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LIST OF FIGURES 

Figure 1.1 Fabrication of nanoparticles using microfluidic devices and their biomedical 
applications. 
 
Figure 1.2: Schematic of continuous laminar flow-based synthesis using (a) a single 
capillary, (b) a single capillary, immersed in a heated oil-bath, (c) a y-shaped microfluidic 
device or continuous co-flow microfluidic device made out of coaxially aligned borosilicate 
glass capillaries, and (d) a co-axial flow-based system.  
 
Figure 1.3: (a) High-pressure and high temperature microflow synthesis of CdSe QDs.45 (b) 
Combinatorial synthesis of CdSe nanocrystals for industrial up scaling.48 (c) Schematic 
illustration of ZnSe/ZnS core/shell nanoparticles involving three major sections for mixing 
the precursors, formation of the ZnSe core particles and coating with ZnS.18 (d) Schematic 
diagram for the synthesis of ZnSe QD micelles.47  
 
Figure 1.4: (a) Schematic of a flow focusing device with co-flowing streams for generating 
silver nanoprism.2 (b) Schematic of a co-axial flow microfluidic device for generating 
chitosan-alginate microfibres.61 (c) Synthesis of silica-titania hybrid using multistep laminar 
continuous flow microfluidics.64 (d) Fabrication of microparticles containing fluorescently 
labelled TMV or palladium-TMV complex using a microfluidic flow-focusing device.62 
 
Figure 1.5: Segmented flow in microfluidic channels: (a) Discrete liquid plugs encapsulated 
by an immiscible continuous phase, and (b) liquid slugs with the continuous phase separated 
by immiscible discrete gas bubbles.7  
 
Figure 1.6: (a) Schematic of single phase laminar flow and two phase segmented flow 
synthesis of PCL-b-PEO polymeric nanoparticles72 (b) Schematic of the gas-liquid 
segmented flow and internal circulation and the summary of nanomaterials obtained under 
different gas environment.73 (c) Schematic of the segmented continuous flow microwave-
assisted synthetic reactor for fabricating MOF-74(Ni).78 (d) Schematic of the gas-liquid 
segmented microfluidic device to produce magnetic nanoparticles.68 The mixing stage is 
irradiated by ultrasound waves, and the reaction stage is where the gas slugs are introduced. 
 
Figure 1.7: Schematics of various droplet-based microfluidic devices. (a) T junction: a1 
regular T-junction geometry where the DP is perpendicular into CP; a2 ‘Heat on’ where the 
DP and the CP are from opposite sides; a3 ‘Active T-junction’ which has air pressure or 
temperature control over the DP; a4 and a5 double T-junction for synchronised generation of 
two types of droplets.86 (b) Co-flow geometries: b1 standard co-flow; b2 axisymmetric co-flow 
(c) Cross flow geometry87 (d) Flow-focusing geometry: d1 and d2 standard flow-focusing;88 
d3 co-axial flow focusing. 
 
Figure 1.8: (a) Concurrent/countercurrent flow focusing streams in coaxial assemblies of 
glass capillaries in generating polylactic acid (PLA) single core microdroplets and dual core 
microdroplets106 (b) Schematic representation of the synthesis of MOF crystals using a 
droplet-based microfluidic device97 (c) Droplet-based microfluidic fabrication of raspberry-
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like silica particles.99 (d) Microfluidic production of polymer Janus and polymerised biconvex 
particles in a sheath-flow channel.108 
 
Figure 1.9: Schematic diagram of microreactors as an alternative to chip-based microfluidic 
devices (a) single-phase continuous flow microreactors consist of tubes and micromixing 
junctions of different shapes. (b) droplet-based continuous flow microreactors with mixing 
zones integrated. (c) Schematic of the multi-inlet vortex mixer (MIVM) used for the 
generation of hybrid gold nanoparticle network aggregates120 (d) Schematic of the synthesis 
of nanoparticles in a droplet microreactor with heated oil-bath and in-line optical detection 
for real-time analysis.88 (e) Schematic of a microreactor with convective micromixer for the 
synthesis of CdSe nanocrystals121 (f) Schematic of the central-collision-type microreactor 
for the synthesis of zeolitic imidazolate frameworks. The fluids from syringes divided into 
multiple channels after flowing through the inlet plate and then collide at the mixing plate 
where the merged stream flows out of the reactor through a channel in the outlet plate.123  
 
Figure 1.10: (a) Schematic illustration of the centrifugal microfluidic device for molecular 
analysis of food-borne pathogen with integrated three steps of detections on DNA extraction, 
isothermal recombinase polymerase amplification and detection onto a single disc.136 (b) 
Schematic view of an spinning disc processing platform and a photograph of a 20 cm 
diameter SPD.132 (c) Cross sectional illustration of the vortex fluidic device (VFD) and its 
components. Photographs showing the film of liquid developed for different speeds for the 
confined mode of operation of the device at a tilt angle of 45o.137  
 
Figure 1.11: (a) Schematic of decorating carbon nano-onions with Pd nanoparticles using 
VFD.147 (b) Schematic illustration of the hybridisation process involving exfoliation of 
graphite flaks into multi-layer graphene sheets followed by hybridisation of these sheets with 
algal cells using VFD.151 (c) Synthesis of nanorings of single walled carbon nanotubes from 
VFD processing.145 (d) Fabrication of macroporous bovine serum albumin nanoparticles with 
controllable diameter and morphology using the VFD.138  
 
Figure 1.12: (a) Schematic of different layers that compose the microfluidic system for the 
synthesis of CDs, which stain membrane edges on HEK293 cells with no evidence for 
change on cell viability.160 (b) Schematic of the millifluidic chip used in the synthesis of CdS 
nanocrystals and the as processed sample under UV irradiation. In vitro bioimaging of 
RAW264.7 macrophage cells with the CdS nanocrystals.156 (c) Schematic of the fabrication 
of fluorescent polyethylenimine nanoparticles using VFD and the toxicology studies against 
MCF-7 breast cancer cells.163  
 
Figure 1.13: Cellular morphology of mouse L929 fibroblasts on PLGA microfibers with 30 
µm diameters.174 (b) Clustered HepG2 cells on chitosan microfibers synthesised using a co-
axial microfluidic device.175 (c) Schematic of a microfluidic synthesis of PLGA microfibers 
and the cross-sectional view; protein incorporation and L929 cell seeded on the PLGA 
fibres.57 (d) Co-culturing of HIVE-78 and HIVS-125 cells on alginate hollow fibres to emulate 
vascularised tissue.59   
 
Figure 1.14: Cell encapsulation with microbeads: (a) Microfluidic flow-focusing generation 
of homogeneously crosslinked alginate microparticles.109 (b) Ordered cell encapsulation 
through hydrodynamic interactions. Hydrodynamic interactions allow particles to self-
arrange along one side of the microchannel or into a diagonal or alternating pattern.194 (c) 
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Microfluidic generation of agarose microgels in encapsulating two types of murine embryonic 
stem cells (scale 100 µm).83 (d) A schematic of a droplet-based microfluidic device in 
generating disk-like Ca-alginate hydrogel beads for cell encapsulation and manipulation; the 
beads with encapsulated cells can be rolled using a thin needle.183  
 
Figure 1.15: (a) Schematic of the staggered herringbone micromixer with sequential regions 
of asymmetric ridges for the synthesis of PLGA nanoparticles for drug delivery. In vitro N-
Acetylcysteine (N-Ac) release profiles from N-Ac loaded PLGA nanoparticles.206 (b) 
Schematic of the addition of bFGF or PBAE/DNA nanoparticle to a PEG precursor solution 
and subsequent microsphere formation in a droplet-based microfluidic device. Fluorescein 
isothiocyanate-conjugated BSA (green) used to visualise protein encapsulation (scale bar: 
200 µm).208 (c) Synthesis of the combinatory Pt(IV) and Docetaxel loaded PLGA 
nanoparticles using a flow focusing microfluidic device.210 
 
Figure 1.16: (a) Schematic of a microfluidic chip formed by colloidal self-assembly of 310 
nm diameter silica particles entrapped in the presence of a 0.5% solution of 
photopolymerised methacrylates. SEM image of peeled PDMS plate following 
photopolymerisation.227 (b) Flowchart for the rapid assembly of the stable photonic crystals 
into glass microchip channels by evaporation induced assembly and the confocal image of 
the silica-particle-embedded PC column taken from its centre section.225 (c) Purification of 
microalgal protein using an aqueous two phase system intensified by VFD.228 
 
Figure 1.17: (a) Schematic of the core-shell hydrogel particle fabrication process while 
changing the UV intensity and the concentration of PEGDA.207 (b) Schematic representation 
of the microfluidic approaches used to prepare efavirenz (EVF)-loaded PLGA 
nanoparticles.233 (c) Droplet microfluidics and associated external gelation set-up for 
fabricating alginate microspheres with immobilised antibodies, which were immobilised on 
the porous network of the alginate microsphere during the external cross-linking process.234 

Figure 2.1 Laser-VFD fabrication of carbon dots (CDs) under continuous flow. (a) Schematic 
of the vortex fluidic device (VFD). (b) Illustration of an unstable dispersion of MWCNTs in 
aqueous H2O2 in a normal syringe. (c) Magnetic-assisted mixing in a syringe for delivering 
a uniform dispersion of MWCNTs to the base of the rapidly rotating borosilicate glass tube 
(20 mm O.D. diameter).  

Figure 2.2 Continuous flow VFD processing of MWCNTs (0.5 mg mL-1, flow rate of 0.45 mL 
min-1) under pulsed laser irradiation (1064 nm, 260 mJ) at 45° tilt and different rotational 
speeds. (a) 5000 rpm. (b) 6500 rpm. (c) 7500 rpm. (d) 8000 rpm. Samples were centrifuged 
at 1180 × g for 30 min after VFD processing and the supernatant was drop-casted on a 
silicon wafer for AFM imaging. The average dimension of as received MWCNT is O.D. × I.D. 
× L equivalent to 10 nm ± 1 nm×4.5nm±0.5nm×3–6μm.An average of ten areas were 
randomly chosen for all AFM images, with 1–2 representative images presented in this figure 
(as for all AFM images).  

Figure 2.3 Continuous flow VFD processing of MWCNTs (0.5 mg mL-1, flow rate of 0.45 mL 
min-1, 7500 rpm) at 45° tilt, under pulsed laser irradiation at different laser power. (a) 150 
mJ. (b) 260 mJ. (c) 350 mJ. (d) 450 mJ. (e) 670 mJ. Samples were centrifuged before drop-
casting on a silicon wafer for AFM imaging.  
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Figure 2.4 Continuous flow VFD processing of MWCNTs (flow rate of 0.45 mL min-1, 7500 
rpm) under pulsed laser irradiation (1064 nm, 450 mJ) at 45° tilt, with different sample 
concentrations. (a) MWCNTs at 0.5 mg mL-1 without laser-VFD (control). (b) MWCNTs 
processed at 0.5 mg mL-1. (c) 0.25 mg mL-1. (d) 0.1 mg mL-1. (e) 0.1 mg mL-1 processed 
through two cycles with laser-VFD processing. For AFM imaging, as-prepared samples were 
directly drop-casted on silicon wafers without centrifugation post VFD processing.                  

Figure 2.5 Raman mapping for CDs processed using two cycles of continuous flow VFD 
(0.1 mg m-1, flow rate of 0.45 mL min-1, 7500 rpm) under pulsed laser irradiation (1064 nm, 
450 mJ) at 45° tilt. (a) AFM images of the mapped area and corresponding zoomed-in 
images. (b) Optical image and Raman maps of the highlighted area (red square) with the 
two map images representing the D (1352 cm-1) and G (1594 cm-1) bands of graphitic 
material. (c) Three representative single spectrum correspond to the three circled spot in b. 
Scanned area was 20×20 μm2.  

Figure 2.6 CDs fabricated under optimized conditions (two cycles continuous flow, 0.1 mg 
mL-1, flow rate of 0.45 mL min-1, 7500 rpm, 450 mJ, at 45° tilt). (a) AFM image and height 
distributions based on >300 individual CDs (inset). (b) SEM image. (c) TEM, selected area 
electron diffraction pattern (inset) and HRTEM images. (d) XRD results of as received 
MWCNTs and as-processed CDs. 

Figure 2.7 (a) UV-vis spectrum of the CDs. (b) C 1s spectrum of the CDs. (c) FT-IR spectra 

of the CDs.  

Figure 2.8 (a) Contour fluorescence map for excitation and emission of the CDs (from the 
optimized condition). The black dot represents the maximal fluorescence intensity of the 
CDs, received at an excitation wavelength of 345 nm and at an emission 450 nm. (b) 
Fluorescence microscopy excited at 365 nm. (c) PL spectra of the CDs. Two emission peaks 
at constant wavelength of 435 and 466 nm were for different excitation wavelengths, from 
277 to 355 nm. (d) Fluorescence decays of CDs excited at 377 nm. (e) Decaying lifetime of 
three emissive sites.  

Figure 2.9 Schematic of laser-VFD processing for fabricating CDs from MWCNTs. The 
black dots above and below the ball-and-stick model of the CDs highlight the sample may 
contain different layers of graphene.  

Figure 3.1: (a) Laser beam irradiation of an iron rod placed inside the VFD tube with 
the device operated in the confined mode. (b) Laser beam irradiation of an iron rod 
placed inside the VFD tube with the device operated in continuous flow mode. (c) 
Cartoon of a plasma plume containing iron atoms and ions. (d) Generating iron oxide 
nanoparticle through diffusion-driven nucleation and aggregation in the presence of 
a gas and a liquid carrier.  

Figure 3.2 (a) Images showing the laser irradiation position with the iron rod placed inside 
the VFD tube spun at 7500 rpm with the 1064 nm pulsed laser operating at 20, 70, 160, 360 
and 560 mJ, from samples 1 to 5 respectively. (b) As prepared sample dispersed in 1 mL 
water; a stable colloidal suspension was obtained for 360 and 560 mJ. (c) UV-vis spectra. 
(d) Dynamic light scattering results. (e) Zeta potential data.  
 
Figure 3.3: Characterisation of the as prepared IONPs (laser power 360 mJ for the VFD 
tube rotated at 7500 rpm for 15 min. in the confined mode for 1 mL water. (a) AFM, TEM 
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and size distribution plot which represented more than 300 randomly chosen IONPs. (b) 
XRD diffraction pattern and Raman spectra. (c) FT-IR spectrum. 

Figure 3.4 (a) Size of IONPs nanoparticles generated at 360 mJ with the VFD operating in 
the confined mode containing 1 mL water, for 15 min at different rotational speeds. (b) 
Particle size estimated using XRD. (c) Raman spectra. (d) XRD of samples conducted under 
continuous flow mode at 7500 rpm, 0.1 mL/min flow rate (materials exiting and retained 
inside the tube). (e) Size estimation plot based on TEM for the two samples obtained from 
continuous flow (materials exiting and retained inside the tube). 

Figure 3.5 Representative TEM, HRTEM and SAED (marked indices are planes of 
magnetite). (a) IONPs existing the VFD operated at a rotational speed of 7500 rpm and a 
flow rate of 0.1 mL/min. (b) IONPs retained inside the tube during processing at a rotational 
speed of 7500 rpm and a flow rate of 0.1 mL/min. Both samples showed mixed shapes of 
spheres and hexagonal prisms. Both samples are single-crystals with individual crystallites 
highlighted. The FFT patterns were acquired from the HRTEM image. 

Figure 3.6 (a) Comparison of magnetic hysteresis curves of the VFD-processed samples 
(retained and collected). (b) Low-field interval of the magnetization curves of the two 
samples.  

Figure 4.1 Schematic of the vortex fluidic device (VFD) and sample preparation. (a) 
Confined mode, 45° tilt angle with heating; (b) continuous flow mode; (c) confined mode 
post VFD-processing for hPEI and PEI800. 
 
Figure 4.2 2D Fluorescence maps of VFD processed PEI at 160ºC at different flow rates, 
and corresponding samples imaged using inverted fluorescence microscopy (EVOS® FL) 
with three InvitrogenTM EVOSTM light cubes: DAPI (357/44 Ex; 447/60 Em), GFP (470/22 
Ex; 510/42 Em) and RFP (531/40 Ex; 593/40 Em) and AFM. (a) PEI800 (37 mg/mL, 8600 
rpm) 0.1 mL/min; (b) PEI800 (37 mg/mL, 8600 rpm) 0.2 mL/min; (c) hPEI (48.6 mg/mL, 8000 
rpm) 0.1 mL/min 

Figure 4.3 NMR data for nanoparticles derived from PEI800 under continuous flow, 0.2 
mL/min at 160ºC. (a) 13C NMR spectra. The peaks (a-h) were assigned according to the 
different combinations of amine nearest neighbours in the structure of PEI.[20] (b) 1H NMR 
spectra.  

Figure 4.4 (a) Optical images of non-treated MCF-7 cells, and cells treated with VFD-
processed hPEI and as-received hPEI; (b) Cell viability of MCF-7 cells treated with different 
concentrations of PEI800 and hPEI derivatives for 24 h. Data are presented as mean±SD. 
Treatment significantly different from the control at P<0.05 were presented as * and P<0.01 
as **; (c) Images of MCF-7 cells treated with VFD processed PEI800 (0.2 mL/min) under 
bright field, GFP (470/22 nm) excitation and the merged image.  
 
Figure 4.5 (a) 2D fluorescence maps for 1 mL of hPEI solution processed in a VFD at 7500 
rpm at 160°C (confined mode) for 30 min under different gas environment; (b) the proposed 
mechanism of the VFD-polymer reaction. 

Figure 4.6 2D fluorescence map of VFD processed PEI800 (37 mg/mL) at 160ºC under 
continuous flow, 0.3 mL/min, 8600 rpm. (a) PEI800 only; (b) PEI800 and citric acid (molar ratio 
1:1); (c) PEI800 and salicylic acid (molar ratio 1:1); (d) Cell viability of MCF-7cells treated with 
different concentrations of the three PEI derivatives after 24 h. 
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Figure 5.1 Schematic of (a) the standard vortex fluidic device (VFD) (20 mm O.D. 17.5 mm 
I.D., length 19.4 cm) operated under the confined mode at a tilt angle of 45° and the 
preparation of BNPs from BSA, ethanol and glutaraldehyde, and (b) a long tube VFD (O. D. 
20 mm, I.D. 17.1 mm, length 39 cm) operated under confined mode at a tilt angle of 45°.  

Figure 5.2 Fabricating BNPs using different volumes in the standard VFD (1 mL of solution) 
and a long tube VFD (>1 mL), at a tilt angle of 45°; (a) volume ratio for BSA (1 mg/mL), 
ethanol and glutaraldehyde 400 μL, 800 μL and 10 μL, respectively, (b) volume ratio for BSA 
(1 mg/mL), ethanol and glutaraldehyde, 300 μL, 900 μL and 15 μL, respectively. All 
experiments were conducted in a VFD with the glass tube rotating at 6k rpm for 1 min.  

Figure 5.3 Characterisation of BNPs using SEM, DLS, fluorescence microscopy, UV-vis and 
fluorescence spectroscopy from top to the bottom, respectively: (a) BNPs with smooth 
surface, designated as BNP-S. (b) BNPs with some pores, designated as BNP-LP. (c) BNPs 
with highly porous surfaces, designated as BNP-HP. Blue: fluorescence emission under 
excitation wavelength of 490 nm. Red: Absorption.   

