shell, which serve as UV -curable templates 

for the fabrication of upconversion microcapsules. Importantly, the versatility  of the device 

and its ease of fabrication �� requiring no surface patterning �� ensures its applicability in a 

wide range of materials synthesis applications. 

Finally, a droplet-based microfluidic platform with integrated optical  detection was 

developed and used for the in-situ monitoring of the photoluminescence of FAPbBr 3 

nanocrystals, enabling important insights into the underlying fast kinet ics of their synthesis 

on millisecond timescales to be gathered . The use of both time-integrated 

photoluminescence spectroscopy and time-resolved photoluminescence  measurements was 

achieved through the integration of a time-correlated single photon counting module. 

Subsequently, ultra-fast mixing through chaotic advection allowed op tical characterization of 

reaction times down to 3.6 ms, with a modified microfluidic device al lowing access to reaction 

times as long as 3.3 s. Key results from this study include the first o bservation of the ultra-

fast kinetics governing FaPbBr 3 nanocrystal formation and the first detailed investigation of 

the influence of reaction temperature on photoluminescence spectra and lifetimes.  
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6.2 Future Directions 

6.2.1 Platform Automation and Real-time Feedback 

The various technological innovations presented in this thesis define n ew development s for 

sensitive analytical detection in droplet-based microfluidic platforms, the  monitoring of fast 

reaction kinetics and the controlled generation of functional mater ials. However, it is noted 

that these methods relied heavily on manual experimentation. To th is end, an obvious next 

step will be to implement automated operation. In this way, r eaction conditions may be 

varied and controlled in a fully automated manner, allowing for a dr astic expansion in 

parameter space of the reaction systems under study . Additionally, the combination of 

platform automation and real-time feedback algorithms with the descr ibed in situ monitoring 

methods will allow for rapid reaction optimization and the generation o f functional 

microcapsules with bespoke features.   

 

6.2.2 Integration of machine learning 

Over the past two decades, droplet-based microfluidics has evolved fr om an emerging 

technology, with early studies focusing on the development of platforms with robust 

functional components, to an important experimental tool in the biological,  chemical and 

material sciences. We envisage that the next evolutionary phase will involve  its association 

with data analysis tools; in particular those enabled by recent advances in machine learning 

(ML). As ML models can be used to process a wide range of datasets for  the structural 

characterization of materials 281, we expect that their implementation and marriage with 

droplet-based microfluidic platforms will be utilised in a variety of applicat ions and will 

produce enormous amounts of data. Whil st the number of ML-enabled droplet-based 

studies is currently limited, the advent of ML within microfluidics systems in general is 

undeniable. Examples include risk prediction of adverse pathology, 282 label-free drug 

screening at the single-cell level, 283 screening of lipid-producing microalgal cells 284 and cell 

sorting via deformability cytometry. 285 As such, there is a very real potential to empower 

droplet-based platforms via ML. To achieve this, synergetic collaboratio ns in the fields of ML, 

microfluidics and chemistry/biology will be required to develop the tools of the fu ture. 
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Appendix 2 

 

 
Figure A2.1  Intermediate computation phases for the generation of an absorbance spectrum 

�I�U�R�P���G�U�R�S�O�H�W�V���F�R�Q�W�D�L�Q�L�Q�J�����������‰�0 FITC. a) Averaged transmission intensity for each data set as 

identified by the single-wavelength filtering as show in Figure 2.2 in the main text. b)  Absorbance 

spectra corresponding to the droplets only (orange), to the oil only (black), and to the ave rage 

without any filtering (grey). The light green area illustrates the difference A Droplets  �� AOil, which 

yields the final absorbance spectrum as shown in c). 
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Figure A2.2  Time traces of the transmitted light at 493 nm (maximum absorbance for FITC) for 

droplets containing the reference solution (PBS buffer) and increasing concentrations of FITC. 
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Figure A2.3  Influence of the refractive index (RI) matching. a) & b) Absorbance spectra of 

droplets containing the reference (PBS buffer), thus representative of the baseline  of the 

measurements, with a refractive index (RI) matching oil and with a mismatched RI between oil 

and droplets, respectively. Inserts in a) and b) show bright field images of a droplet centere d in 

the detection area for the corresponding conditions. When using the RI matching oil, the droplet  

contour is barely visible. c) & d) Normalized absorbance spectra of droplets containing 25 µM  of 

FITC with and without matching the RI of the oil, respectively.  
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Figure A2.4  Comparison of our system with a benchtop spectrometer. Normalized absorbance 

spectra obtained with our method from droplets containing 100 µM FITC in a 50 µm height 

channel (red line) and measured with a benchtop spectrometer in a 1 cm cuvette (10 µM FITC) . 