Figure 5.4 Characterisation of BNPs with macropores using (a) Confocal mapping. (b) 
Emission wavelength for single macroporous BNPs highlighted in coloured circles in (a) with 
samples excited with a 532 nm wavelength laser. (c) AFM images. (d) Circular dichroism of 
as received BSA and macroporous BNP-HPs prepared using a VFD. (e) Nitrogen adsorption 
analysis of porous BNPs.  

Figure 5.5 Characterisations of macroporous BNPs prepared in a VFD using (a) FTIR, (b) 
Raman, (c) XRD, and (d) STA. 

Figure 5.6 (a) Macroporous BNPs pre- (inset) and post- loaded with RhB. (b) Entrapment 
efficiency of RhB by BNPs with different morphologies at time points of 4 h (white), 8 h (grey) 
and 24 h (black). (c) Fluorescence spectroscopy of RhB loaded macroporous BNPs. (d) 
Fluorescence microscopy of macroporous BNPs-RhB under InvitrogenTM EVOSTM light 
cubes for bright field, GFP (470/22 Ex; 510/42 Em) and RFP (531/40 Ex; 593/40 Em), 
respectively.    

Figure 5.7 (a) Characterization of BNP/CPC using SEM, revealing smooth surfaces, less 
porous surface and pocket-like morphology, from left to right. (b) Characterization of nano-
pocket BNP/CPC using fluorescence microscopy, confocal mapping and corresponding 
measurements on single particle emission after excitation at 532 nm.  

Figure 6.1 Purification of C-PC using an aqueous two phase system (ATPS) of PEG4000 
and potassium phosphate: (a) Schematic of the VFD and experimental setup for continuous 
flow mode with jet feeds at different flow rates delivering solutions to the base of the rapidly 
rotating tube. (b) Experimental setup for ATPS for confined (insets from left to right showing 
spontaneous phase separation post-VFD and post-benchtop-vortexing) and continuous flow 
modes of operation of the VFD (insets showing spontaneous phase separation post-VFD 
for the liquids exiting the VFD through the Teflon unit). (c) Left to right: PEG4000 and 
potassium phosphate (no protein) 0 s spinning and a few seconds spinning at 6550 rpm, 
spontaneous phase separation post-VFD processing, and no phase separation 
postbenchtop vortexing. (d) Purity of C-PC and APC post-VFD processing. (e) Yield of C-
PC and APC post-VFD processing. Results are shown as mean ± SD. Different uppercase 
(C-PC) and lowercase (APC) letters indicate significant differences (p < 0.05).        
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Figure 6.2 (a) Purity (A620/A280) of CPC and APC recovered by VFD-ATPS for solutions 
processed at different rotational speeds (rpm). (b) Yield of CPC and APC recovered by VFD-
ATPS for solutions processed at different rotational speeds (rpm). Different uppercase (C-
PC) and lowercase (APC) letters indicate significant differences (p < 0.05).  

Figure 6.3 (a) SDS-PAGE gel, lane 1: molecular weight markers. Lane 2: crude extract. 
Lane 3: single ATPS-VFD (1′VFD) purified (top phase). Lane 4: multiple ATPS-VFD (4 times 
or 4′VFD) purified (top phase). Lane 5: 1′VFD (bottom phase). Lane 6: 4′VFD purified 
(bottom phase). Lane 7: water control. Lane 8: commercial C-PC. A 20 μg portion of overall 
proteins was loaded in each lane. PEG4000 was removed from all samples before running 
the gel. (b) Percentage of C- PC relative to all proteins in each lane in Figure 3a. Statistical 
significance is indicated by single (p < 0.05) and double (p < 0.01) asterisks.  

Figure 6.4 Spectroscopic characterization of C-phycocyanin. (a) Absorption and 
fluorescence spectra of commercial C-PC, 4′ATPS- centrifugation, and 4′ATPS-VFD C-PC. 
UV−vis/absorbance was conducted at a total protein concentration of 0.5 mg/mL. 
Fluorescence was conducted at 12.5 μg/mL. (b) FT-IR spectrum of C-PC samples. (c) 
Circular dichroism spectra of C-PC samples (far- UV) at protein concentration of 0.2 mg/mL.  

Figure 7.1 Summary of various materials fabricated using VFD and future directions. 

Figure 7.2 (a) In situ modification of PEI with VFD (b) In situ self-assemly of PEI/DNA 
coplexes (c) Transfection of MCF-7 cell line with VFD-modified PEI (800Da)/pGFP coplexes 
compared to the ones form from non-modified PEI (800Da). MCF-7 cells were seeded onto 
96 well plate and incubated for 24 h before transfection. PEIs/pGFP coplexes at 15 and 30 
w/w ratio pre-incubated for 15 min were added and observed using inverted fluorescence 
microscope (EVOS® FL) after 24 h. The effect on DNA topology was evaluated using the 
circular, supercoiled and linearised forms of plasmid GFP (pGFP), which is 5.2 kb on 
average which is equivalent to 1.716 μm in length. 

Figure 7.3 Processing of pGFP with PEI (MW=25kDa) for 10min using (a) Benchtop vortex 
(b) VFD at 7500 rpm under confined mode. The concentration of pGFP is 11.2 μg/mL (c) 
Processing of pGFP with PEI (MW=25kDa) using VFD at 5000 rpm for 10 min under 
confined mode. The concentration of pGFP is 1.12μg/mL. The topographic line profile of two 
randomly chosen nanoparticles showing a sample height between 2 to 10 nm.  

Figure 7.4 Slicing of pGFP in the presence of PEI using VFD at 7500 rpm for 10 min.  

Figure 7.5 (a) ZIF-8 prepared by VFD under confine mode at 7500 rpm for 30 min (b) ZIF-
8 with BSA by VFD under confined mode at 7500 rpm for 30 min (c) Manipulating the 
morphology of MOF-5 at different speeds of VFD (d) SEM/EDX mapping of MOF-5 flower 
(at accelerating voltage of 10 kV). 

Figure 7.6 (a) XRD, FTIR and Raman, respectively (b) Encapsulation of C-phycocyanin with 
ZIF-8 under VFD at 7500 rpm for 20 min. The sample was excited at 532 nm with highest 
fluorescence intensity presented as the red colour located inside the core part of the 
nanostructure. 
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EXECUTIVE SUMMARY 
 

Over the last few decades, there has been a considerable interest in the area of developing 

various particulate systems with diameters varying from nanometers to micrometers for 

materials ranging from semicondutors, metals to polymers. These nano and microsized 

materials could play significant roles in many applications such as biosensors, in vivo 

imaging, cancer theranostics, in vitro diagnosis and drug delivery. In each of these fields, 

the physicochemical properties of particles can have significant influences on their 

applications and efficacy. An efficient, controllable, scalable and reproducible technique for 

the synthesis of micro-/nanoparticles with well-defined properties is ideal.  

Microfluidic technology provides an alternative strategy for the synthesis of various materials 

with precise control over size, shape and homogeneity. The focus of my PhD is to create a 

paradigm shift in nanoscience by employing a novel thin film intensified process - vortex 

fluidic device (VFD) invented in our laboratory towards well-controlled fabrication and 

manipulation of nanostructures from various raw materials such as carbon, metal, polymer 

and protein. Carbon nanodots produced using VFD have a relatively narrow size distribution, 

between 3 to 13 nm, and have high colloidal stability and are non-toxic up to 200 μg/mL. We 

have established that this process is also effective in forming superparamagnetic magnetite 

nanoparticles of spheroidal or hexagonal shapes with a narrow size distribution in a one-

step continuous flow process. The VFD could also be applied to manipulate 

polyethylenimine-based nanoparticles with tunable fluorescence, macroporous bovine 

serum albumin-based nanospheres or nanopockets and even to be used as a protein 

purification tool for crude microalgae extracts. This project outcomes present a significant 

opportunity to explore the potential application of the VFD in generating high-value 

biomedical materials in a more benign way in filling this gap of research toward many 

industrial applications.  

 

 

 
 

 
 



 

 xiv 

 
 

DECLARATION 

I certify that this thesis does not incorporate without acknowledgment any material 

previously submitted for a degree or diploma in any university; and that to the best of my 

knowledge and belief it does not contain any material previously published or written by 
another person except where due reference is made in the text. 

 

Signed.......Xuan Luo..................................... 

Date.....................November 2018................................... 

  



 

 xv 

ACKNOWLEDGEMENTS 

This PhD thesis would not have been possible without the cooperation and support of 

numerous people. Firstly, I would like to express my sincere gratitude and appreciation to 

my supervisors, Prof. Wei Zhang and Prof. Colin Raston, for their helpful guidance and 

continuous support throughout this project. Their kind support, both academically and in 

general life, helped me in all the time of research and writing of this thesis, which will long 

be remembered with respect. Sincere thanks goes to Raston lab and Flinders Institute for 

NanoScale Science and Technology (INST), who provided me an opportunity to join the 

team and gave me access to the laboratory and research facilities. Without the precious 

support, it would not be possible to conduct this research.  

I am also grateful to all of our valued collaborators from INST, including Dr. Chris Gibson 

and Dr. Jason Gascooke. All of their consistent guidance and invaluable advice contributed 

to successful and productive research. I would like to thank Dr. Kasturi Vimalanathan for the 

support, patience and her great guidance in teaching me a lot of techniques about 

nanotechnology, which accelerated the progress and success of my studies. A significant 

part of this research would not have been possible without our keen collaborators from a 

number of local and international universities, most importantly Prof. Jin Zou, Prof. Qin Li 

and Prof. Rob Lamb.  

Moreover, I am particularly grateful to members of Flinders Centre for Marine Bioproducts 

Development (CMBD) and School of Chemistry and Physical Sciences. In particular, Peng 

Su and David Vincent for their great help throughout the research; Dr. Hanna Krysinska, 

who efficiently manage and facilitate all of the work in our laboratory and department; along 

with Jane Keane, Shirley Sorokin, and Dr. Paul Smith, who all gave me kind support and 

suggestions. I am thankful to all members of our Centre and Department for their 

encouragement, friendship, and support during my studies. These contributions will not be 

forgotten. Also, I am very grateful to people who work in other departments of Flinders 

University: Dr. Tim Chataway and Nusha Chegeni Farahani from the Proteomics Facility 

assisted with the SDS-PAGE and LC-MS and Angela Binns, who managed the facility 

support within Flinders Medical Centre. Ms. Yvette DeGraaf for fluorescence microscopy.  

I acknowledge with many thanks the financial support and research funding from the 

Australian Research Council and Government of South Australia, and Australia Microscopy 



 

 xvi 

& Microanalysis Research Facility (AMMRF) and the Australian National Fabrication Facility 

(ANFF) for accessing microscopic facilities.  

Last but not least, I would like to thank my family members, especially my parents and my 

husband Xia for truly believing in me and for providing me with great support. Without their 

support and tremendous encouragement, I certainly could not have reached this far.  

 

  



 

 xvii 

DETAILS OF PUBLICATIONS 

Journal articles  

1. Luo X.; Al-Antaki A. H. M.; Alharbi T. M. D.; Hutchison W. D.; Zou Y.; Zou J.; Sheehan 

A.; Zhang W,; Raston C. L., Laser ablated vortex fluidic mediated synthesis of 

superparamagnetic magnetite nanoparticles in water under flow, ACS Omega 2018, 3 

(9), 11172-11178.    

2. Luo, X.; Al-Antaki, A. H. M.; Harvey, D. P.; Ruan, Y.; He, S.; Zhang, W.; Raston, C. L., 

Vortex fluidic mediated synthesis of macroporous bovine serum albumin-based 

microspheres. ACS Applied Materials & Interfaces 2018, 10 (32), 27224-27232. 

3. Luo, X.; Al-Antaki, A. H. M.; Vimalanathan, K.; Moffatt, J.; Zheng, K.; Zou, Y.; Zou, J.; 

Duan, X.; Lamb, R. N.; Wang, S.; Li, Q.; Zhang, W.; Raston, C. L., Laser irradiated vortex 

fluidic mediated synthesis of luminescent carbon nanodots under continuous flow. 

Reaction Chemistry & Engineering 2018, 3 (2), 164-170. 

4. Luo, X.; Al-Antaki, A. H. M.; Pye, S.; Meech, R.; Zhang, W.; Raston, C. L., High-shear-

imparted tunable fluorescence in polyethylenimines. ChemPhotoChem 2018, 2 (4), 343-
348. 

5. Luo, X.; Smith, P.; Raston, C. L.; Zhang, W., Vortex fluidic device-intensified aqueous 

two phase extraction of C-phycocyanin from Spirulina maxima. ACS Sustainable 

Chemistry & Engineering 2016, 4 (7), 3905-3911.  

6. Luo, X.; Su, P.; Zhang, W., Advances in microalgae-derived phytosterols for functional 

food and pharmaceutical applications. Marine Drugs 2015, 13 (7), 4231-4254. 

7. He, S.; Joseph, N.; Luo, X.; Raston, C., Continuous flow thin film microfluidic mediated 

nano-encapsulation of fish oil. LWT 2019, 103, 88-93.  

8. Al-Antaki, A. H. M.; Luo, X.; Duan, A.; Lamb, R. N.; Eroglu, E.; Hutchison, W.; Zou, Y. 

C.; Zou, J.; Raston, C. L., Continuous flow synthesis of phosphate binding h-

BN@magnetite hybrid material. RSC Advances 2018, DOI: 10.1039/c8ra08336c.  

9. Sitepu, E. K.; Corbin, K.; Luo, X.; Pye, S. J.; Tang, Y.; Leterme, S. C.; Heimann, K.; 

Raston, C. L.; Zhang, W., Vortex fluidic mediated direct transesterification of wet 

microalgae biomass to biodiesel. Bioresource Technology 2018, 266, 488-497.  

10. Nguyen, T. T.; Barber, A. R.; Smith, P.; Luo, X.; Zhang, W., Application and optimization 

of the highly efficient and environmentally-friendly microwave-intensified lactic acid 

demineralization of deproteinized Rock lobster shells (Jasus edwardsii) for chitin 

production. Food and Bioproducts Processing 2017, 102, 367-374. 
 



 

 xviii 

Patent  

1. Processing for controlling structure and/or properties of carbon and boron nanomaterials, 

2017.  

2. A novel process for fabricating polyethylenimine (PEI)-based fluorescent nanoparticles 

from PEI with different molecular weights, 2017.  

 

Conferences  

1. Luo, X., Zhang, W., and Raston, C., 2018 ‘High-Shear-Imparted Tunable Fluorescence 

in Polyethylenimines’, ICONN international conference, Wollongong, Australia.  

2. Luo, X., Zhang, W., and Raston, C., 2017 ‘Laser irradiated vortex fluidic mediated 

synthesis of luminescent carbon nanodots under continuous flow’, RACI Centenary 

Congress, Melbourne, Australia.   

3. Luo, X., Raston, C. and Zhang, W. 2017, 'Vortex fluidic device-mediated aqueous two 

phase extraction of C-phycocyanin from spirulina maxima', BioProcessing Network 

Conference, Adelaide, Australia. 

4. Luo, X., Vimalanathan, K., Meech, R., Raston, C. and Zhang, W. 2016, ‘Preparation of 

carbon nanotube-phycocyanin conjugate using vortex fluidic device for photo-thermal 

therapy targeting breast cancer stem cells’, NanoCentre Conference 2016, Adelaide, 

Australia.  

5. Luo, X., Raston, C., Smith, P. and Zhang, W. 2016, 'Vortex fluidic device-mediated 

aqueous two phase extraction of C-phycocyanin from spirulina maxima',1st Australia 

New Zealand Marine Biotechnology Society symposium, Adelaide, Australia. 

 



 

 
 

 
1. INTRODUCTION 

Microfluidic processing is continually evolving as a method of choice for manufacturing 

functional micro- and nano-materials with precise control over size, shapes and homogeneity. 

Significant advances have been made in the field over the last decade in developing novel 

microfluidic devices (MD) for exquisite control of material properties and functions. Until now, 

most MD-related research has focused on three major types, which are single-phase or 

laminar flow devices, segmented flow devices and droplet-based or two-phase flow devices 

with non-systematic and non-comprehensive biomedical applications incorporated. In 

addition, even though recent research starts to combine different types of microchannels in 

various ways to adapt specific synthesis requirement, issues such as system clogging and 

actual scaling up potentials exist, which need to be addressed. The first chapter is a 

systematic and critical review on the rapidly growing literatures on all different categories of 

MDs and their corresponding applications into fabricating functional materials for biomedical 

applications, including biomedicine, biosensors, imaging, diseases diagnosis, drug delivery 

and more. In addition to the conventional MDs, various next generation MDs where mixing is 

far more efficient are reviewed such as vortex fluidic device (VFD) which has been utilized 

throughout the thesis towards well-controlled fabrication and manipulation of nanostructures. 

 

This chapter will be submitted for publication.  
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1.1 Abstract 

Nano or micro-sized particles have been a research focus for several decades, and the 

advent of microfluidic technologies provides alternative advanced strategies for the synthesis 

of such materials. This review focuses on recent advances of using different microfluidic 

devices including continuous laminar flow, segmented flow, droplet-based and other 

microreactors for the synthesis of nano or micro-sized particles with specific properties for 

biomedical applications. Different categories of particles fabricated in microfluidic devices are 

summarised to highlight wide applications of these processing platforms in the development 

of novel functional materials. 

1.2 Introduction  

In the last 20 years, many groups have employed microfluidic systems to fabricate particles 

with diameters from nanometers to micrometers, and materials ranging from semicondutors, 

metals to polymers. This interest is growing because of potential roles of such materials in 

many biomedical applications including biomedicine, biosensors, imaging, cancer 

theranostics and drug delivery.1 In each of these fields, the physicochemical properties of the 

particles can be systematically exploited to optimize their efficacy in terms of dispersity, 

stability, compatibility and fluorescent behavior.1 Materials prepared using conventional 

techniques can be grouped into two main categories, top-down and bottom-up approaches. 

The top-down approach involves mechanical breakdown of large-sized materials into 

micrometer or nanometer-sized particles using a variety of techniques such as sonication, 
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ball milling, plasma, homogenization and pyrolysis.2 The bottom-up approach involves the 

condensation of atoms, monomers or molecular components to assemble particles by 

polymerization, sol-gel reaction, micro-emulsion, co-precipitation, laser vaporization, and 

metal evaporation. However, materials prepared from these conventional techniques can 

agglomerate and become oxidized, and the processing itself can suffer from limited control 

of the mixing, nucleation and growth in scaling up the syntheses. Indeed, multiple purification 

steps might be required3 for optimal homogeneity and reproducibility of the final products.4,5 

Furthermore, fast screening and optimization of the fabrication in conventional batch 

processing is difficult. There is also a need for alternative synthetic approaches to obtain 

stable monodisperse nanoparticles (NPs) with more controlled fluid transport and reaction, 
and with defined morphology.    

 

Over the last few decades, microfluidic systems have attracted much attention due to 

their ability to allow precise and effective control of reaction conditions (such as mixing 

and temperature) and fluid transport (such as flow rate and residence time), resulting 

in precise growth control while minimizing the formation of by-products,6 even in scale-

up processes.7,8 Other advantages of microfluidic systems include simplicity and 

flexibility in multi-step reaction processing. Microfluidic devices are designed to 

manipulate fluids in microchannels or microreactors with dimensions of tens to 

hundreds of micrometers.1,9 The miniaturization ensures homogeneous reaction 

environment and efficient heat and mass transfer associated with the large surface-

to-volume ratio, and controlled kinetic parameters within a continuous flow 

regime.10,7,11 More importantly, reduction in the consumption of chemicals, particularly 

with toxic, flammable and potentially explosive properties, guarantees a safer 

operation with special emphasis on environmental friendliness and green chemistry 

metrics.12 These microfluidic devices provide fine control of operation during 

automating multiple syntheses which allows for fast screening and optimization of the 

parameters for multi-step synthesis parameters.13 The aforementioned advantages 

could potentially overcome the limitations associated with most conventional batch 

processes.14 Advanced chemical fabrication has been successfully developed using 

these devices, including in generating metal, semiconductor, inorganic or polymeric 

and bio-materials,10 with different morphologies characteristics, as in nanotubes, 
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nanowires, nanoparticles, core-shell particles, quantum dots, microcapsules and 
composites (Figure 1.1). 

 

 

Figure 1.1 Fabrication of nanoparticles using microfluidic devices and their biomedical 
applications.  
 

Microfluidic devices have already been intensively reviewed in the area of single-step 

reactions, materials synthesis, multi-step reactions, organic materials such as 

liposome, hydrogels and polymer-based analogues.15,10,13 Even though micro- or 

nano-particles have been synthesized through various microfluidic devices, the 

application of these materials in biomedical applications needs to be further explored. 

From more than 250 literatures we have been reviewed on fabrication using 

microfluidic devices, few of them investigated the application in the area of biomedical 

research. In this review, we contribute to the field in a distinct way, primarily focusing 

on the research and development of different types of microfluidic devices and 

biomedical applications of the fabricated nano or micro-sized particles. The review 

illustrates the versatility of such devices for use in emerging areas of biological 

engineering, biomedical studies, and diagnostics. The high particle quality required in 
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biomedical applications can supersede the need for large quantities, and the quality 

standards required for particle synthesis and devices are consequently also raised. 

We do not discuss the fluid mechanics of liquids nor the fabrication of multiple 

immiscible phases to form micelles, emulsions, or droplets which have been discussed 

elsewhere.16,17 In the first section, an overview of current established microfluidic 

reactors is provided along with the flow synthesis of various kinds of particles, 

including metallic and polymeric particles, quantum dots (QDs), silica based 

nanoparticles, and hybrid composites. The specific applications of the fabricated 
particles in biomedical applications are also discussed. 

 

1.3 Classification of microfluidic synthesis systems 

Microfluidic flow synthesis can be divided into chip based and tubular systems, which can be 

further classified into nanofluidic, microfluidic and milifluidic systems.7 Based on the flow type, 

there are three main categories: (i) continuous laminar or single phase flow devices, (ii) 

segmented or multiphase based flow devices and (iii) droplet-based flow devices.10,1 Three 

main microfluidic devices work under different principles with advantages and disadvantages, 

and the choice of a device depends on the processing requirements and the nature of the 
product.  

 

Microfluidic devices are constructed using various materials, depending on the application.10 

Polymer, silicon, glass, stainless steel, metal, plastic18 have all been used to fabricate 

microfluidic devices;1 those made of silicon or glass are advantageous because they can 

tolerate a broader range of application conditions and have the advantages of low cost.19 

Typically syringe pumps or microfabricated pumps were employed to drive and to control the 

fluid flow in the microchannels. Reagent solutions are manipulated inside microfluidic devices 

by either active or passive control.20 Active control involves applying external forces including 

electric field, magnetic field, optical force, and heat to control the flow movement in 

microchannels, which provides more flexibility of the flow pattern. Passive control has the 

movement of the fluid simply controlled by the channel geometries and or liquid flow rates, 
which prevents the system complexity and biodegradation arising from the external forces.   
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1.3.1 Single-phase or laminar flow devices operating under continuous 
flow 

Continuous laminar flow based microfluidic devices are easy to design, manipulate and scale-

up, with improved production of uniform nanoparticles.1,21 Most reports of nanoparticle 

synthesis in microfluidic devices have discussed a diffusion-based laminar flow synthesis in 

which continuous streams of fluids flow through microchannels where nucleation and growth 

of the particles take place.2 Multiple fluid flows of different compositions and concentrations 

are pumped into the microfluidic systems through microchannel inlets (Figure 1.2a). In these 

laminar flow-dominant microfluidic devices, mixing is a key process to control for optimisation 

of the products. A serpentine micromixer can be employed to enhance the length of the 

channel, which has been employed for the synthesis of Au nanoparticles in a ceramic 

microfluidic system.22 Raw materials can be loaded together, and then flow through a single 

coiled capillary reactor23,24,25 (Figure 1.2c) or separately loaded with the flowing liquids mixed 

using a y-shaped microfluidic device26,27 (Figure 1.2b). The former set-up is easier to use in 

making silver,28,29 gold,30 and Au-Ag bimetallic31 nanoparticles with minimal risk of particle 

attachment and channel clogging. However, it lacks operational flexibility (such as the ratio 

of premixed reagents) which is required for complex processing.26 The latter set-up simplifies 

the operational process by installing multiple inputs and is commonly used in chip-based 

microfluidic systems,32 which can be two-in/one-out Y shaped.33,34 Here the precursors are 

delivered into separate flows and combined in the mixing chamber or miniature convective 

mixer35,36,37,38,27 before they reach the heated reaction section. The presence of mixing was 

necessary to prevent the formation of clusters over a long period of reaction.35 Such devices 

have been used to fabricate cysteine-capped CdS QDs.34 Laminar flow-based multiple phase 

co-axial flow-based systems (Figure 1.2d) are widely used in fabricating microfibers for 

various materials. Poly(dimethylsiloxane) PDMS-based co-axial flow microfluidic devices 

contain a capillary glass pipette and the sheath and sample flow enables the control of 

continuous synthesis of microfibers, without clogging.39 The utility of this approach in tissue 

engineering application was demonstrated by encapsulating cells and proteins within 

microfibers, which is discussed further in later sections. Fluid streams flowing in the opposite 

directions can be combined into laminar flow with sharp and well-defined interfaces.16 Single 

phase microfluidic synthesis occurs either in a single-liquid phase or in a multiple-miscible-

liquid phase. The reaction is generally preceded by a mixing step that rapidly and uniformly 

distributes the reactant molecules within the microchannel cross section.    
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Figure 1.2: Schematic of continuous laminar flow-based synthesis using (a) a single capillary, 
(b) a single capillary, immersed in a heated oil-bath, (c) a y-shaped microfluidic device or 
continuous co-flow microfluidic device made out of coaxially aligned borosilicate glass 
capillaries, and (d) a co-axial flow-based system.  
 
Continuous laminar flow microreactors have been widely applied in nanoparticle synthesis, 

including in fabricating CdSe and CdSe@ZnS core-shell particles.24,38 Due to the laminar flow 

of the reaction solution, the system is relatively static, therefore, the mass transfer is not fast 

and efficient enough such that the particles can grow continuously as in the batch reaction 

systems. Various strategies have been developed to tackle this problem. Yang et al.36 

improved heat and mass transfer and the size uniformity by using a two-temperature 

approach - high temperature to burst nucleation and low temperature to promote growth. 

Other than convective micromixers, pneurmatic micromixer40 are also integrated in different 

microfluidic devices for improved mixing. In addition, microfluidic devices offer a better 

approach for surface functionalisation. A surface-capping layer of ZnS or CdS nanoparticles 

increases the quantum yield (QY) of CdSe QDs,41 and a one-step integrated thermoplastic-

based microfluidic device with multiple geometric microchannels has been used for in situ 

synthesis of ZnSe/ZnS core/shell QDs (Figure 1.3c).18 For precise fabrication, each section 

of microchannels have specific roles, (1) mixing of precursor, (2) formation of ZnSe core and 

(3) coating ZnSe cores with ZnS shells. In addition to in situ functionalisation, some studies 

also report on the precise control of the layer thickness by direct adjustment of the residence 

time. Varying the residence time can lead to ZnS-layer thickness within 1 nm, which results 
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in high fluorescence QY of above 50%.24 With precisely controlled residence time, Luan et 

al.38 utilised a triple-ligand system (trioctylphosphine oxide-oleic acid-oleylamine) to 

synthesise small sized CdSe@ZnS core-shell structures with QY up to 70% relative to 

commonly reported ca. 10%. Laminar flow-based microfluidic devices are also widely used 

for size and morphology manipulation. Increasing the reaction temperature from 150 to 300oC 

offers the control of the shape of CdSe particles, as angular, tripodia, irregular polygon, and 

spheres, all having unique spectroscopic properties.42 For improved emitting property 

qualities, shape and size controls, most recent research focuses on integrating 

microchannels with different geometries, involving Y-channels, serpentine channels and 

capillary microchannels.43,44 Even though many studies have realised the continuous 

synthesis of CdSe QDs at atmospheric pressure, one difficulty of these procedures is the 

requirement of solvents that can both dissolve the precursors at ambient conditions and also 

remain liquid over the entire operating temperature range (25-350oC).45 Marre et al.45 

incorporated supercritical continuous high-pressure (at 5 MPa) and high-temperature 

microflow for the synthesis of CdSe QDs (Figure 3a). The supercritical phase of hexane at 

270oC overcomes some limitations (high-boiling-point, high viscosity and low diffusion), 

leading to higher super-saturation and narrowing the size distribution of the QDs, with 

improved reproducibility. In recent few years, research on fabricating semiconducting QDs 

has focused more on the development of synthesis methods adopting the principles of green 

chemistry, on-line monitoring and industrial production. Yang et al. integrated a laminar flow 

microfluidic device with a femtosecond laser ablation process,46,47 for the pH-dependent 

synthesis of polyethyleimine coated ZnSe QDs micelles (40-80 nm) (Figure 1.3d). 

Femtosecond laser ablation in liquid has attracted considerable attention since it exhibited 

great potential in ‘green’ synthesis of nanomaterials.47 Toyota et al.48 and Swain et al.49 have 

developed combinatorial systems using parallel multiple-microreactors with online 

photospectrometer and computer controlled programmable pumps for rapid CdSe NP 

synthesis (Figure 1.3b), for higher reproducibility of kinetic control with improved automatic 

production for industrial scale up. The average time for one reaction, from sample preparation 
to obtaining the PL spectra, is only 10 min.49 
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Figure 1.3: (a) High-pressure and high temperature microflow synthesis of CdSe QDs.45 (b) 
Combinatorial synthesis of CdSe nanocrystals for industrial up scaling.48 (c) Schematic 
illustration of ZnSe/ZnS core/shell nanoparticles involving three major sections for mixing the 
precursors, formation of the ZnSe core particles and coating with ZnS.18 (d) Schematic 
diagram for the synthesis of ZnSe QD micelles.47  
 

Apart from semiconducting nanoparticles, laminar continuous flow-based systems have also 

been used to fabricate Ag,2,50,51 palladium,52 Au,53,54 Fe,55,56 and polymeric particles.57,58,59 

Carboni et al.2 controlled the synthesis of Ag nanoprisms using NaBH4 (reducing agent), 

AgNO3, trisodium citrate dehydrate (capping agent) and H2O2 (oxidising agent), using a flow 

focusing microreactor, demonstrating for the first time that the optical properties of triangular 

shaped silver nanoprisms can be tuned in a microreactor without a seed mediated approach 

(Figure 1.4a). A more recent study by Wang et al.60 demonstrated the morphology-controlled 

synthesis of silver nanoparticles (bundles of belts, twisted fibers, clusters, and microspheres) 

decorated poly(o-phenylenediamine) by simply adjusting the shear rates. As mentioned 

above, laminar flow-based multiple phase co-axial flow-based systems are widely used in 

fabricating microfibers. Hwang et al.57 used a phase inversion process to precipitate a stream 
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of poly(lactic-co-glycolic acid) PLGA within a microfluidic system for the generation of 3D 

tissue engineering scaffolds. By adjusting the flow rate of the core solution (PLGA) and 

sheath solution (glycerol), microfibers were formed with diameters ranging from 20 to 230 

µm. Recently, various biopolymers have been extensively studied using this approach 

because of their excellent biocompatibility and low toxicity in biomedical applications. For 

example, human hepatocellular carcinoma cell-laden chitosan-alginate fibres were produced 

using a coaxial flow microfluidic chip, affording higher cell viability and better adhesion 

efficiency (Figure 1.4b).61 Apart from nanoprecipitation, particle morphology can also be 

locked-in via UV-initiated photo-polymerisation.58 Lewis et al.62 demonstrated the fabrication 

of hybrid microparticles composed of functionalised tobacco mosaic virus directly embedded 

in polymeric hydrogels (Figure 1.4d). Microchannels ensure a uniform distribution of UV 

energy which significantly improves the UV polymerisation efficiency, affording precisely 

structured hybrid microparticle (~50 µm diameter). The manipulation of the morphology of 

microfibers can be achieved in a variety of ways, such as in in situ formation of CO2 bubbles, 

which results in asymmetrically porous polyurethane microfibers or Janus microfibres.63 

Another way to prepare well-defined nanoparticles is through multistep reactions by 

integrating multiple microfluidic channels, such as demonstrated by Shiba et al. in the 

fabrication of hierarchical hybrid silica/titania-based nanoparticles (Figure 1.4c).64 This four-

stage reaction (titania nucleation, aggregation, silica encapsulation and growth) ensures 

titania nuclei are pre-formed and utilised as seeds before the sol-gel reaction can occur. The 

functionalised nanoparticles can be coated onto the surface of a quartz crystal microbalance 

electrode, showing five times enhanced sensitivity to water vapour compared to a commonly 
used polymer, PVP. 
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Figure 1.4: (a) Schematic of a flow focusing device with co-flowing streams for generating 
silver nanoprism.2 (b) Schematic of a co-axial flow microfluidic device for generating chitosan-
alginate microfibres.61 (c) Synthesis of silica-titania hybrid using multistep laminar continuous 
flow microfluidics.64 (d) Fabrication of microparticles containing fluorescently labelled TMV or 
palladium-TMV complex using a microfluidic flow-focusing device.62 
 

1.3.2 Segmented flow devices      

In single-phase laminar flow, diffusion is the only means of mixing. The inherent problems 

associated with continuous laminar flow microreactors can be solved to a certain extent using 

segmented flow microreactors.14 Here, in a typical design, multiple reagents in liquid phases 

are introduced into the microchannel through inlets (Figure 1.5). There are two main types of 

segmented flow microfluidics, liquid-liquid or gas-liquid, which are differentiated on the basis 

of where the reaction takes place. For liquid-liquid segmented flow, discrete liquid droplets 

are encapsulated at the nanoliter scale by an immiscible and inert carrier fluid which wets the 

surface of the microchannels and segments the flow with regular spacing of moving interfaces 

(Figure 1.5a).65 The term ‘plug’ is used for the droplet from the dispersed phase in which the 
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reactions occur.7 In these diffusion-determined mixing systems, particles near the wall spend 

more time in the reactor than those in the center which results in broad residence time 

distribution (RTD).19 Other challenges include difficulties in subsequent addition of reagents 

into discrete droplets66 and withdrawing of small aliquots without disturbing the system flow.19 

A gas-liquid segmented microfluidic reactor has a compartmentalized liquid ‘slug’ separated 

by discrete gas bubbles (Figure 1.5b), being useful for confining reactions in liquid segments.7 

In these systems, internal circulation within discrete liquid slugs brings material from the wall 

to the centre of the microchannel, which facilitates convective mixing and efficient mass and 

heat transfer with narrow RTDs and narrow size distributions.67 More importantly, inert (N2), 

oxidizing (O2) or reducing (CO, H2) gases can be introduced, depending on the reaction, 

leading to different morphologies and crystalline structures in high yield and high 

reproducibly.68 Additionally, it is possible to inject additional reactants or withdraw reaction 

aliquots in a continuous and controllable manner. However, the reaction takes place within 

the liquid slugs that form the continuous phase in which reagents are exposed to the surface 

of microchannels. This can result in cross-contamination in the reaction.69 These problems 

can be avoided to some extent by increasing the hydrophobicity of the microchannel walls.70 

Extra mixing sections can be added depending on reaction requirements, for example 

winding channels,1 which help the mixing process on a sub-millisecond time scale associated 
with chaotic advection.71 

 

 
Figure 1.5: Segmented flow in microfluidic channels: (a) Discrete liquid plugs encapsulated 
by an immiscible continuous phase, and (b) liquid slugs with the continuous phase separated 
by immiscible discrete gas bubbles.7  
 

Variations on flow and shear stress generated by segmented flow systems can lead to 

significant changes on morphology and crystallinities of the material. These changes can be 

unique relative to those formed by conventional bulk methods or processing conducted under 
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single phase laminar flow devices. For example, the crystallinities, dimensions and 

morphologies of polycaprolactone-block-poly(ethylene oxide) (PCL-b-PEO) nanoparticles 

change with flow rate in a segmented microfluidic device, but is not observed in a single 

phase laminar microfluidic device (Figure 1.6a).72 In general, segmented flow microfluidics 

have been used for the synthesis of a variety of monodispersed nanoparticles including 

semiconducting QDs,19 metal nanocrystals (Pt,73 Fe,68 Au,74 Ag,75) and their composites76 

polymer nanoparticles77,72 and metal organic frameworks (MOFs).78,79 When performing the 

synthesis in liquid-liquid segmented microfluidics, Arndt et al.75 accelerated the rate of 

formation of Ag nanoparticles by a factor of four (30-150 s) compared to batch processing, 

with diameters ranging from 7 to 120 nm. Clogging of the system can be effectively prevented 

by using ethylene glycol and hexadecane biphasic segmented system relative to ethylene 

glycol as a single phase. The continuous synthesis of CdSe QDs at ambient pressure is 

usually reported using single-phase laminar flow microreactors.23 However, a requirement of 

such processing is covering the operating temperature form 25oC to 350oC which significantly 

limits the choice of solvents, ligands, and precursors that are compatible with continuous flow 

systems. Furthermore, the solvents that are available typically have high viscous, leading to 

slow mixing and broad RTD,45 and as a consequence, broad QD-size distributions. Gas-liquid 

flow is preferable for performing reactions at elevated temperatures, as most solvents 

experience increased miscibility with increasing temperature.67 The application of gas-liquid 

segmented flow for the continuous synthesis of narrow size distribution CdSe QDs has been 

developed by Yen et al.67 Here, a silicon-based microreactor was operated with multiple 

temperature zones (>260oC, <70oC), with enhanced mixing and narrow RTD characteristics 

of the particles, resulting in significant improvement in reaction yield, size distribution and 

shorter reaction timescale, in contrast to single-phase devices. Apart from thermal energy 

input, reactions conducted in gas-liquid segmented flow systems can be facilitated by 

introducing microwave irradiation. Albuquerque et al.78 synthesized MOF-74(Ni) in a 

continuous flow microwave-assisted reactor under mild conditions of pressure (~2.5 bar), 

resulting in high yield, at ~90 g h-1 L-1 with 96.5% conversion of reagents (Figure 6c). High 

yields can be achieved in minutes, as opposed to days for traditional batch synthesis, with 

excellent control over the properties and crystallinity of the material. Ultrafast crystallization 

was also reported by Paseta et al.79 on fabricating dicarboxylate based MIL-88B type MOFs. 