The excellent overlap shows that our method faithfully reports the spectral features. 
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Figure A2.5  Schematic of the droplet microfluidics approach for the gold nanoparticles (AuNP) 

aggregation study. The three aqueous streams converge at the flow-focusing region where fast 

droplet generation ensues, flowed by fast mixing in the serpentine channel. The ratio of AuNP 

solution, water and salt solution can be precisely controlled by tuning the individual flowrates. 

The droplets decelerate in the observation channel for in-situ absorbance measurements. 
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Figure A2.6  Time evolution of the absorbance spectra of an AuNP solution after mixing with a 

500 mM NaCl solution. 
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Matlab script for absorbance data processing (Chapter 2) 

close all  
clear all  
clc  

% Tunables 

path= 'F: \ Absorbance+ \ 2020 - 05- 26_FITC  Calibration' ; %Mother  path  
 
filename_ref = 'PBS' ; 
filename_sample = 'FITC_100uM' ; 
 
background_correction = 'yes' ; % 'yes'  |'no'  
 
sorting_wvl = 405; % wavelength  used  to  sort  droplets  from  oil  in  nm 
 
bin = 50;   % integration  time  in  us  
 
P = 30000;  % Threshold  for  oil  filtering  
Q = 5000;   % Threshold  for  droplet  filtering  
 
smooth_length = 20;  
 
lam1=380;   % Define  Start  and  End wavelengths  
lam2=675;  
 
lam_bckg1 = 660; % For  background  correction  
lam_bckg2 = 670;  
 
R1=14; % row  offset  
C1=2; % column  offset  
 

% Figures formatting 

font_size = 16;  

fig1 = figure( ' Name' , 'Transmittance  Averaged' , 'Color' , 'white' );  
hold on 
box on 
xlim([lam1, lam2])  
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ylim( 'auto' ) 
xlabel( 'Wavelength  (nm)' , 'FontSize' ,font_size)  
ylabel( 'Intensity  (a.  u.)' , 'FontSize' ,font_size)  
set(gca, 'fontsize' , font_size, 'fontname' , 'Arial' ) 
 
 
 
 
fig2 = figure( 'Name' , 'Absorbance  (a.u.)' , 'Color' , 'white' );  
hold on 
box on 
xlim([lam1, lam2])  
ylim([ - 0.05, 0.15])  
xlabel( 'Wavelegnth' , 'FontSize' ,font_size)  
ylabel( 'Absorbance  (O.D.)' , 'FontSize' ,font_size)  
set(gca, 'fontsize' , font_size, 'fontname' , 'Arial' ) 
 
fig3 = figure( 'Name' , 'Time  Trace  Transmittance  at  405nm - 
Reference' , 'Color' , 'white' );  
hold on 
box on 
ylim( 'auto' ) 
xlabel( 'Time  (s)' , 'FontSize' ,font_size)  
ylabel( 'Transmittance  at  405nm' , 'FontSize' ,font_size)  
set(gca, 'fontsize' , font_size, 'fontname' , 'Arial' ) 
 
fig4 = figure( 'Name' , 'Time  Trace  Transmittance  at  405nm - 
Sample' , 'Color' , 'white' );  
hold on 
box on 
ylim( 'auto' ) 
xlabel( 'Time  (s)' , 'FontSize' ,font_size)  
ylabel( 'Transmittance  at  405nm' , 'FontSize' ,font_size)  
set(gca, 'fontsize' , font_size, 'fontname' , 'Arial' ) 
 
fig5 = figure( 'Name' , 'Normalized  Absorbance' , 'Color' , 'white' );  
hold on 
box on 
xlim([lam1, lam2])  
xlabel( 'Wavelegnth' , 'FontSize' ,font_size)  
ylabel( 'Normalized  Absorbance' , 'FontSize' ,font_size)  
set(gca, 'fontsize' , font_size, 'fontname' , 'Arial' ) 
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% Data Processing 

cd([path]);  