The size of the particles can be controlled in the 90 to 900 nm diameter range with relatively 

narrow crystal size distributions, residence times as short as 20 s, depending on the MOF 

type and processing conditions. Depending on the reaction, the choice of gas slugs can affect 
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the properties of final product. For example, by varying the composition of the gas segments 

(H2, N2, O2 or CO), the crystalline phase (magnetite, feroxyhite, goethite), size and shapes 

(octahedral, nanoflake, platelet, nanosheets, nanobars) of the resulting iron oxide 

nanoparticles can be accurately tuned.68 Sebastian et al.73 fabricated Pt nanocubes, Pd 

nanorods and Pd trigonal and hexagonal nanosheets, using the same gas-liquid segmented 

microfluidic device, with a change of gas between N2, O2, CO leading to a change of 

morphology (Figure 1.6b). Even though segmented flow microfluidic devices demonstrate 

better mixing than single phase laminar flow, mixing might still be insufficient for certain 

reactions, necessitating the use of other mechanical energy such as a ultrasonic bath68 
(Figure 1.6d). 

 

  
Figure 1.6: (a) Schematic of single phase laminar flow and two phase segmented flow 
synthesis of PCL-b-PEO polymeric nanoparticles72 (b) Schematic of the gas-liquid 
segmented flow and internal circulation and the summary of nanomaterials obtained under 
different gas environment.73 (c) Schematic of the segmented continuous flow microwave-
assisted synthetic reactor for fabricating MOF-74(Ni).78 (d) Schematic of the gas-liquid 
segmented microfluidic device to produce magnetic nanoparticles.68 The mixing stage is 
irradiated by ultrasound waves, and the reaction stage is where the gas slugs are introduced. 
 

1.3.3 Droplet-based flow microfluidic systems (two-phase flow devices) 
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Single-phase microfluidic devices are restricted to slow diffusive reagent mixing, parabolic 

velocity profiles and broad RTDs, which are detrimental to generating a narrow particle size 

distribution.67,14,80 As mentioned above, conducting reactions at elevated temperatures in 

such devices can address some reproducibility issues.81 Segmented flow microreactors 

suffer from physical contact of the reagents and the side microchannels, which can lead to 

cross-contamination of the product.1,14 These limitations are addressed in droplet-based 

microfluidic systems, where there is improved mixing efficiency and better control over the 

concentration of reagents, which is difficult in laminar flow-dominant microfluidic devices.65 

The majority of microfluidic methods produce droplet diameters ranging from a few 

micrometers to hundreds of micrometers in a uniform, evenly spaced, continuous stream with 

the volume ranging from femtolitres to nanolitres.82 Droplet-based microreactors are one type 

of multiphase flow microreactor. Figure 1.7 summarises the typical droplet break up events 

in the generic droplet-based microfluidic geometries, including T-junction, cross-flowing,83 co-

flowing and flow focusing devices.82 T-junction microfluidic devices were first developed by 

Thorsen et al.84 in generating reverse micelles varying from monodispersed droplets to 

helices and ribbons. A T-junction has relatively simple geometries, with the size of the droplet 

depending on the width of the channel and flow rate.85 In general, dispersions of the fluid 

phase (DP) involves injection into a microchannel using a pressure-driven flow (Figure 1.7a). 

A second immiscible liquid (CP) is driven into a separate microchannel using an 

independently controlled flow. The two streams meet at a junction, at which the DP extends 

to form a ‘finger’ or ‘jet’. The geometry of the junction and the shear forces from the cross 

flow determine the local flow field, which deforms and breaks up the interface. In ‘co-flowing’ 

geometry, both CP and DP streams flow together with the CP surrounding the DP, which 

decays into droplets via Rayleigh-Plateau instability.86 In ‘flow focusing’ geometry, the 

streams of DP flow in the central channel which is symmetrically pinched by the CP in the 

outside channels. These are normally focused through a small orifice, which leads to viscous 

stress action and finally pinch-off of the droplets. CP can be pumped into the device in the 

same, perpendicular, angled or opposite directions of the DPs (Figure 1.7d).87 The cross flow 

capillary device was developed for delivering DP perpendicular to the tube through which the 

CP flows (Figure 1.7c),87 with the droplet generated through interfacial polymerisation. The 

demand on the fabrication and operation of co-flow and flow-focusing devices are higher 

compared with T-junction geometry, having more complex channel geometries and more 

fluidic inlets. In addition, flow-focusing geometries allow variation in the effective geometry by 
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adjusting the flow rates of the dispersed and continuous phases, thereby offering flexibility in 
the droplets size.  

 

 

                            
Figure 1.7: Schematics of various droplet-based microfluidic devices. (a) T junction: a1 
regular T-junction geometry where the DP is perpendicular into CP; a2 ‘Heat on’ where the 
DP and the CP are from opposite sides; a3 ‘Active T-junction’ which has air pressure or 
temperature control over the DP; a4 and a5 double T-junction for synchronised generation of 
two types of droplets.86 (b) Co-flow geometries: b1 standard co-flow; b2 axisymmetric co-flow 
(c) Cross flow geometry87 (d) Flow-focusing geometry: d1 and d2 standard flow-focusing;88 d3 
co-axial flow focusing. 
 
Flow-focusing89 and T-junctions66 geometries were developed to synthesize semiconductor 

nanoparticles in droplets and while both methods require sophisticated flow rate control to 

generate different sized droplets, some T-junctions require a separation stream to prevent 

mixing of reactants before droplet formation. Combining several geometries, such as 

integrating a flow-focusing microchannel with T-junction, has also been reported for more 
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complicated reactions, in forming composite materials. For example, size-controllable QD-

doped hydrogel microparticles were constructed by shearing sodium alginate solution into 

microdroplets and in situ gelating these droplets into a hydrogel matrix to encapsulate 

CdSe/ZnS QDs.90 The application of these QD-encoded microparticles demonstrated the 

potential practicability in multiplexed biomolecular detection. Thus far, a diversity of other 

nanoparticles have been prepared using droplet-based microreactors, including 

polymers,91,92,93 metal nanocrystals (Pd,94 Fe,95 Ag,96 Au4), MOFs,97,98 and silica.99 Reactions 

occur in the micro-droplet and can be used for epitaxial growth of particles with different 

shapes, including branched gold nanostars.4 Similar to gas-liquid segmented flow, the 

capability of shape control conducted in droplet-based microreactors can also arise from the 

restrictions imposed by the carrier phase. Using air as the carrier phase for the droplets, 

nano-sized Ag cubes and octahedra with controlled sizes can be continuously generated 

using droplet microreactors.96 In addition to forming metallic nanoparticles, these devices 

also apply to manipulating the morphology of silica particles. Zhao et al.99 synthesised 

monodispersed hierarchical silica microparticles with raspberry-like surface morphology, 

from uniform droplets of a mixture of two solutions of a silica sol and NaHCO3 aqueous 

solution (Figure 1.8c). This process is in a T-junction microchannel and the surface 

morphology can be easily controlled by adjusting the reaction between HCl and NaHCO3. 

Other morphologies of silica-based particles are accessible using this type of device, 

including spheres,100 rod-like,101 doughnut-shaped,102 mesoporous, core-shell and 

hollowed.103 The use of microdroplets rather than single-phase continuous flow avoids a 

critical issue of channel clogging in presence of solid particles such as MOF. HKUST-1, MOF-

5, IRMOF-3, UiO-66, Ru3BTC2 and their composites were efficiently synthesised via 

solvothermal reactions with substantially faster kinetics relative to conventional batch 

processing (Figure 1.8b).97 Moreover, adjusting the hydrophobicity of the microchannels, and 

the number of coaxially aligned transition capillaries,104 allows access to droplet or droplet 

inside another droplet (Figure 1.8a). The complex systems with dispersed droplets containing 

smaller droplets inside find use in drug delivery, foods, cosmetics and autonomic self-healing 

materials. A wide range of polymer particles have been synthesised using this system, as 

solid,105 crescent106 and hollow107 shaped particles. Anisotropic particles have potential as 

imaging probes for therapy and drug carrier. Monodispersed toroidal particles have been 

prepared by solidification of droplets of different polymer solutions in a microchannel.93 More 

recently, the device has been applied in mass-production nanoliter-sized biphasic Janus 

droplets, which consist of a  biconvex segment of a photocurable monomer and a concave-
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convex segment of a non-curable silicone oil containing a surfactant (Figure 1.8d).108 The 

prepared biconvex lenses, depending on the processing conditions, exhibited different 

focusing capability with potential application in miniature optical devices. Droplet-based 

processing simplifies a lot of reactions that cannot be easily achieved using other types of 

microfluidic devices, especially in the context of material processing in tissue engineering 

areas. Using alginate microgels, for example, the droplet formation and the gelation reaction 

must be separated. Here Ca2+ ions are delivered to the alginate without inducing unintended 

gelation or clogging prior to droplet formation.109 Droplet-based microreactors require 

consideration of the geometric design for the generation of droplets, to facilitate scale-up of 

the process.14 Several strategies have been developed to increase droplet productions rates, 
including parallelised droplet production combining up to 96110 or 128111 co-flow geometries. 
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Figure 1.8: (a) Concurrent/countercurrent flow focusing streams in coaxial assemblies of 
glass capillaries in generating polylactic acid (PLA) single core microdroplets and dual core 
microdroplets106 (b) Schematic representation of the synthesis of MOF crystals using a 
droplet-based microfluidic device97 (c) Droplet-based microfluidic fabrication of raspberry-like 
silica particles.99 (d) Microfluidic production of polymer Janus and polymerised biconvex 
particles in a sheath-flow channel.108 

 

1.3.4 Microfluidic-based microreactors 

Research on the synthesis of a diversity of micro and nanomaterials in different chip-based 

microfluidic devices have highlighted the potential of these technologies in the area of 
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material processing. However, there are still some problems and challenges, including 

constant system clogging, fouling, insufficient premixing and scaling up. The next generation 

of devices or microreactors are likely to be specific application-directed and will further 

develop towards more integrated, automated, modular, and multistage microsystems, 
incorporating real time, andin time processing.  

 

1.3.4.1 Tubular microreactors  

Micro-scale reactors or tubular microreactors as an alternative to single phase chip-based 

microfluidic devices consist of mixcromixers, capillaries or tubes  and junctions and have 

been used in the synthesis of various nanomaterials, including SiO2,112,113 quantum dots,114 

CDs,115 polymer nanoparticles,116 MOF117 and metallic nanoparticles.118 Small tubings 

(diameter 0.2-1.5 mm) applied in these microreactors results in large surface area-to-volume 

ratios and also affords a precise control of reaction temperature, residence time and 

generation of nanoparticles with narrow size distribution as in chip-based systems.112 One 

desirable characteristics is their inherent continuous nature and the high potential of scaling 

up because of tolerating large flow rate differentials.88 However, the microfabrication 

techniques required to build or weld such systems are normally expensive and complicated. 

The stacking of multiple microreactors or modification of a finished microreactor are not 

always straight forward and economically viable.112 To solve this issue, research investigated 

into connecting commercially available ethylene tetrafluoroethylene (ETFE) tubes, and 

polyether ether ketone (PEEK) connectors for micromixing, which significantly minimises the 

microfabrication process and increases the replaceability (Figure 1.9a).113  Tubings could be 

easily cutted or extended to desirable length to adapt the residence time based on the 

reaction. Depending on the reaction, other common materials for tubings and connectors are 

stainless steel, polytetraluoroethylene (PTFE), polydimethylsiloxane (PDMS)115 and 

silicone.118,88 Different from chip-based devices where the reaction is mostly limited by the 

diffusion control, the set-up flexibility of tubular microreactors allows to include turbulent 

conditions into the system for a highly efficient micromixing that leads to high supersaturation 

and kinetically controlled aggregation of hydrophobic compounds.119 Mejia-Ariza et al.120 

used a multi-inlet vortex mixer (MIVM) to form supramolecular gold aggregates, which 

demonstrated a robust and scable process with high loading capacity relative to laminar flow 

microfluidic devices (Figure 1.9c). Other type of micromixers reported in tubular microreactors 
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include convective mixer (Figure 1.9e),121 slit interdigital micromixer,112 central-collision-type 

micromixer or K-M mixer (Figure 1.9f).122,123 All these micromixers share a similar ultimate 

goal of breaking the fluid flow, shorten the diffusion distance and therefore achiving a better 

mixing performance. For example, the mixing time of the central-collision-type microreactor 

at a flow rate of 10 mL/min is 0.3 ms, which is 100-1000 times shorter than a Y-shaped mixer 

with a millimetre-scale channel.123 Compared to the one-phase continuous flow synthesis, 

droplet microreactors effectively eliminates the spread of reagents along the flow tubings, 

which is similar to chip-based droplet microfluidic devices (Figure 1.9b). Mixing zones as an 

alternative to micromixing connectors are designed to introduce chaotic advection and 

recirculation of reagents in order to enhance mixing on droplet basis.124 Mixing zones could 

be driven by pressure, electrical, magnetic or thermal fields and have been designed into 

various shapes and dimensions, which were reviewed by Cai et al.125 Tubular microreactors 

with micromixer or mixing zones have been applied to synthesize various nanomaterials and 

have the potential to surpass the mixing performance relative to chip-based devices. They 

exhibit stable flow pattern over many hours of operation without fouling even for reactions 

involving solid intermediates.88 The flexibility of tubing adjustment allows a better thermally 

activated processes where particle formation only begins when the main capillary passes into 
a heated oil-bath (Figure 1.9d).  
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Figure 1.9: Schematic diagram of microreactors as an alternative to chip-based microfluidic 
devices (a) single-phase continuous flow microreactors consist of tubes and micromixing 
junctions of different shapes. (b) droplet-based continuous flow microreactors with mixing 
zones integrated. (c) Schematic of the multi-inlet vortex mixer (MIVM) used for the generation 
of hybrid gold nanoparticle network aggregates120 (d) Schematic of the synthesis of 
nanoparticles in a droplet microreactor with heated oil-bath and in-line optical detection for 
real-time analysis.88 (e) Schematic of a microreactor with convective micromixer for the 
synthesis of CdSe nanocrystals121 (f) Schematic of the central-collision-type microreactor for 
the synthesis of zeolitic imidazolate frameworks. The fluids from syringes divided into multiple 
channels after flowing through the inlet plate and then collide at the mixing plate where the 
merged stream flows out of the reactor through a channel in the outlet plate.123  
 

1.3.4.2 Centrifugal microfluidic devices  

Most chip-based microfluidic devices and tubular microreactors are standstill platforms, 

where the reaction is driven by the patten of fluid flow or thermal-electrical energy input. 

Another group of microreactors arises which merges the ideal microfluidic processing by 

wisely applied the kinetic energy of centrifugal forces. The first type of centrifugal microfluidic 
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devices is named centrifugal microfluidic or lab-on-a-disc (LOAD) platforms which have many 

advantages over other microfluidic systems including simplified fluid transportation, minimal 

requirement on instrumentation, efficient removal of any disturbing bubbles or residual 

volumes and inherent density-based sample separation.126 In general, the disc consists of a 

loading chamber, normally with various microchannels facing outwards on the disc with an 

overflow channel at the edge of the disc (Figure 10a). This disc-shaped device enables 

complete automation of the workflow which relies only on a single rotor.127 Kim et al. achieved 

high detection sensitivity and high efficiency (30 min) by integrating pathogen detection, DNA 

extraction, isothermal recombinase polymerase amplification and detection on to a single 

disc. Current research on the LOAD platforms are not designed for material processing but 

more for use in the field of diagnostics,128 handling and analysis of cell or bioparticles,129 and 

detection methods,130 which has been comprehensively reviewed by Gilmore et al.131 and 

Tang et al.126 Most of the reported microfluidic devices are microchannel based operation 

under laminar flow, where mixing within channel is limited by either diffusion control, system 

fouling, clogging or mass production.2 Another type of centrifugal microreacotrs called 

spinning disc processing (SDP) using a thin film (25-200 µm) microfluidic continuous flow 

technology consisting of a rotating disc (adjustable heating and speed) with jet feeds to 

control the flow of reactants onto the centre of a disc and with reactive or inert gases over 

the thin film (Figure 10b). SDP utilizes centrifugal fields and causes intense interfering waves 

while liquids spread outward into thin films. This technology achievies large-scale automated 

production, with intimate mixing, high mass and heat transfer rate and enhanced surface 

interactions.132,133 This processing platform has gradually attracted a lot of interests as viable 

alternatives to conventional batch processing with two recent reviews on SDP in general132 

and its application on nanocarbon processing.134 SDP fulfills the need of mass production at 

reasonable market cost and has been applied to synthesise polymer nanoparticles mostly for 

drug delivery purpose.133,135 The more recently developed thin film microfluidic device (film 

thickness <200 µm), the vortex fluidic device (VFD), is a more versatile material processing 

platform for a diverse range of micro and nanomaterials. An important feature of the thin film 

is high mass and heat transfer with the liquid transitioning into pro-turbulent or turbulent flow, 

imparting some benefits over conventional microfluidic devices. A standard VFD houses an 

angled rapidly rotating borosilicate glass tube inclined at 45º relative to the horizontal position, 

as shown in Figure 10c. The glass tube is usually 20 mm O.D. (17.5 mm I.D., 19.4 cm in 

length), although the original development of the device was for a 10 mm OD tube. Compared 

to channel-based microfluidic devices, scaling-up of the processing is easier and is more cost 
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effective, along with avoiding the aforementioned fouling/clogging issue. Typically, VFD 

processing can be conducted on small sub-milliliter scale as in confined mode where there 

is a tilt angle dependent shear stress, as well as in the up-scaled under continuous flow mode 

using a syringe pump (although other metering devices can be used such as peristaltic and 

gear pumps), with flow rates to be varied from microliters per minute to several milliliters per 

minute. The advantage of both scaling up and scaling down in this device provides flexibility 

during process optimization, which minimizes the usage of materials and the generation of 

waste.  

 

 
Figure 1.10: (a) Schematic illustration of the centrifugal microfluidic device for molecular 
analysis of food-borne pathogen with integrated three steps of detections on DNA extraction, 
isothermal recombinase polymerase amplification and detection onto a single disc.136 (b) 
Schematic view of an spinning disc processing platform and a photograph of a 20 cm 
diameter SPD.132 (c) Cross sectional illustration of the vortex fluidic device (VFD) and its 
components. Photographs showing the film of liquid developed for different speeds for the 
confined mode of operation of the device at a tilt angle of 45o.137  
 
The VFD has a diverse range of applications, including fabricating protein based 

nanoparticles (Figure 11d),138 hydrogels for drug delivery,139 manipulating polymer 

networks,140,141 protein folding142 and accelerating enzymatic reactions.140 The microfluidic 

platform has also been used to fabricate and manipulate various nanocarbon material, 

including decorating p-phosphonic acid calix[8]arene functionalised graphene with well-

dispersed ultrafine palladium nanoparticles (~2 nm),143 exfoliating graphite and boron 

nitride,144 fabricating single wall carbon nanotube toroids (Figure 11c),145 decorating carbon 

nano-onions with platinum or palladium nanoparticles (Figure 11a),146,147 fabrication carbo 

dots (~6 nm) from multiwalled carbon nanotube148 and lateral slicing of carbon 
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nanotubes.149,150 The VFD is remarkably effective in exfoliating graphite in water and then 

decorating the multi-layer 2D sheets on the surface of microalgal cells (Figure 11b). Wahid 

et al.151 reported that these nanobio-hybrid materials are active for waste water treatment, in 

removing traces of nitrate from liquid effluents, more efficiently than pristine microalgal cells. 

 

   
Figure 1.11: (a) Schematic of decorating carbon nano-onions with Pd nanoparticles using 
VFD.147 (b) Schematic illustration of the hybridisation process involving exfoliation of graphite 
flaks into multi-layer graphene sheets followed by hybridisation of these sheets with algal 
cells using VFD.151 (c) Synthesis of nanorings of single walled carbon nanotubes from VFD 
processing.145 (d) Fabrication of macroporous bovine serum albumin nanoparticles with 
controllable diameter and morphology using the VFD.138  
 
1.4 In situ monitoring 

Real-time monitoring of the flow or the reaction is desirable, which gives continuous and 

quantitative results on the condition of liquid flow, the phase transition and nucleic growth. 

Any problems and status of the system such as leakage or blockage or the stage of reaction 

could be revealed precisely to the users in the first place. Fluorescence spectra of products 

can be monitored continuously at the end of the reactor using an external capillary flow cell, 

which allows efficient monitoring over fluorescence peaks and size-dependent synthesis for 

QDs.32 An advantage here over a batch reactors is temperature control. For example, a 

simulation based on heat conduction showed that only 0.4 s was necessary for a 0.2 mm 
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diameter channel to heat a liquid inside from 20 to 300 oC. Such rapid temperature monitoring 

allows control of the reaction time, especially for short reaction times.23 CdSe nanocrystals 

of increasing average diameter have been synthesized in a microreactor, by increasing the 

temperature in 10 °C increments from 180 to 210°C.32 Microfluidic reactors can be used as 

investigating tools while integrated with sensors and spectroscopy units.152 Direct synthesis 

of silver nanoprisms in a flow focusing microreactor coupled with UV-Vis-NIR 

spectrophotometer for real time monitoring (at intervals of 1 min) has been established, noting 

the correlation of geometry of the nanoprisms with their optical response.2 It demonstrates 

the capability of the microreactor for the controllable fabrication of nanomaterials, by adjusting 

the operational parameters of the microfluidic device. The microreactor can be placed on an 

inverted microscope stage for in situ monitoring of the fluidic behavior within the reaction 

channel, especially if clogging and/or fouling of the channel occurs. This allows testing the 

robustness of the microreactor system for long time performance.2 Images can be acquired 

every 15 min by focusing at the bottom wall of the microreactor channel. Yen et al. obtained 

long-time-exposure images for the cooled outlet region of the gas-liquid segmented flow 

device operating under continuous UV excitation, which allowed real-time monitoring of the 

quenching effect during the synthesis of QDs.19 The microdroplet-based device reported by 

Abalde-Cela et al.4 was engineered with embedded electrodes, allowing destabilized surface 

energy for the droplets for a two-step synthesis of Au nanostarts (AuNSTs). In most studies, 

reaction products can be monitored real-time at ambient temperature in a microflow-cell 

located downstream of the system, using a spectrometer32,26 to monitor the emission spectra 

of the emergent particles. Apart from real-time spectroscopic and microscopic monitoring, 

newmonitoring devices have also been adopted for better monitoring of the reaction process 

including small-angel netron scattering (SANS),153 FT-IR,55 and X-ray absorption (XAS).154  

 

1.5 Biomedical applications of microfluidic fabricated materials  
1.5.1 Bioimaging and biomolecular detection  

New medical imaging contrast agents that permit multiple imaging and therapy applications 

can lead to more accurate diagnosis and localized treatment of diseased tissue.155 Solid 

nanoparticles (5-150 nm in diameter) have emerged as promising imaging and therapy 

agents. For example, quantum dots (CdS) can be used for optical imaging156 and gold 

nanorods for photoacoustic imaging, whereas iron oxide or Gd-loaded nanoparticles can be 

applied to magnetic resonance imaging. Microfluidic devices have been used for simple, 
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robust and high-throughput generation of protein-lipid coated perfluorobutane microbubbles 

(about 3 µm) which were incorporated with various silica-coated nanoparticles (CdSe/ZnS 

QDs, gold nanorods, iron oxide nanoparticles and Gd-loaded mesoporous silica 

nanoparticles). Nanoparticle-incorporated microbubbles were detected using low-pressure 

ultrasound, which is applicable for in vivo usage.155 QDs-encoded microparticles can be used 

in biological and clinical detection. Ji et al.90 fabricated CdSe/ZnS QDs-doped alginate 

hydrogel microparticles in a droplet-based microfluidic system. These microparticles were 

further immobilised with goat anti-human IgG and the resulting antibody-immobilised 

microparticles were used to detect FITC (~520 nm) labelled human IgG in solution with the 

emergence of a new fluorescence peak. Semiconductor nanoparticles < 10 nm in diameter 

are gaining considerable interest because of their tuneable optical, electrical properties as 

well as being less susceptibility to photobleaching.45,24 Varying the size of semiconductor 

nanoparticles alters their optical and electrical properties, thus tailoring their applications in 

emitting devices, optics, electronics sensors, solar cells, biological imaging and diagnostics. 

Various semiconductor NPs have been fabricated using microfluidic devices, including 

CdS,21 CdSe, titania157 and CdSe-ZnS composites.22 By far, CdS and CdSe are the most 

intensely studied in terms of using microfluidics for their fabrication, offering an effective and 

simple approach to access ultra-small nanoparticles with low polydispersity compared to 

particles generated using conventional methods.21 Hong et al.156 demonstrated control in the 

size and morphology of CdS nanocrystals (spheres, nanorods and multipods, ranging in size 

from 2.6 to 6.7 nm in diameter) in a millifluidic chip, and used them in in vitro bioimaging using 

RAW264.7 mice macrophage cells (Figure 12b). Tunable photoluminescence is possible by 

adjusting the molar ratio of the Cd and S precursors, giving rises to shifts in emission peaks 

under UV irradiation.  

 

Increasing the biocompatibility and targeted labelling of cells is possible by functionalizing the 

QDs with different ligands including protein, DNA, RNA, peptides and lipids.158 Hu et al.159 

reported the use of a laminar flow microfluidic chip for a one-step synthesis of BSA 

functionalised CdTe QDs for direct use in targeted cell and tumor imaging. QDs exhibit a 

significantly higher protein-functionalisation efficiency, photostability and colloidal stability 

compared to the ones prepared using conventional bench-top methods. Although a diverse 

range of photoluminescent nanoparticles have been generated for new materials, there is 

increased concern about their potential environmental impact and human health toxicity.160 
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Accordingly, there has been a switch from heavy metal based QDs, as in CdSe, to carbon 

dots (CDs) which have excellent luminescent properties and are biocompatible.161 Even 

though microfluidic systems offer significant advantages for synthesising nanoparticles, there 

are limited reports on the synthesis of CDs using them. Pedro et al.160 described the synthesis 

of 3.3 nm-sized CDs based on the thermal decomposition of ascorbic acid in dimethyl 

sulfoxide in a microfluidic system comprising a fluidic and a thermal platform operating at 180 

to 240oC (Figure 12a). The CDs have pH dependence of their optical properties, over the pH 

range 2 to 11, and have been used in developing pH fluorescent sensors. Studies on the 

cytotoxicity and permeability of the CDs on human embryonic kidney cells established that 

their adsorption on cells has no impact on cellular morphology.160 Apart from CDs, 

fluorescence polymers are another biocompatible candidate for cellular imaging.162 

Fluorescent polyethylenimine nanoparticles about 10 nm in diameter, with significantly 

reduced cytotoxicity against MCF-7 breast cancer cells and being devoid of extended 

conjugated structures, have been prepared in a VFD microfluidic platform (Figure 12c).163 

Tunability of the fluorescence for these CDs was achieved by varying the flow rate of liquid 

entering the rapidly rotating glass tube of the VFD, without the need for additional reagents. 

 

 
Figure 1.12: (a) Schematic of different layers that compose the microfluidic system for the 
synthesis of CDs, which stain membrane edges on HEK293 cells with no evidence for change 
on cell viability.160 (b) Schematic of the millifluidic chip used in the synthesis of CdS 
nanocrystals and the as processed sample under UV irradiation. In vitro bioimaging of 
RAW264.7 macrophage cells with the CdS nanocrystals.156 (c) Schematic of the fabrication 
of fluorescent polyethylenimine nanoparticles using VFD and the toxicology studies against 
MCF-7 breast cancer cells.163  
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1.5.2 Tissue engineering (microfiber) or 3D cell culture  

Tissue engineering and regenerative tissue constructs allow generation of artificial bio-

tissues for a wide range of diseases. A key aspect of tissue engineering is the development 

of biocompatible scaffolds that support, stimulate, and direct the attachment, migration, 

proliferation and differentiation of specific cells.164 To generate a functional tissue engineering 

scaffold, biodegradable and biocompatible materials are required. In addition, the physical 

properties of scaffolds, including porosity, size, shape, spatial distribution, diameter, degree 

of fibre alignment, surface roughness, elasticity, mechanical strength and the 3D geometry 

of the scaffold are also critical.165,63,166 As in 3D morphologies, small pores in the scaffold 

matrix have been shown to facilitate cell proliferation and the storage of nutrients and 

chemicals for specific functional roles, by releasing cytokines for controlling cell growth or 

drugs to prevent infection.167 Pore dimensions and the overall shape of the scaffolds also 

affect the degradation rate.168 For example, microscale fibrous scaffolds are promising 

material to guide cell growth, proliferation and alignment, which offers reliable mechanical 

properties.164 General methods for fibre fabrication include melt spinning,169 wet spinning,170 

and electrospinning,171 all of which have problems associated with heating, weak mechanical 

strength,172 limited loading of bioactive molecules, and difficulties in controlling the diameter 

of the fibres.173  

 

Microfluidic devices have been developed to generate scaffolds with well-defined physical 

and architectural features. Microfibers can be generated from different materials including 

poly(lactic-co-glycolic acid) (PLGA),174,57 chitosan,175 polyurethane,63 and alginate,59 or a 

mixed composites of the these materials.61 PLGA is a well-known synthetic polymer that has 

been approved by the Food and Drug Administration for clinical applications.57 PLGA 

microfibers generated by Hwang et al.57 are cylindrical in shape with uniform diameters (20 

to 230 µm), having a smooth outer surface and a highly porous interior (Figure 13c), which 

can be used as a reservoir for cytokines or proteins that promote cell adhesion and growth. 

L929 fibroblasts cultured for 10 days can cover the PGLA fibres and form a 3D 

configuration.57 The diameter of the PLGA microfibers, which can be controlled using 

microfluidics, is directly related to the mean cellular orientations of the fibroblast L929 cells 

(Figure 13a).174 Chitosan is another commonly used material for microfibers and is one of the 

most suitable scaffold materials for liver tissue due to its similarity to glycosaminoglycans 
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which is natural component of liver extracellular matrix.175 Microfluidic devices have been 

used to fabricate pure chitosan microfibers (~1 m long, 70 to 150 µm in diameter) to seed 

human hepatocarcinoma (HepG2) cells which self-aggregate into spheroid-like structures 

with over 95% cell viability (Figure 13b).175 The spheroid-like structure improves the liver 

function of hepatocytes and enhances hepatic function in vitro.176 Fibrous polyurethane is 

another scaffold which has been extensively investigated. However, low cellular adhesion to 

the polymer surface can lead to thrombosis due to the paucity of endothelial cells. Coating 

the surface with biomaterials can solve this problem, but it is difficult for conventional methods 

to impart enough surface coverage.177 Jung et al.63 generated asymmetrically structured or 

Janus microfibers in situ using a one-step photopolymerisation process involving a 

continuous laminar flow microfluidic device. These Janus microfibers have improved cell 

adhesion, viability, growth and biocompatibility, even without coating the fibres with peptides 

or proteins. When the long thread stream of photocurable polyurethane containing oligomer 

and cross-linker comes into contact with the aqueous continuous phase, radical 

polymerisation initiation in the presence of CO2 results in spontaneous generation of an 

asymmetric porous structure. Nonporous regions improve the mechanical strength of the 

scaffold, whereas the porous region facilitates cell adhesion and migration. Over 15 days, the 

maximum distance between fibroblast grown fibres is about 200 µm, and these fibres can be 
used as an alternative 2D cell culture plate or even a 3D scaffold for tissue engineering.   

 

Diffusion based mass exchange between the polymer and the non-solvent stream generates 

pores within the microfibers effective in encapsulating proteins and drugs with increased 

release rates. Cells cultured on the porous microfibers have increased mitochondrial activity 

as the diameter of the fibres decreases. Despite this, hollow alginate microfibers, produced 

use a microfluidic chip, have been embedded into hydrogels and emulated vascularised 

tissue (Figure 13d).59 Lee et al.61 mixed the alginate with chitosan during the processing 

which indicates that the HepG2 cells in the composite microfibers are more viable and have 

better adhesion than pure alginate, which is due to the cross-linking in the chitosan. These 

aligned cell-loaded fibres have room for cell growth and protein/cytokine incorporation with 

sustained release, thus mimicking real tissues constructs such as ligament and tendon, heart 

muscle, spinal cord or neural tissues, and have potential in the area of tissue regeneration. 

Other biomaterials have also been used including gelatin, Pluronic, hyaluronic acid, silk, 

collagen and several synthetic polymers,178 but building the architectures has rarely been 



 

 

31 

explored using microfluidic devices. Gelatin-based fibres are beneficial for creating tissue 

engineering scaffolds, because gelatin is a natural material, derived from collagen and 

contains adhesive RGD peptides, with which cells can interact.178 Microfabrication techniques 

are worthy of exploration in generating biomimetic microfibers that resemble native 
extracellular matrix structures, such as those of collagen fibres. 

 

  
Figure 1.13: Cellular morphology of mouse L929 fibroblasts on PLGA microfibers with 30 µm 
diameters.174 (b) Clustered HepG2 cells on chitosan microfibers synthesised using a co-axial 
microfluidic device.175 (c) Schematic of a microfluidic synthesis of PLGA microfibers and the 
cross-sectional view; protein incorporation and L929 cell seeded on the PLGA fibres.57 (d) 
Co-culturing of HIVE-78 and HIVS-125 cells on alginate hollow fibres to emulate vascularised 
tissue.59   
 

1.5.3 Cell encapsulation  

Elasticity of cellular microenvironments strongly influences cell motility,179 phagocytosis,180 

growth and differentiation.181 Cells have developed mechanisms to sense the surrounding 

matrix stiffness by adhering to and pulling upon it, followed by a cytoskeletal cellular 

response.182 However, most research on the relationship between matrix stiffness and cell 
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behaviour is conducted for cells seeded on planar substrates, which is not representative 

enough compared to exposing the cells to a 3D environment or a complex extracellular matrix. 

Encapsulating cells within natural or synthetic hydrogels with different elasticity enables the 

investigation of the role of the mechanical properties of 3D environments on cell behaviour. 

Microbead-shaped encapsulation allows the localisation of cells within a small amount of 

microenvironment, which offers a relatively simplified system to study cell fate. In addition, 

encapsulating cells in biocompatible materials has promise for protecting cells against 

external shear force, reducing the immune response and improving the cell viability, which 

has significant advantages in cell transplantation.183 In addition, the encapsulation of cells 

has been demonstrated as an effective approach to deliver therapeutic agents. Cells 

encapsulated in porous hydrogels allows effective exchange of nutrients and O2,184 and also 

continuously releasing metabolic products or therapeutic agents to the outside, which can be 

used as a resource for sustainable drug release for cell-based drug delivery and 

therapy.185,186 Although cells can be encapsulated into hydrogel beads using traditional 

techniques such as emulsion polymerisation and suspension polymerisation,187 they lack 

precise control over size and shape of the resulting hydrogel beads that would hinder their 
performance in the desired applications.  

 

Microfluidic-assisted microencapsulation attracts much interest in biomedical areas and has 

several advantages. Firstly, it has the capacity to generate 2D cellular microenvironments 

with precise control over dimensions, and chemical and mechanical properties. Secondly, it 

is relatively easy to tune the properties of the microenvironments by adjusting the processing 

parameters such as flow rate or injection ratio. Moreover, the high-throughput technique 

allows high frequency processing which can be used in generating massive combinatorial 

libraries.83 The use of microfluidics combines both the advantages of the synthesis of 

polymer-based particles and the control of the process of microencapsulation, thus providing 

a promising route to encapsulating cells in hydrogel particles. Microfluidic-based approaches 

have been used for the generation of encapsulated cells in droplets or microgels, thereby 

providing new opportunities for fundamental studies in cell growth and viability,188 gene 

expression, and enzymatic activity.189 Various materials have been applied in such fabrication, 

including natural materials such as proteins (collage, gelatin, fibrin, elastin-like polypeptides), 

polysaccharides (alginate,190,191,183 hyaluronic acid, chitosan, agarose83), PEG,192 and 

poly(ethylene glycol) diacrylate.193 The encapsulation of cells in polymer/hydrogel particles 
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with precise control over the number of cells per particle and encapsulation efficiency can be 

achieved by adjusting the flow rate ratio between continuous and disperse phases, and using 

high aspect-ratio microchannels.192 Edd et al.194 demonstrated single-cell microdroplet 

generation in a flow-focusing geometry by emulsifying concentrated suspensions of HL60 

cells immediately after they had traversed a high aspect-ratio rectangular microchannel 27 

µm x 52 µm x 6 cm (Figure 14b). Single-cell studies in regards to secretion and uptake of 
trace biomolecules have much more practical convenience.  

 

Hydrogels are cross-linked hydrophilic polymer networks that can absorb water or other 

biological components.190 Alginate, a linear copolymer composed of β-D-mannuronic acid 

and α-L-guluronic acid, can be easily transformed into a gel by binding the guluronic acids 

with a divalent cation such as Ca2+.195 Alginate is one of the most popular materials in this 

regard having high stability (>30 days). It has been used in microfluidic-assisted 

encapsulation of various biomolecules including proteins, cells and DNA.190 For example, in 

situ encapsulation of yeast cells expressing green fluorescent protein (GFP) with alginate 

microbeads has been reported by Choi et al,190 with expression of encoded GFP thereby 

establishing retaining cell viability during the encapsulation process. Utech et al.109 generated 

a micron-sized 3D cell culture using a mixture of alginate and a water-soluble calcium-EDTA 

complex (Figure 14a). The individually encapsulated mesenchymal stem cells within the 

microbeads had increased cell growth and proliferation. Zhao et al.196 fabricated magnetic 

Ca-alginate Janus hydrogel particles through injecting two phases of Na-alginate with one of 

them containing superparamegentic beads. This allowed the cells and magnetic beads to be 

separately embedded in two separate hemispheres of one hydrogel particle. Although cells 

encapsulated in spherical alginate beads facilitates the continuous transport of nutrients and 

metabolic substances during cell culture, these spherical beads are not available for long-

term cell monitoring and biological research due to the rolling of the spherical hydrogel beads 

and distortion of the images. To improve monitoring of the cell division process, Liu et al.183 

used a droplet-based microfluidic device to generate living yeast cells or mammalian cell 

encapsulated in disk-like Ca-alginate hydrogel beads (Figure 14d). The cell division process 

can be monitored long-term, without rolling and distortion of the images, by using flat 

top/bottom surfaces of the disk-like beads. Agarose, a neutral polysaccharide, is another 

common material for cell encapsulation, which is generally bio-inert, non-adsorptive to 

proteins, non-adhesive to cells and has readily tuneable mechanical properties.197 The high-
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throughput generation of agarose microbeads with tuneable elasticity has been reported by 

Kumachev et al.,83 for different relative volumetric flow rate ratios of two streams of agarose 

solutions (Figure 14c). These agarose microbeads with precisely controlled dimensions have 

been used for encapsulating R1 and YC5-YFP-NEO murine embryonic stem (mES) cells with 
cell viability of 79.6% and 80%, respectively. 