% Reference  data  set  

textfile_ref = [filename_ref '.csv' ];  
T = csvread(textfile_ref,R1,C1);  
x1=T(1,:);  
Ref=T(2:end,:);  
 
nb_file_r = length(Ref);  
 
ind_peak_r = find(abs(x1 - sorting_wvl)<=0.5, 1, 'last' );  
Ref_exc = Ref(:,ind_peak_r); % Time  series  of  the  intensity  at  the  
sorting  wavelength  for  reference  
 
Ref_av = (sum(Ref))/nb_file_r;  
 
 
    % Filtering  droplets  from  oil  
 
[Ref_exc_sorted,I_r] = sort(Ref_exc);  
 
smaller_ind_r = I_r(1:P);       % oil  
bigger_ind_r = I_r(end - Q:end);  % droplets  
 
Ref_exc_small = Ref_exc(smaller_ind_r);  
Ref_exc_big = Ref_exc(bigger_ind_r);  
 
Ref_small = Ref(smaller_ind_r,:);  
Ref_big = Ref(bigger_ind_r,:);  
 
Ref_oil = (sum(Ref_small))/(P);  
Ref_droplet = (sum(Ref_big))/(Q);  
 
 
% Sample  data  set  
 
textfile_sample  = [filename_sample '.csv' ];  
V = csvread(textfile_sample,R1,C1);  
x3=V(1,:);  
Sample=V(2:end,:);  
 
nb_file_s = length(Sample);  
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ind_peak_s = find(abs(x1 - sorting_wvl)<=0.5, 1, 'last' );  
Sample_exc = Sample(:,ind_peak_s); % Time  series  of  the  intensity  at  
the  sorting  wavelength  for  sample  
 
Sample_av = (sum(Sample))/nb_file_s;  
 
    % Filtering  droplets  from  oil  
 
[Sample_exc_sorted,I_s] = sort(Sample_exc);  
 
smaller_ind_s = I_s(1:P);       % oil  
bigger_ind_s = I_s(end - Q:end);  % droplet  
 
Sample_exc_small = Sample_exc(smaller_ind_s);  
Sample_exc_big = Sample_exc(bigger_ind_s);  
 
Sample_small = Sample(smaller_ind_s,:);  
Sample_big = Sample(bigger_ind_s,:);  
 
Sample_sorted = (sum(Sample_big))/(Q);  
Sample_base = (sum(Sample_small))/(P);  
 

% Absorbance calculation 

nb_pt = length(Sample_av);  

% Averaged  
 
A_av = zeros(nb_pt,1);  
 
for  j=1:nb_pt  
    A_av(j,1) = - log10((Sample_av(j))/(Ref_av(j)));  
end  
 
A_av_sm = smooth(A_av, smooth_length);  
 
% Lamp Flucutations  (from  oil  spectra)  
 
A_base = zeros(nb_pt,1);  
 
for  j=1:nb_pt  
    A_base(j,1) = - log10((Sample_base(j))/(Ref_oil(j)));  
end  
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A_base_sm = smooth(A_base, smooth_length);  
 
% Sorted  for  droplets  only  
 
A_sorted = zeros(nb_pt,1);  
 
 
for  j=1:nb_pt  
    A_sorted(j,1) = - log10((Sample_sorted(j))/(Ref_droplet(j)));  
end  
 
A_sorted_sm  = smooth(A_sorted, smooth_length);  
A_sorted_sm_cut = A_sorted_sm(x1>lam1 & x1<lam2);  
A_sorted_cut = A_sorted(x1>lam1 & x1<lam2);  
x1_cut = x1(x1>lam1 & x1<lam2);  
 
A_sorted_norm = A_sorted_cut/max(A_sorted_cut);  
A_sorted_sm_norm_cut = A_sorted_sm_cut/max(A_sorted_sm_cut);  
 

% Removing the contribution from the oil 

A_diff= A_sorted - A_base;  

switch (background_correction)  
    case ( 'yes' ) 
indices_bckg = x1(x1>lam_bckg1 & x1<lam_bckg2);  
value_bckg5 = A_diff(x1>lam_bckg1 & x1<lam_bckg2);  
av_bckg5 = mean(value_bckg5);  
A_diff = (A_diff - av_bckg5);  
    case ( 'no' ) 
end  
 