 

  

Figure 1.14: Cell encapsulation with microbeads: (a) Microfluidic flow-focusing generation of 
homogeneously crosslinked alginate microparticles.109 (b) Ordered cell encapsulation 
through hydrodynamic interactions. Hydrodynamic interactions allow particles to self-arrange 
along one side of the microchannel or into a diagonal or alternating pattern.194 (c) Microfluidic 
generation of agarose microgels in encapsulating two types of murine embryonic stem cells 
(scale 100 µm).83 (d) A schematic of a droplet-based microfluidic device in generating disk-
like Ca-alginate hydrogel beads for cell encapsulation and manipulation; the beads with 
encapsulated cells can be rolled using a thin needle.183  
 

1.5.4 Biologic delivery and controlled release  

Over the last few decades, the application of nanotechnologies in the pharmaceutical field 

has attracted significant of interests, especially in the field of preventing drug degradation, 

enhancing cellular uptake and controlling drug release.198 Conventional approaches to 

preparing particles for drug delivery purposes typically rely on physical entrapment,199 

increasing affinity of the cargo,200 covalently linking the biologics to the polymer network,201 

and various solvent-based methods such as interfacial polymerisation, simple or double 
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emulsification-based methods with evaporation or diffusion of polymeric solvent and 

nanoprecipitation.202 Among them, bulk mixing such as in the nanoprecipitation method is 

straightforward and accounts for more than 50% of the nanoparticles reported for drug 

delivery systems. It allows hydrophilic and hydrophobic compounds to be entrapped.203 

However, the scalability of the nano-encapsulation process, batch-to-batch reproducibility, 

poor drug entrapment efficiency, size uniformity and quality control, are common issues for 

some conventional methods.204 Such methods require extra steps such as filtration or 

centrifugation to isolate the population of the particles with desired size.205  

 

Microfluidics offers a relatively simple and consistent method for overcoming some of these 

issues, for synthesizing nanoparticles of uniform size, with better releasing profiles, from 

different materials such as PLGA,206,207 PEG,208 polycaprolactone (PCL)209 and 

copolymers.210 Size and morphology of the particles can be controlled by adjusting the input 

flow rates or the dimensions of the microchannels.211 Controlled drug release is possible 

using water-in-oil emulsions, core-shell structures212 and stimuli-responsive microgels.213 

Increased attention has been given to PLGA based nanoparticles as nanocarriers of small 

drugs,214 peptides, proteins,215 DNA or RNA.216 PLGA is FDA-approved for human use217 and 

is effective in the controlled release of bioactives, which undergo hydrolysis in the body to 

produce the constituent monomers, lactic acid and glycolic acid with minimal systemic toxicity. 

However, the lack of robust, reproducible and easily scalable preparation of PLGA 

nanoparticles has hindered their clinical and commercial uptake.218 Chiesa et al.206 prepared 

N-Acetylcysteine-loaded PLGA nanoparticles using a microfluidic device with staggered 

herringbone micromixing; N-acetylcysteine is a small molecule hydrophilic drug with rapid 

clearance and unfavourable biodistribution depending on the route of administration. After 60 

min incubation, N-acetylcysteine is released from PLGA nanoparticles prepared using the 

bulk mixing nanoprecipitation method. The rate of release was ca. 90% higher than from 

particles prepared using the microfluidic device, with a prolonged induced in vitro release of 

the drug (Figure 15a). For a more simplified process, paclitaxel-loaded polycaprolactone-

block-poly(ethylene oxide) (PCL-b-PEO) copolymers have been prepared in a segmented 

gas-liquid microfluidic reactor.77 The morphology of drug-loaded nanoparticles with various 

crystallinities, loading efficiency and releasing profile are accessible by simply varying the 
flow rate and block copolymer composition.  
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In tissue regeneration and repair, growth factors play an important role in guiding cell fate, 

and require well-orchestrated dosing and timing.208 PEG, a hydrophilic bioinert polymer, can 

be easily tailored to encapsulate and control the release of biologics. Deveza et al.208 used a 

droplet-based microfluidic device to synthesize PEG-based microspheres for uptake of basic 

fibroblast growth factors (bFGF) or DNA with well-tuned release kinetics and the 

encapsulation efficiency of ~80% (Figure 15b). The release rate can be precisely controlled 

by varying the diameter of the microchannels, from 100 to 200 µm during the processing. 

Another area of research on drug delivery falls into cancer therapeutics. The development of 

nanotechnologies for effective delivery of multiple drugs addressed a number of therapeutic 

challenges including side effects, low therapeutic efficacy and the mechanisms of drug 

resistance.210 Using microfluidic devices allows easy definitive delivery of a correct ratio of 

each drug with minimal batch-to-batch variation. Kollishetti et al.210 established that a blend 

of PLA-Pt(IV) (polylactide derivative conjugated to a platinum(IV) prodrug) functionalised 

polymer and carboxyl-terminated poly(D.L-lactic-co-glycolic acid)-block-poly(ethylene glycol) 

copolymer loaded with hydrophilic Pt(IV) and hydrophobic docetaxel afforded 100 nm 

diameter nanoparticles in microfluidic channels (Figure 15c). The surface of the nanoparticles 

was derivatized with A10 aptamers, which binds to the prostate specific membrane antigen 

on prostate cancer cells where there is controlled release of both drugs over a period of 48 

to 72 h. In vitro toxicity studies demonstrated superior efficacy of the targeted dual-drug 

combination nanoparticles over single drug nanoparticle analogues. A more versatile drug 

delivery system has been reported by Yang et al.,209 on the encapsulation of the anticancer 

drug tamoxifen, superparamagnetic Fe3O4 nanoparticles and CdTe QDs into size controlled 

PCL microcapsules 270 to 440 µm in diameter using microfluidic emulsification. This 

composite combines several properties including magnetic targeting, fluorescence imaging 

and controlled drug release, which enables enhanced biolabelling and targeted drug delivery. 

Ideal nanoparticle-based therapeutics potentially allow specific targeting of pathologic tissue, 

thereby minimising or avoiding the side effects of the active therapeutic agents on healthy 

tissues. To deliver drugs to selected cells, specific interactions between nanoparticles and 

biological targets must be favoured.219 Microfluidic processing as a simplified and 

reproducible processing platform gives a lot of successful examples on tethering targeting 

ligands include small molecules, oligosaccharides, peptides, proteins, antibodies, and 

aptamers for more advanced new generation drug delivery system. Future research should 

also focus on preparing more medically relevant drug-loaded nanoparticles at higher 
therapeutic loading levels.  
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Figure 1.15: (a) Schematic of the staggered herringbone micromixer with sequential regions 
of asymmetric ridges for the synthesis of PLGA nanoparticles for drug delivery. In vitro N-
Acetylcysteine (N-Ac) release profiles from N-Ac loaded PLGA nanoparticles.206 (b) 
Schematic of the addition of bFGF or PBAE/DNA nanoparticle to a PEG precursor solution 
and subsequent microsphere formation in a droplet-based microfluidic device. Fluorescein 
isothiocyanate-conjugated BSA (green) used to visualise protein encapsulation (scale bar: 
200 µm).208 (c) Synthesis of the combinatory Pt(IV) and Docetaxel loaded PLGA 
nanoparticles using a flow focusing microfluidic device.210 
 

1.5.5 Separation of biological materials  

Methods for efficient separation and purification of biomolecules are important in different 

biomedical research areas, such as diagnostics, chemical biology, proteomics and genomics. 

By far the most common separation method is sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Apart from using randomly structured polyacrylamide gels, 

micro or nanofabricated nanoporous sieving matrices have been investigated for the size-
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based separation of biomolecules because of their high rigidity and long-term stability 

compared to gels. This is because gel needs to be freshly prepared for each analysis and 

requires time for the separation process. Typical methods for micro/nanofabrication of sieving 

matrices are complicated and time-consuming, such as electron beam lithography and deep 

reactive ion etching, and this has hampered their applications. Different materials have been 

applied in the separation of biomolecules. Separation beds with porous networks, fabricated 

via colloidal self-assembly (CSA) of nanoparticles, have been used for separating proteins 

and DNA.220,221 Attempts have been made to stabilise CSA structures for high performance 

separation, however, most procedures are complicated,222 and the formation of cracks in the 

CSA beds during drying is an issue.223 Photonic crystals assembled from submicro- or 

nanoparticles are another type of media for differentiating the size and other properties of 

DNA,221 proteins222 and even small molecules.224  

 

Microfluidic devices have been applied in different ways into protein separation. The most 

common separation method includes packing of stable and crack-free crystals into 

microchannels.225 Various materials such as polystyrene and silica particles223 have been 

used as the CSA beds confined within microfluidic devices. Gong et al.226 integrated a 

nanofilm into a 3D microfluidic device, serving as a frit to confine the nanoparticles in the 

microchannels, which is effective in separating fluorescein and 5-carboxyfluorescein by 

applying a 125 V/cm potential. Shaabani et al.227 reported a facile method to stabilise CSA 

silica nanoparticle (310 nm diameter) beds in microchannels for high speed size-based 

electrophoretic separation of proteins. Silica nanoparticles are entrapped and stabilised 

within a methacrylate polymer prepared in situ through photopolymerisation, with a high 

degree of order and packing quality (Figure 16a). High electric field (≥ 1800 V/cm) were used 

for size-based protein separation (length of 13 mm, plate number of > 106/m, 200 nm high), 

providing highly efficient separation performance with resolution of proteins up to 0.6 kDa. 

However, some of the packing take several days, requiring a number of steps including 

assembly and immobilisation. Liao et al.225 reported a fast one-step process for packing silica 

photonic crystals (2 cm in 15 min) into microchannels through evaporation-induced self-

assembly and hydrothermal immobilisation, with no evident of formation of cracks (Figure 

16b). This is capable of withstanding an electrical field strength up to at 2000 V/cm-1 for 5 h 

and storage in water for 2 months, and is effective for ultra-fast separation of amino acids 

along a 2.5 mm photonic crystal in 4 s and peptides along a 10 mm one in 12 s. These studies 
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demonstrate the potential to apply stable separation material in different channel-based 

microfluidic devices in achieving efficient separation in short time. Recently, the thin film VFD 

microfluidic platform has been used in aqueous two phase separation (ATPS) of microalgal 

proteins (Figure 16c).228 VFD-intensified ATPS continuous flow processing has spontaneous 

phase separation resulting in at least a 9.3 fold increase in phase demixing efficiency, 1.18 

fold increase in protein purity and 22% increase in yield compared to batch processing. It is 
an effective new tool for rapid protein separation.   
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Figure 1.16: (a) Schematic of a microfluidic chip formed by colloidal self-assembly of 310 nm 
diameter silica particles entrapped in the presence of a 0.5% solution of photopolymerised 
methacrylates. SEM image of peeled PDMS plate following photopolymerisation.227 (b) 
Flowchart for the rapid assembly of the stable photonic crystals into glass microchip channels 
by evaporation induced assembly and the confocal image of the silica-particle-embedded PC 
column taken from its centre section.225 (c) Purification of microalgal protein using an 
aqueous two phase system intensified by VFD.228 
 

1.5.6 Other therapeutics and diagnostics  
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Other relevant areas of research using microfluidics includes scar therapeutics.207 Excessive 

scar formation can be prevented by treatment with some hydrophobic drugs such as 

corticosteroids and triamcinolone.229 However, current therapeutic protocols include painful 

monthly injections to administer high doses of the medication into the scar for prolonged 

periods.230 Nevertheless, the recurrence rates are still as high as 50% upon cessation of 

these injections.231 The high cost behind these treatment (~200 USD per drug loading 

process) and undesirable side effects are other disadvantages of such treatment.232 Core-

shell structured hydrogel particles containing corticosteroid-loaded PEGDA/PLGA 

core/alginate shells, fabricated using droplet-based microfluidics polymerised using UV 

irradiation, have been developed for effective low cost scar therapeutics.207 The well-defined 

core-shell structure has 98% encapsulation of the corticosteroids in the PEGDA core, which 

is effective for a well-controlled long term release over 30 days in vivo with effective 

therapeutic suppressing of scar formation. Increasing the concentration of the PEGDA from 

5 to 20% and the UV light intensity from 40 to 1150 mW/cm2 results in an increase in the 

diameter of the core from 21 to 131 µm (Figure 17a). Theranostic fields applying microfluidics 

also includes HIV therapy.233 Martins et al.233 developed an efavirenz (EFV, a antiretroviral 

drug)-loaded PLGA nanoparticles using microfluidics, which targeted the blood brain barrier 

to treat HIV neuropathology. These particles are 73 nm in diameter, having much higher EVF 

association efficiency of 80.7% and drug loading efficiency of 10.8% relative to ~133 nm 

diameter particles formed using the conventional batch method, at 32.7% and 3.2%, 

respectively (Figure 17b). Other therapeutics include magnetic fluid hyperthermia (MFH), 

which has attracted interest in anticancer therapies. Magnetic vesicles have outstanding 

properties for magnetic hyperthermia or magnetic guiding in translational research and 

nanomedicine. MFH-triggered release gives new hope for the application of MFH to drug 

delivery systems.116 Micrometer- and submicrometer-sized functionalised beads are used to 

capture targets of interest from a biological sample for biological characterisation and disease 

diagnosis. The main challenge for microbead-based assays is the immobilisation of probe 

molecules onto the microbead surfaces. Chen et al.234 reported the fabrication of porous 

alginate microspheres with simultaneous immobilisation of anti-Mycobacterium tuberculosis 

complex IgY and anti-Escherichia coli IgG antibodies using a one-step droplet microfluidic 

device (Figure 17c). These 3D alginate microbead-based immunoassays have equivalent 

specificity and advantages in regard to size and surface modification and improved access 

of target analytes compared to enzyme-linked immunosorbent assays (ELISA). The alginate 
microbead approach involves simpler processing procedures, with lower costs. 
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Figure 1.17: (a) Schematic of the core-shell hydrogel particle fabrication process while 
changing the UV intensity and the concentration of PEGDA.207 (b) Schematic representation 
of the microfluidic approaches used to prepare efavirenz (EVF)-loaded PLGA 
nanoparticles.233 (c) Droplet microfluidics and associated external gelation set-up for 
fabricating alginate microspheres with immobilised antibodies, which were immobilised on 
the porous network of the alginate microsphere during the external cross-linking process.234 
 
1.6 Scalability  

Microfluidic reactors are of low cost and environment friendly for the fabrication of NPs. They 

also provide significant advantages for producing nanoparticles on a large scale. A simple 

calculation established that seventy reactors with a flow rate of 0.25 mL/min can treat 10 L of 

reaction solution in 10 h, and given the small reactor size, parallel processing for a number 
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of microfluidic devices is realistic. Thus, such devices have potential for industrial processing 

with well-controlled reactions.23 A potential limitation to these approaches is that the amount 

of a reagent that can be held in a syringe is rather limited, and the continuous flow has to be 

interrupted for the reloading of reagent.96 Alternatively, a peristaltic pump can continuously 

drive droplets flow through the tube at a steady flow rate. Continuous flow of droplet 

microreactors driven by a peristaltic pump are likely to provide a practical solution to the 

scaled-up production of nanoparticles/nanocrystals with controlled sizes and shapes, and the 

formation of composites with other materials in developing functional material in a single 

reactor.96 However, as the loading volume increases, there is the risk of particle attachment 

to the channel walls and channel clogging. Clogging can be overcome using a SDP or VFD 

operated under continuous flow, as a versatile material processing technology for a diverse 

range of micro and nanomaterials. However, it should be noted that the VFD and other thin 

film microfluidic platforms, are distinctly different in imparting high shear stress in the liquid, 

in moving away from diffusion controlled processing (pro-turbulence).235 This can impart 

some benefits over conventional microfluidic devices and channel based laminar flow 

systems.   

 

1.7 Conclusion  

Research on the synthesis of a diversity of micro and nanomaterials in different microfluidic 

reactors highlights the potential of this technology in medical and allied areas, including 

bioimaging, tissue engineering, bioencapsulation, drug or gene delivery, protein separation 

and many other theranostics. However, there are still some problems and challenges, 

including constant system clogging, insufficient premixing and scaling up. The next 

generation of microreactors are likely to be specific application-directed and will further 

develop towards more integrated, automated, modular, and multistage microsystems, 

incorporating real time, and just in time processing. This is for small volume niche applications 

where a single microfluidic reactor can suffice, or large volumes where parallel processing 

for relatively inexpensive devices will be adopted.	
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2. LASER IRRADIATED VORTEX FLUIDIC MEDIATED 
SYNTHESIS OF LUMINESCENT CARBON NANODOTS 

UNDER CONTINUOUS FLOW 
Several methods have been developed for fabricating carbon nanodots, however most 

of them involve tedious purification processes, the use of harsh chemicals, difficulties in 

scaling up and sample inhomogeneity. In recent years, the use of channel based microfluidics 

has attracted considerable attention in attempting to overcome some of these disadvantages. 

However, there are still issues in the area of limited scale up potential and system clogging. 

The vortex fluidic-mediated synthesis of CDs reported in this chapter overcomes the clogging 

issue as well as enhancing the prospect of product homogeneity under plug flow and uniform 

irradiation and shear stress. CDs produced using this method have a relatively narrow size 

distribution, between 3 to 13 nm, and have high colloidal stability and are non-toxic up to 200 

μg/mL, as established from a skin fibroblast CRL2076 cytotoxicity study. The CDs exhibit 

excitation wavelength independent photoluminescence behaviour with two distinctive 

emission peaks around 420 and 460 nm, being an integration of at least three emissive sites 

originating from the aromatic core, defects and functional groups. In the context of material 

processing, this chaper shows one of the examples regarding the application of VFD towards 

nanocarbon processing where the ideal of green chemistry and the scaling up potential have 

been emphasized.  

This study was orally presented at the RACI Centenary Congress in Melbourne on July 

2017, and published in RSC Reaction Chemistry and Engineering, Year 2018, Vol. 3, Issue 

2, Pages 164-170, which was also published as the journal inside cover of that issue. The 

first page of the publication is attached in Appendix 2.1.  

Author contributions: XL performed all the VFD and tissue culture experiments, most of the 

characterization experiments and data analysis; wrote all the primary content. AA: designed 

and developed the magnetic mixing syringe used for dispersing MWCNTs in H2O2, as 

indicated in Fig. 1c. KV contributed to the project plan and helped with some AFM and Raman. 

JM assisted with some photoluminescence experiments (Fig. 9c, Fig. S6d). KZ performed 

the TEM (Fig. 7c). YZ performed the TEM (Fig. S3g; Fig. S10a). JZ: supervised the TEM 

experiments. XD performed all the XPS experiments and data analysis. RL supervised the 

XPS experiments. SW conducted the PL lifetime measurement (Fig. 9d and e) and 



 

 

61 

interpreted these data. QL supervised and planned the PL studies. WZ supervised the project 

and coordinated the toxicology studies. CR supervised and coordinated the project and 

helped on the research directions and plan. All of the co-authors assisted with the revision of 

the manuscript before and during the publication process. 
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2.1 Abstract 

Carbon nanodots (CDs) with size dependent fluorescence are synthesized from multi-walled 

carbon nanotubes (MWCNTs) under continuous flow in a vortex fluidic device (VFD) when 

irradiated by a pulsed laser with a wavelength of 1064 nm, without subsequent passivation 

procedures. The CDs have a relatively narrow size distribution averaging ca. 6 nm in diameter, 

and have low cytotoxicity and high colloidal stability with the highest emission intensity of the 

solution at 450 nm under a 345 nm excitation wavelength. Further downstream processing 

on the as-processed CDs revealed tunability of the emission from 450 nm to 325 nm.  

2.2 Introduction  

Carbon nanodots (CDs) are carbon nanoparticles <10 nm in diameter, consisting of a 

graphitic structure or amorphous carbon core and carbonaceous surfaces, with rich oxygen-

containing groups.[1] CDs exhibit distinct properties, most notably strong quantum 

confinement and edge effects resulting in exceptional fluorescent characteristics.[2] The 

unique functional properties and benign chemical composition have rendered CDs a 

promising new material for a broad range of applications including bioimaging,[3] drug 

delivery,[4] and optoelectronic devices.[5] Various feedstocks have been used for producing 

CDs including single walled carbon nanotubes,[6] carbohydrates,[7] polyethylenimine, [8] low 

molecular weight alcohols,[9] graphite,[10] and carbon soot. [3] In general, the quantum yield of 

CDs varies dramatically, from 1.32%[11] up to around 43%,[12] depending on the choice of 

carbon feedstock. A number of methods have been reported to prepare CDs within these 

dimensions, including chemical ablation, laser ablation,[2] electrochemical carbonisation,[9] 

arc-discharge pyrolysis,[2] hydrothermal synthesis,[12] and ultrasound and microwave-assisted 

pyrolysis.[13] Laser ablation is a well-studied technique in synthesizing CDs from various 
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carbon-based targets.[14-16] The significant advantage of this technique over other methods is 

that the processing is relatively clean, with reduced byproduct formation.[15] However, the 

potential of synthesizing CDs through laser ablation in liquids is limited by the scalability and 

gravitational settling of the raw material.[15] Other potential issues using conventional laser 

ablation processing include controlling the crystallinity of the CDs,[17] relatively long 

processing times,[15] and the requirement for additional passivation reaction, for example long 

acid refluxing times.[14,18]  

One of the most common methods of fabricating oxygen-containing CDs involves using a 

mixture of concentrated H2SO4 and HNO3.[19] However, this requires tedious purification 

procedures to remove the excess acid, and uses toxic and harsh chemicals. The catalytic 

activity of MWCNTs towards H2O2 decomposition (HPD) has been reported in a few studies, 

and the properties of the nanotubes post processing can be affected.[20] A mixture of H2O2 
and 1 M HCl or 96 wt% H2SO4 has been used for the oxidation and purification of carbon 

nanotubes (CNTs),[21] with 15% H2O2 alone at 100 °C for 3 hours being effective in removing 

the end caps and shortening the length of the CNTs with concomitant surface carboxylic 

group fuctionalization. [22,23] Related to this is the degradation of graphene sheets using H2O2, 

with a time-dependant generation of randomly distributed nanometer- sized holes on the 

surface of the 2D material.[24]  There are no reports on the application of HPD in fabricating 

CDs in gaining access to particles with uniform morphology nor on laser-assisted continuous 

production of CDs where there is an emphasis on green chemistry metrics.  
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Figure. 2.1 Laser-VFD fabrication of carbon dots (CDs) under continuous flow. (a) Schematic 

of the vortex fluidic device (VFD). (b) Illustration of an unstable dispersion of MWCNTs in 

aqueous H2O2 in a normal syringe. (c) Magnetic-assisted mixing in a syringe for delivering 

a uniform dispersion of MWCNTs to the base of the rapidly rotating borosilicate glass tube 

(20 mm O.D. diameter).  

 

Given the issues discussed above, we embarked on developing a simple, more 

environmentally friendly, economical and controllable synthesis of CDs using the recently 

developed thin film microfluidic vortex fluidic device (VFD) coupled with NIR irradiation using 

a pulsed laser operating at 1064 nm, under continuous flow (Fig. 1a). The use of VFD 

mediated synthesis of CDs enhances the prospect of product homogeneity under plug flow 

and uniform irradiation and high shear stress (mechanoenergy), in overcoming most of the 

drawbacks of conventional laser ablation processing. In- deed, CDs processed using this 

rationale approach have better size homogeneity, as evidence by the excitation- wavelength 

independent fluorescence emission.[11] 

The novel top-down reforming of nano-carbon reported herein uses MWCNTs as the 

feedstock. The controlled reforming of MWCNTs to CDs occurs under continuous flow in the 

presence of hydrogen peroxide (30% aqueous solution) as the oxidant and solvent, in 

dynamic thin films in the VFD under laser irradiation at 1064 nm. The unique fluidic dynamic 

properties of the VFD has been applied in a number of other applications, including lateral 

slicing of single, double and multi-walled CNTs despite their remarkably high tensile 

strength,[25] intensified aqueous two phase separation,[26]  fabricating fluorescent 

nanoparticles,[27] exfoliating graphite and boron nitride[28] and fabricating intertwined single 

walled carbon nanotube rings.[29] The optimum angle of tilt of the rapidly rotating glass tube 

in the VFD for all of these applications is 45°, and accordingly for the present work this angle 

was also used, using 20 mm O.D. borosilicate glass tubes, 18 cm in length. In the continuous 

flow mode, MWCNTs dispersed in solution using an in-house designed magnetic-assisted 

mixing system (Fig. 1b and c) were delivered via the jet feed to the bottom of the VFD tube 

and the high shear in the thin film as it whirls up the tube, [25] which improved the scalability 

of conventional laser ablation processing into effective disintegrating and exfoliating 

fragmented graphene sheets of the MWCNTs. Aqueous H2O2 was the choice of solvent as 
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an inexpensive, green and environmentally-friendly oxidant which produces high 

concentrations of hydroxyl free radicals under laser irradiation.[30] Fabricated CDs exhibit 

luminescence with a quantum yield of 2.2%, consistent with derived from similar raw 

material.[11]   

2.3 Materials and methods  

MWCNTs (CAS 773840) with dimensions O.D. × I.D. × L equivalent to 10nm±1nm × 

4.5nm±0.5nm × 3-6μm were purchased from Sigma Aldrich, as chemical vapor deposition 

prepared material with an as-received purity ≥98%. 30% H2O2 was purchased from Chem-

supply (HA 154-2). Magnesium sulphate and Molecular sieves, 4 Å were purchased from 

Sigma Aldrich. Sample preparation involved the addition of the MWCNTs (10 mg) into a glass 

beaker containing 100 mL 30% H2O2 (0.1 mg mL-1), followed by bath sonication (∼3 minutes) 

to afford a dispersion. The experimental setup mainly followed the previously published work 

for the VFD-mediated slicing of CNTs.[22]  The experiment was carried out in the continuous 

flow mode at a flow rate of 0.45 mL min-1. Stainless steel jet feeds were used to deliver the 

MWCNT suspension to the bottom of the rapidly rotating VFD borosilicate glass tube (O.D. 

20 mm) inclined 45° relative to the horizontal position, as the so called title angle θ of the 

device. The tube was simultaneously irradiated using a 5 nanosecond pulsed Q-switch 

Nd:YAG laser operating at 1064 nm, with an 8 mm diameter laser beam and a repetition rate 

of 10 Hz (Fig. 1a). The laser beam was directed to the middle of the tube for an optimal 

processing outcome. To ensure a stable homogeneous dispersion of MWCNTs in the 

aqueous H2O2 during syringe pump delivery of the liquid to the rapidly rotating tube, an in-

house designed magnetic-assisted mixing system was developed (Fig. 1c). The magnetic-

assisted mixing during the delivery of the liquid to the VFD tube did not contribute to any 

length or morphological change of the MWCNTs (Fig. S1b†), but it did contribute to some 

oxidation/functionalisation of the sample.  

CDs were characterized using SEM, AFM (Nanoscope 8.10 tapping mode), Raman 

spectroscopy (WiTec Alpha 300R λexc = 532 nm and XploRATM Horiba Scientific λexc = 532 

nm), X-ray photoelectron spectroscopy (XPS – Kratos Axis Ultra, Thermo Scientific, UK, with 

Monochromatic Al Kα X-rays), XRD (Bruker D8 ADVANCE ECO, Co-Kα, λ = 1.78892 Å), 

infrared microscope (NicoletTM iNTM10, Thermal Scientific), UV-vis spectrophotometer 

(Varian Cary 50), fluorescence spectrometer (Cary Eclipse, Agilent), Thermo Lumina 
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fluorescence spectrometer and TEM (FEI Tecnai F20 operated at 200 kV). The quantum yield 

was measured by comparing the integrated fluorescence and absorbance of the sample with 

anthracene in ethanol as a reference. Photoluminescence measurements were performed 

using Edinburgh Instruments F980 Spectrofluorimeter, with details of the UV diodes provided 

in Table S3. All diodes had columnated beams apart from the 355 nm one, which was not 

directional and emitted light in a cone-shape. The CD sample was mounted on a glass slide 

and imaged with Olympus AX70 fluorescence microscope.  

2.4 Results and Discussion  

The optimized VFD operating conditions for fabricating CDs from MWCNTs while irradiated 

with a pulsed laser are θ 45° and rotational speed 7500 rpm at a flow rate of 0.45 mL min-1. 

The absence of laser irradiation under the same conditions simply results in debundling of 

CNTs (Fig. S1a–c). To further decouple the effect of the VFD and the laser irradiation, a 

pulsed laser at the optimized power of 450 mJ was directed towards the CNTs dispersed in 

H2O2 mixed using a magnetic stirrer in a quartz cuvette rather than in a VFD tube. This 

resulted in minimal conversion of the CNTs into CDs, with large bundles and aggregates of 

CNTs still present (Fig. S1d).  

In mapping out the optimized conditions for fabricating the CDs, as-processed samples were 

centrifuged at 1180 × g to remove any aggregates or bundled nanotubes before atomic force 

microscopy (AFM), following a previously reported procedure.[25] Operating parameters of the 

VFD and laser were systematically varied under continuous flow, changing one parameter at 

a time en route to the optimised conditions. For rotational speeds below 6500 rpm at a 45° 

tilt angle, apart from the presence of large bundles, short length CNTs (about 300 nm) were 

observed after processing (Fig. 2a and b). At 7500 rpm, a significant amount of CDs formed 

compared with all other rotational speeds conducted at the same laser power (Fig. 2c), even 

though large bundles of long CNTs were still persistent. Further increase to 8000 rpm resulted 

in less amount of CDs being generated. This might be due to material remaining in the VFD 

tube as a result of increased centrifugal force. These optimal conditions (θ 45°, 7500 rpm) 

also correspond to the optimal processing condition for lateral slicing of carbon nanotubes 

using laser-VFD processing.[25] At lower laser powers, ≤260 mJ (Fig. 3a and b), the 

conversion was ineffective and there was no clear band at the site of laser irradiation of the 

tube (Fig. S2). The conversion was also ineffective at high laser power (>450 mJ) which might 
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be due to the disturbance of the dynamic thin film. The position of the stainless steel jet feeds 

delivering solution to the base of the tube needs to avoid direct irradiation by the laser. 

Otherwise a significant amount of metal oxide nanoparticles are generated, as evidenced by 

transmission electron microscopy (TEM), Raman spectroscopy and scanning electron 

microscopy (SEM)/energy dispersive X-ray spectroscopy (EDX) (Fig. S3 and S4). Raman 

mapping was used to verify the crystalline nature and degree of sp2  hybridisation of the CDs 

relative to the MWCNTs. Processing with the laser operating at 532 nm (Fig. S5, Table S1) 

resulted in less CDs being formed, with poorer sample homogeneity relative to those 

prepared under the NIR laser (θ 45°, 7500 rpm rotational speed) operating at 1064 nm (Fig. 

S6).  

 

Figure 2.2 Continuous flow VFD processing of MWCNTs (0.5 mg mL-1, flow rate of 0.45 mL 
min-1) under pulsed laser irradiation (1064 nm, 260 mJ) at 45° tilt and different rotational 
speeds. (a) 5000 rpm. (b) 6500 rpm. (c) 7500 rpm. (d) 8000 rpm. Samples were centrifuged 
at 1180 × g for 30 min after VFD processing and the supernatant was drop-casted on a silicon 
wafer for AFM imaging. The average dimension of as received MWCNT is O.D. × I.D. × L 
equivalent to 10 nm ± 1 nm×4.5nm±0.5nm×3–6μm.An average of ten areas were randomly 
chosen for all AFM images, with 1–2 representative images presented in this figure (as for all 
AFM figures).  



 

 

69 

 

Figure 2.3 Continuous flow VFD processing of MWCNTs (0.5 mg mL-1, flow rate of 0.45 mL 
min-1, 7500 rpm) at 45° tilt, under pulsed laser irradiation at different laser power. (a) 150 mJ. 
(b) 260 mJ. (c) 350 mJ. (d) 450 mJ. (e) 670 mJ. Samples were centrifuged before drop-
casting on a silicon wafer for AFM imaging.  

Post-VFD processing, centrifugation improved the sample purity by removing the large 

bundled MWCNTs but this led to a significant loss of CDs to the pellet. For generating 

practical quantities of CDs, no centrifugation was applied. The conversion of MWCNTs to 

CDs could be further improved by lowering the starting material concentration from 0.5 to 0.1 

mg mL-1 (Fig. 4d). A similar outcome was also reported for slicing of CNTs[25]  which was 

explained by the high concentration of CNTs disturbing the complex fluid dynamics of the thin 

film in the device. Two sequential continuous NIR laser-VFD cycles of the same sample (θ 

45°, 7500 rpm rotational speed, at 450 mJ laser power) further increased the conversion of 

the MWCNTs nanotubes to CDs (Fig. 4e). This was confirmed using photoluminescence (PL) 

where the intensity of the second-cycled CDs increased 11.8 times compared with one cycle 

processed material (Fig. S7), but a reduction of CDs yield revealed when three or more cycles 

was carried out.  
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Figure 2.4 Continuous flow VFD processing of MWCNTs (flow rate of 0.45 mL min-1, 7500 
rpm) under pulsed laser irradiation (1064 nm, 450 mJ) at 45° tilt, with different sample 
concentrations. (a) MWCNTs at 0.5 mg mL-1 without laser-VFD (control). (b) MWCNTs 
processed at 0.5 mg mL-1. (c) 0.25 mg mL-1. (d) 0.1 mg mL-1. (e) 0.1 mg mL-1 processed 
through two cycles with laser-VFD processing. For AFM imaging, as-prepared samples were 
directly drop-casted on silicon wafers without centrifugation post VFD processing.                  
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Figure 2.5 Raman mapping for CDs processed using two cycles of continuous flow VFD (0.1 
mg m-1, flow rate of 0.45 mL min-1, 7500 rpm) under pulsed laser irradiation (1064 nm, 450 
mJ) at 45° tilt. (a) AFM images of the mapped area and corresponding zoomed-in images. 
(b) Optical image and Raman maps of the highlighted area (red square) with the two map 
images representing the D (1352 cm-1) and G (1594 cm-1) bands of graphitic material. (c) 
Three representative single spectrum correspond to the three circled spot in b. Scanned area 
was20×20μm2.  

After two cycles of laser-VFD processing, Raman mapping was conducted over a particle 

enriched area (AFM confirmed) (Fig. 5a). The two Raman maps correspond to the map for D 

(1352 cm-1) and the map for G (1594 cm-1) bands (Fig. 5b). As shown, these spherical 

particles are graphitic with well-matched signals for D and G bands. Single Raman spectrum 

(Fig. 5c) extracted from three randomly circled areas (Fig. 5b) show a typical graphitic 

spectrum with the D-band at 1352 cm-1 (1346 cm-1 for MWCNTs), and the G-band at 1594 

cm-1 (1586 cm-1 for MWCNTs). This blue shift of the G-band to a higher frequency and the 

disappearance of 2D peak at 2682 cm-1 compared to as received MWCNTs (Fig. S1a) is 

consistent with the surface oxidation of the CD, as reported by Islam et al.[31]  for oxidized 

single layer graphene. The band-width of full width at half maximum (FWHM) significantly 

increased from 64 cm-1 (as received MWCNTs) to 93 cm-1 (CDs), which again is consistent 

with the oxidation state.[32] 
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Figure 2.6 CDs fabricated under optimized conditions (two cycles continuous flow, 0.1 mg 
mL-1, flow rate of 0.45 mL min-1, 7500 rpm, 450 mJ, at 45° tilt). (a) AFM image and height 
distributions based on >300 individual CDs (inset). (b) SEM image. (c) TEM, selected area 
electron diffraction pattern (inset) and HRTEM images. (d) XRD results of as received 
MWCNTs and as-processed CDs.  

TEM and AFM established that the as-prepared CDs were quasi-spherical and showed an 

average height ca. 6 nm (from 3 to 13 nm) (Fig. 6). These are formed from fragmentation of 

10 nm outer diameter MWCNTs, presumably involving exfoliation and agglomeration of small 

graphene sheets which have increased surface area and surface energy.[33] High resolution 

TEM (HRTEM) gave 0.21 nm and 0.34 nm lattice spacings which correspond to the {100} 

and {002} planes of graphitic carbon.[34]  This is in agreement with the spacing calculated 

from the diffraction pattern taken from the CDs (inset of Fig. 6c). X-ray diffraction (XRD) for 

the as-received MWCNTs had peaks at 2θ 29.98° and 50.13° (weak) (Fig. 6d) which 

correspond to (002) and (101) atomic planes respectively for the hexagonal structured 

graphitic material.[35]  XRD of CDs had a broader peak at 2θ 29.04°, and their calculated 

interlayer d-spacing (d002) is 0.34 nm which is in good agreement with the graphitic interlayer 
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spacing.[36] The broad and weak nature of the peak indicates the presence of some poorly 

crystalline carbon, which is consistent with the generation of oxygen containing groups during 

the processing.  

 

Figure 2.7 (a) UV-vis spectrum of the CDs. (b) C 1s spectrum of the CDs. (c) FT-IR spectra 
of the CDs.  