A_diff_sm = smooth(A_diff, smooth_length);  
 
A_diff_cut = A_diff(x1>lam1 & x1<lam2);  
A_diff_sm_cut = A_diff_sm(x1>lam1 & x1<lam2);  
 
 
A_diff_norm = A_diff_cut/max(A_diff_cut);  
 
A_diff_sm_norm  = A_diff_sm_cut/max(A_diff_sm_cut);  
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% LOD calculation 

lod_int1 = 550;  
lod_int2 = 600;  
 
sample_conc = 100; % in  uM 
 
A_lod = A_diff(x1>lod_int1 & x1<lod_int2);  
x1_lod = x1(x1>lod_int1 & x1<lod_int2);  
 
av_bsl = mean(A_lod);  
av_bsl_vec = zeros(length(A_lod),1);  
for  k=1:length(A_lod)  
    av_bsl_vec(k) = av_bsl;  
end  
 
std_noise = std(A_lod);  
LOD = 3*std_noise  
sample_signal = max(A_diff_cut)  
LOD_conc = (LOD*sample_conc)/sample_signal  

 

% Plotting 

figure(fig1);  
plot(x1,Ref_av, 'color' , 'k' );  
plot(x1,Ref_droplet, 'color' , 'blue' );  
plot( x1,Ref_oil, 'color' , [170,170,170]/255);  
plot(x3,Sample_av, 'color' , 'red' );  
plot(x3,Sample_sorted, 'color' , 'magenta' );  
plot(x3, Sample_base, 'color' , 'yellow' );  
legend( 'Reference  Average' , 'Reference  Sorted' , ' Reference  oil' , 'Sam-
ple  Average' , 'Sample  Sorted' , 'Sample  oil' ) 
 
figure(fig2);  
plot(x1,A_base, 'color' , [0.5 0.5 0.5], 'linewidth' , 1);  
plot(x1,A_base_sm, ' -- ' , 'color' , 'k' , 'linewidth' , 2);  
plot(x1,A_av, 'color' , [0.5 0.5 0.5], 'linewidth' , 1);  
plot(x1,A_av_sm, ' -- ' , 'color' , 'blue' , 'linewidth' , 2);  
plot(x1,A_sorted, 'color' , [0.5 0.5 0.5], 'linewidth' , 1);  
plot(x1,A_sorted_sm, ' -- ' , 'color' , 'red' , 'linewidth' , 2);  
legend( '' , 'Lamp  Baseline' , '' , 'Average' , '' , 'Processed  Sm') 
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nb_bin_r = length(Ref_exc);  
nb_bin_s = length(Sample_exc);  
time_tot = bin*nb_bin_r;  
time = [0:bin:time_tot - 1];    % Time  in  us  
time_s = time/1000000;        % Time  in  seconds  
 
tot_ind_r = [1:nb_bin_r];  
tot_ind_s = [1:nb_bin_s];  
 
sz= 20;  
 
figure(fig3);  
plot(tot_ind_r, Ref_exc, 'blue' ) 
scatter(smaller_ind_r, Ref_exc_small, sz, 'k' ) 
scatter(bigger_ind_r, Ref_exc_big, sz, 'red' ) 
 
figure(fig4);  
plot(tot_ind_s, Sample_exc, 'green' ) 
scatter(smaller_ind_s, Sample_exc_small,sz, 'k' ) 
scatter(bigger_ind_s, Sample_exc_big,sz, 'red' ) 
 
 
figure(fig5);  
plot(x1_cut,A_diff_norm, 'color' , 'red'  , 'linewidth' , 0.5);  
plot(x1_cut,A_diff_sm_norm, 'color' , 'blue'  , 'linewidth' , 0.5);  
legend( 'Raw' , 'Smoothed' ) 
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Appendix 3 

 

 

 

 

 

Figure A3.1  Brightfield image of the microfluidic channel taken when inside the measuremen t 

chamber and after one scan. Exposure to X-rays results in a visible imprint on the PDMS surface, 

which appears off-centered due to a parallax from the 45° angle of the incident beam. The shape 

of the channel is not affected, and the stability of the droplets is not compromised. The s cale 

bar is 100 µm. 
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Figure A3.2  Cross-sectional measurement of Si and Ca XRF (perpendicular to the microchannel 

axis) with droplets containing 20 mM Ca 2+. The panels on the right show XRF spectra 

corresponding to three positions along the line scan: position (1) - centred on the droplet stream, 

position (2) - at the bottom of the channel next to the droplet stream, and position ( 3) - on the 

channel wall. The dotted lines highlight the Ca region of interest (ROI) used during the 

measurements. At position (3), the Si pile-up peak overlaps with the Ca K- �~���O�L�Q�H���Z�L�W�K�L�Q���W�K�H���5�2�–����

which explains why the Ca signal is also seen to increase along the channel walls on the c ross-

sectional scan.  
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Appendix 4  

 

 

 

Figure A4.1  Bulk emission spectra of (a) DPA at 375 nm excitation and 532 nm excitation, (b) 

PtOEP at 532 nm excitation and (c) a DPA-PtOEP mixed solution showing upconversion (UC ) of 

from DPA and down conversion (DC) from PtOEP. 
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Figure A4.2  Microfluidic device design for the two-heights channel. The height of the first layer 

���R�U�D�Q�J�H�����L�V�������������‰�P���D�Q�G���W�K�H���K�H�L�J�K�W���R�I���W�K�H���V�H�F�R�Q�G���O�D�\�H�U�����E�O�X�H�����L�V�������������‰�P�����\�L�H�O�G�L�Q�J���D���W�R�W�D�O���K�H�L�J�K�W��

�R�I���������‰�P�����–�Q�O�H�W�V�������������D�Q�G�������D�U�H���X�V�H�G���I�R�U���W�K�H���L�Q�M�H�F�W�L�R�Q���R�I���W�K�H���L�Q�Q�H�U���0�2���S�K�D�V�H�����P�L�G�G�O�H���3�)�3�(���S�K�D�V�H��

and outer aqueous phase, respectively.      
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Appendix 5 

 

 

 

 

Figure A5.1  Images of the microfluidic device during operation. (a) A bright field image recorded 

with a high-speed camera. (b) Bright filed image showing the buffer flow preventing unwanted 

diffusion of the two precursors flows before droplet generation. (c) Single droplet emitting  

photoluminescence due to the focused laser beam with in the droplet volume. (d) Comple te 

PDMS device under operation showing the synthesis of perovskite nanocrystals inside the 

droplet-based microfluidic chip. The laser beam is focused onto the microfluidic channel, which 

results into the bright spot from the cyan emission of the nanocrystals. In addition to the laser, 

a UV LED torch was shone onto the chip for 6 seconds during the long-exposure shot. Scale  bar 

in (a) is 200 µm, and 25 µm in (b) and (c). 
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Figure A5.2  �)�O�X�R�U�H�V�F�H�Q�F�H�� �O�L�I�H�W�L�P�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �D�� ������ �‰�0�� �$�W�W�R�������� �V�R�O�X�W�L�R�Q�� �L�Q�� �Z�D�W�H�U�� �Z�L�W�K�L�Q�� �K�L�J�K-

throughput picoliter droplets. The laser excitation was at 405 nm with a 20 MHz repet ition rate. 

The black line indicates the monoexponential �I�L�W���\�L�H�O�G�L�Q�J���D���O�L�I�H�W�L�P�H���‘��� �������������Q�V�������7�K�H���H�[�F�H�O�O�H�Q�W���I�L�W��

is confirmed by the randomly distributed residuals.  
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Figure A5.3  Design of the microfluidic channels for the early-times chip and for the extended 

channel. The interrogation points for in situ optical monitoring are indicated with green dots. 
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Figure A5.4  Normalized PL spectra of FAPbBr 3 NCs obtained from on-chip measurements within 

the early-time chip at 270 ms reaction time (cyan line) and from a batch synthesis after 5 s 

growth (green line ). 
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Figure A5.5  Comparison of the time-series of (a) PL peak values and (b) PL average lifetimes 

obtained from the early-time chip design (dark blue squares) and from the extended chip design 

(light blue circles) for reaction temperatures of 30°C, 40° C and 50°C. The excellent consistency 

between measurements obtained from each device is confirmed for all temperatures. 
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