The CDs obtained using the optimal processing conditions had good water solubility and 

colloidal stability, with little or no change in their optical properties over several weeks, and 

these are distinctly different from those of as received MWCNTs (Fig. 7a). The CDs had a 

broad absorption spectrum with a tail extending into the visible region and this is attributed to 

the π–π* transition of the conjugated C=C bond (205 nm) and n–π* transition of C=O bond 

(250 nm), which is in good agreement with the findings of Lin et al.[37] XPS established that 

the oxygen content increased significantly for as received MWCNTs (1.54% oxygen content) 

of compared to CDs (18.7% oxygen content). The CDs were oxidized (C=C/C–C, 15.5% 

molar ratio), and deconvolution of the C 1s peak established atomic percentage of different 

types of C bonds – sp2 (C=C at 284 eV, 12.2% molar ratio), sp3 (C–C/C–H at 285.2 eV, 65.0% 

molar ratio), C–O (285.7 eV, 11.4%), O–C=O (289.4 eV, 10.7% molar ratio) and π–π* inter- 

action (shakeup, 290.9 eV) (Fig. 7b). The sp3 intensity is much stronger than the sp2 which 

confirmed the oxidation of the CDs relative to MWCNTs. FT-IR spectra of the CDs gave 

characteristic absorption peaks for –OH stretching, 3381 cm-1, and C=O stretching, ca. 1670 

cm-1 (Fig. 7c). These findings agree with the XPS, XRD and HRTEM data. The formation of 

oxygen-containing functionality on the surface of the CDs during the laser-VFD processing 

accounts for their water solubility.  
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Figure 2.8 (a) Contour fluorescence map for excitation and emission of the CDs (from the 
optimized condition). The black dot represents the maximal fluorescence intensity of the CDs, 
received at an excitation wavelength of 345 nm and at an emission 450 nm. (b) Fluorescence 
microscopy excited at 365 nm. (c) PL spectra of the CDs. Two emission peaks at constant 
wavelength of 435 and 466 nm were for different excitation wavelengths, from 277 to 355 nm. 
(d) Fluorescence decays of CDs excited at 377 nm. (e) Decaying lifetime of three emissive 
sites.  

 

The scalability of the process was investigated by processing 50 mg of as received MWCNTs 

dispersed in 500 mL of H2O2. Approximately 40% of starting material was converted to CDs, 

as deduced from residual material remaining in the syringe and the VFD tube post processing. 

The yield of dialysed CDs which showed negligible cytotoxicity (Fig. S14) was ca. 10%, based 

on the total amount of initial MWCNT. 2D-fluorescence maps of the CDs showed maximum 

excitation wavelength at 345 nm and an emission at 450 nm (blue in the visible region) (Fig. 

8a) with the as-received MWCNTs showing no fluorescence. Drop-cast CDs showed UV-

excitable (at 365 nm) characteristics under the fluorescence micro- scope (Fig. 8b). Two 

resolved photoluminescence (PL) emission peaks at 420 and 460 nm (Fig. 8c) which were 

considered to be constant, meaning the emission is independent of the excitation wavelength 

(277–355 nm). Such excitation-independent PL emission is attributed to relative size 

uniformity, as previously noted for graphene quantum dots fabricated using 
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microfluidisation.[11] Fluorescence life- time was analysed for both emission peaks under the 

excitation of a 377 nm pulsed laser (Fig. 8d). Both decay curves can be well fitted with a 3-

component exponential model, which can be understood by the emission being an integration 

of at least three emissive sites (Fig. 8e). The fastest decay has a lifetime (τ1) about 1.4 ns, 

and the intermediate component has a lifetime (τ2) around 3 ns, while the slowest lifetime 

(τ3) is in the range of 8.5 to 9.0 ns. The lifetime results are consistent with a previous report[38] 

which attributes the PL of CDs as arising from an integration of PL components from three 

types of emission centres, namely, σ*–n and π*–n transitions (emissions from functional 

groups dominate the blue side, corresponding to τ1), π*–π transition (emissions from 

aromatic core of the CDs, corresponding to τ2) and π*-midgap states-π transitions (emission 

normally on the red side dominated by the midgap states that are created by functional groups 

and defects, corresponding to τ3). Since the PL spectrum of CDs shows two distinctive peaks 

centered at 420 and 460 nm, respectively, PL lifetime analysis was carried out for each 

emission peak. The percentage of the longer lifetime component (τ3) of 460 nm emission is 

more than 13% higher than that of 420 nm emission, which indicates that the origin of 460 

nm emission peak arises from stronger association with the surface functional group. Under 

both acidic (pH = 1) and alkaline conditions (pH = 12), PL of the CDs was quenched (Fig. 

S15†), with the emissive peak at 460 nm un- der neutral conditions (pH = 7) disappearing 

when the pH was adjusted either way, acidic or basic. This observation indicates that the 

emission peak at 460 nm is strongly associated with the surface functional groups, 

predominantly the –COO− which is consistent with the XPS results. Either the H+ or OH− 

cause the formation of non-radiative complexes with the surface functional groups of the CDs 

and lead to static quenching.  
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Figure 2.9 Schematic of laser-VFD processing for fabricating CDs from MWCNTs. The black 
dots above and below the ball-and-stick model of the CDs highlight the sample may contain 
different layers of graphene.  

 

AFM, TEM, Raman, FT-IR, XPS and PL of the CD are consistent with the proposed structure 

shown in Fig. 9. This corresponds well with what has been proposed in most studies, with 

CDs having a graphitic core and an oxidized surface. Oxidation of the MWCNTs can occur 

at the ends of the nanotube or at defect sites on the sidewalls, which includes sp3- hybridised 

defects, and vacancies between the nanotube lattice or dangling bonds.[23]  The surface 

functionalisation could be visually evaluated in terms of the solubility changes after the first 

laser-VFD cycle. Post-VFD processing, uncapped CNTs, nanometer-sized holes, shortened 

CNTs and disrupted side walls were evident (Fig. S11). These could arise from oxidation of 

C–C bonds around initial defect sites.24 H2O2 may penetrate such defect sites, attacking the 

underlying C–C bonds causing further sidewall damage facilitated by laser irradiation.[21] 

Similar effects were also observed with SWCNTs and DWCNTs (Fig. S12). Raman 
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spectroscopy of laser-VFD processed SWCNTs, DWCNTs and MWCNTs all showed 

significant increase in the ID/IG ratio, which is consistent with an increase in functional groups 

on the sample surface. Over-all, this solvent initiated layer-by-layer degradation in the 

presence of laser irradiation and mechanical energy input from the VFD are collectively 

responsible in the fabrication of CDs. Post-VFD processing, further tuning of fluorescence 

and chemical adoption is achievable (Fig. S16). As-processed CDs (dispersed in H2O2) and 

ethanol (ratio of 1 : 1) were eluted through an adsorption column packed with molecular sieve 

and magnesium sulphate. Different fluorescence properties were observed. Additionally, CDs 

dispersed in H2O2 and ammonia (25%) (ratio 6 : 1) and heated at 60 °C, as a variation of the 

method reported by Jiang et al.,[39] resulted in doping of N (1.46% XPS) but there was no 

change on the PL spectrum (Fig. S13).  

2.5 Conclusions  

We have developed a simple and relatively benign method using a VFD to produce water 

soluble CDs with scalability incorporated into the processing. The optimum operating 

parameters correspond to a sample concentration of 0.1 mg mL-1, rotational speed of 7500 

rpm, 0.45 mL min-1 flow rate, with a laser power of 450 mJ. The CDs exhibit excitation 

wavelength independent PL behavior with two distinctive emission peaks around 420 and 

460 nm, being an integration of at least three emissive sites originated from the aromatic core, 

defects and functional groups. CDs are chemically reactive and could be potentially used for 

further chemical functionalisation. Importantly, VFD processing favours more product 

homogeneity in the dynamic thin film in the micro-fluidic platform, with product quality 

independent of the sample volume passing from the VFD. Future experiments will investigate 

the possibility of tuning the intrinsic fluorescence by controlling the size of CDs which is crucial 

for red-shifting of the excitation wavelength.[11] This could involve the use of a plasma VFD 

which is effective in changing the morphology of graphene.[40] Various catalytic peroxidase 

enzyme such as HRP and lignin peroxidase might be applicable for accelerating the 

degradation of nanotubes in the presence of H2O2.[24]  As mentioned, VFD has been applied 

in nanocarbon proessing such as slicing carbon nanotubes[25] and scrolling graphene sheets, 

this chapter further extends the laser-mediated-VFD processing towards CD production 

through an environmently-friendly procedure with practical scaling up potentials. To further 

explore this frabrication system, in the next chapter, we describe the laser-mediated-VFD 

processing in metallic nanoparticle processing for the first time.  
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Carbon nanodots (CDs) with size dependent fluorescence are synthesized from multi-walled carbon nano-

tubes (MWCNTs) under continuous flow in a vortex fluidic device (VFD) when irradiated by a pulsed laser

with a wavelength of 1064 nm, without subsequent passivation procedures. The CDs have a relatively nar-

row size distribution averaging ca. 6 nm in diameter, and have low cytotoxicity and high colloidal stability

with the highest emission intensity of the solution at 450 nm under a 345 nm excitation wavelength. Fur-

ther downstream processing on the as-processed CDs revealed tunability of the emission from 450 nm to

325 nm.

Introduction
Carbon nanodots (CDs) are carbon nanoparticles <10 nm in
diameter, consisting of a graphitic structure or amorphous
carbon core and carbonaceous surfaces, with rich oxygen-
containing groups.1 CDs exhibit distinct properties, most no-
tably strong quantum confinement and edge effects resulting
in exceptional fluorescent characteristics.2 The unique func-
tional properties and benign chemical composition have ren-
dered CDs a promising new material for a broad range of ap-
plications including bioimaging,3 drug delivery,4 and
optoelectronic devices.5 Various feedstocks have been used
for producing CDs including single walled carbon nano-
tubes,6 carbohydrates,7 polyethylenimine,8 low molecular

weight alcohols,9 graphite,10 and carbon soot.3 In general, the
quantum yield of CDs varies dramatically, from 1.32% (ref.
11) up to around 43%,12 depending on the choice of carbon
feedstock. A number of methods have been reported to pre-
pare CDs within these dimensions, including chemical abla-
tion, laser ablation,2 electrochemical carbonisation,9 arc-
discharge pyrolysis,2 hydrothermal synthesis,12 and ultra-
sound and microwave-assisted pyrolysis.13 Laser ablation is a
well-studied technique in synthesizing CDs from various
carbon-based targets.14–16 The significant advantage of this
technique over other methods is that the processing is rela-
tively clean, with reduced byproduct formation.15 However,
the potential of synthesizing CDs through laser ablation in
liquids is limited by the scalability and gravitational settling
of the raw material.15 Other potential issues using conven-
tional laser ablation processing include controlling the crys-
tallinity of the CDs,17 relatively long processing times,15 and
the requirement for additional passivation reaction, for exam-
ple long acid refluxing times.14,18

One of the most common methods of fabricating oxygen-
containing CDs involves using a mixture of concentrated
H2SO4 and HNO3.

19 However, this requires tedious purifica-
tion procedures to remove the excess acid, and uses toxic and
harsh chemicals. The catalytic activity of MWCNTs towards
H2O2 decomposition (HPD) has been reported in a few stud-
ies, and the properties of the nanotubes post processing can
be affected.20 A mixture of H2O2 and 1 M HCl or 96 wt%
H2SO4 has been used for the oxidation and purification of
carbon nanotubes (CNTs),21 with 15% H2O2 alone at 100 °C
for 3 hours being effective in removing the end caps and
shortening the length of the CNTs with concomitant surface

164 | React. Chem. Eng., 2018, 3, 164–170 This journal is © The Royal Society of Chemistry 2018

a Centre for Marine Bioproducts Development, College of Medicine and Public Health,
Flinders University, Adelaide, SA 5042, Australia. E-mail: wei.zhang@flinders.edu.au
bCentre for NanoScale Science and Technology (CNST), College of Science and
Engineering, Flinders University, Adelaide, SA 5042, Australia.
E-mail: colin.raston@flinders.edu.au
c Institute for Photonics and Advanced Sensing, and School of Physical Sciences,
The University of Adelaide, SA 5005, Australia
d Centre for Microscopy and Microanalysis, The University of Queensland,
Brisbane, QLD 4072, Australia
e Australian Institute for Bioengineering and Nanotechnology, The University of
Queensland, Brisbane, QLD 4072, Australia
fMaterials Engineering, The University of Queensland, Brisbane, QLD 4072, Australia
g Trace Analysis for Chemical, Earth and Environmental Sciences (TrACEES), The
University of Melbourne, Victoria 3010, Australia
h School of Chemistry, The University of Melbourne, Victoria 3010, Australia
i Environmental Engineering and Queensland Micro and Nanotechnology Centre,
Griffith University, Brisbane, QLD 4111, Australia
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7re00197e



 

 

82 

 

Supporting Information

Laser irradiated vortex fluidic mediated synthesis of luminescent 

carbon nanodots under continuous flow

Xuan Luo1,2, Ahmed Hussein Mohammed Al-Antaki2, Kasturi Vimalanathan2, Jillian Moffatt,3 Kun 

Zheng4,5, Yichao Zou6, Jin Zou4,6, Xiaofei Duan7, Robert N. Lamb8, Shujun Wang9, Qin Li9, Wei Zhang1* 

and Colin L. Raston2*

1 Centre for Marine Bioproducts Development, College of Medicine and Public Health, Flinders University, 

Adelaide, SA 5042, Australia;

2 Centre for NanoScale Science and Technology (CNST), College of Science and Engineering, Flinders University, 

Adelaide, SA 5042, Australia;

3 Institute for Photonics and Advanced Sensing, and School of Physical Sciences, The University of Adelaide, SA 

5005, Australia;

4 Centre for Microscopy and Microanalysis, The University of Queesland, Brisbane, QLD 4072, Australia;

5 Australian Institute for Bioengineering and Nanotechnology,The University of Queensland, Brisbane, QLD 4072, 

Australia;

6 Materials Engineering, The University of Queesland, Brisbane, QLD 4072, Australia;

7 Trace Analysis for Chemical, Earth and Environmental Sciences (TrACEES), The University of Melbourne, Victoria 

3010, Australia;

8 School of Chemistry, The University of Melbourne, Victoria 3010, Australia;

9 Environmental Engineering and Queensland Micro and Nanotechnology Centre, Griffith University, Brisbane, 

QLD 4111, Australia.

Corresponding Authors

*C. Raston. Tel.: +61 8 82017958. Fax: +61 8 8201290. E-mail: colin.raston@flinders.edu.au

*W. Zhang. Tel.: +61 8 72218557. Fax: +61 8 72218555. E-mail: wei.zhang@flinders.edu.au

Electronic Supplementary Material (ESI) for Reaction Chemistry & Engineering.
This journal is © The Royal Society of Chemistry 2018



 

 

83 

3. IN SITU METAL LASER ABLATION SYNTHESIS OF 
SUPERPARAMAGNETIC MAGNETITE NANOPARTICLES IN 

WATER UNDER FLOW 

Magnetite is one of the most intensively studied iron oxide nanoparticles (IONPs), and 

can be prepared using a number of different methods. The existing methods have 

different disadvantages relating to shape/size control, stability, scalability, mono-

dispersity and production cost. Among them, the co-precipitation method is relatively 

simple and fast, and has potential for scaling up, however it generates nanoparticles 

with a wide particle size distribution and a waste stream incorporating toxic chemicals. 

Pulsed laser ablation, which can be a simple, surfactant and counter-ion free 

technique, has been used to prepare magnetic nanoparticles with a narrow size 

distribution. However, selectively forming only one iron oxide phase, precisely 

controlling the collapse of plume and scaling up are major challenges for conventional 

laser processing techniques. Laser ablation of an iron target in the gas-phase can 

circumvent some of the above drawbacks in liquid ablation processing, using air as 

the oxidant. In this chapter, we have established that the VFD is effective in forming 

superparamagnetic magnetite nanoparticles of spheroidal or hexagonal shapes with 

a narrow size distribution, as a one-step continuous flow process at ambient pressure, 

using in situ laser ablation form a pulsed laser operating in the NIR. This time, the 

laser is extended to an ablation function which minimizes the generation of waste by 

avoiding the need for any chemicals/surfactants; and avoids time consuming 

purification steps by reducing any negative impact of the processing on the 

environment. 

This study was published in ACS Omega, Year 2018, Vol. 3, Issue 9, Pages 11172-11178. 

The first page of the publication is attached in Appendix 3.1.  

Author contributions: XL performed all the VFD and tissue culture experiments, most 

characterization experiments and data analysis; wrote all the primary content. AA help on 

some VFD experiments, the use of heating jacket and assisted with the O2 experiments. SP 
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3.1 Abstract 

Selective formation of only one iron oxide phase is a major challenge in conventional 

laser ablation process, as is scaling up the process. Herein, superparamagnetic 

single-phase magnetite nanoparticles of hexagonal and spheroidal-shape, with an 

average size ca. 15 nm, are generated by laser ablation of bulk iron metal at 1064 nm 

in a vortex fluidic device (VFD). This is a one-step continuous flow process, in air at 

ambient pressure, with in situ uptake of the nanoparticles in the dynamic thin film of 

water in the VFD. The process minimizes the generation of waste, in avoiding the need 

for any chemicals or surfactants, and avoids time consuming purification steps, in 

reducing any negative impact of the processing on the environment. 

KEYWORDS: Laser ablation, iron oxide nanoparticles, superparamagnetism.  

3.2 Introduction  

The synthesis and availability of iron oxide nanoparticles (IONPs) is of general interest 

in many fields of research and in a number of applications. Some common phases of 

IONPs include α-Fe2O3 (hematite), Fe3O4 (magnetite), γ-Fe2O3 (maghemite), α-Fe 

(ferrite), Fe3C (iron carbide) and FeO (wustite). For magnetite, smaller than 20 nm 

have superparamagnetic properties, and are known as superparamagnetic IONPs.1,2 

This property relates to the large magnetic moment resulting from the coupling of the 

atomic spins within the nanosized magnetite nanoparticles.3 Magnetite is one of the 

most intensively studied IONPs, which can be prepared using a number of different 

methods, including co-precipitation,1 sol-gel,4 micro emulsion,5 ultrasonic spray 

pyrolysis6 and microwave plasma.7 They have different advantages and 
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disadvantages relating to shape/size control, stability, scalability, mono-dispersity and 

production cost. Among them, the co-precipitation method is relatively simple and fast, 

and has potential for scaling up, however it generates nanoparticles with a wide 

particle size distribution1 and can generate a waste stream incorporating toxic 
chemicals.8 

Pulsed laser ablation, which can be a simple and surfactant and counter-ion free 

technique9, has been used to prepare magnetic nanoparticles with a narrow size 

distribution.2 IONPs can be generated by laser ablation of bulk iron in either the gas 

or liquid phase,10 the latter being the most studied,11 with Nd:YAG laser processing at 

1064 nm affording nanoparticles with enhanced magnetic properties.2 Water is the 

preferred solvent in terms of applications and environmental considerations, with the 

use of organic solvents generating amorphous carbon and iron carbide from its 

breakdown.8,11,12 However, selectively forming only one iron oxide phase in water is a 

major challenge in laser processing.2,9,12 Also noteworthy is that after each laser pulse, 

the time taken for collapse of the plume is crucial in controlling the nucleation and 

growth of the IONPs;2 longer times equate to longer growth times, affording mainly 

larger particles during the ablation in the liquid. On the other hand, laser ablation of an 

iron target in the gas-phase can circumvent some of the above drawbacks for liquid 

ablation processing, using air as the oxidant.13 Also noteworthy is that the generation 

of nanoparticles from ablation in the gas-phase is preferred due to increased yield 

relative to ablation in the liquid-phase.13 Maghemite has been generated by laser 

ablation in a mixture of nitrogen and oxygen at atmospheric pressure,12 albeit with a 

broad size distribution of the particles, 5 to 90 nm in diameter. Laser ablation 

processing in the gas phase requires a more sophisticated setup with a specially-

designed ablation chamber and particle collector relative to liquid phase ablation.13,14 

We were motivated to integrate laser ablation in both gas- and liquid-phases using the 

versatile vortex fluidic device (VFD) in association with a Nd:YAG pulsed laser, in 

developing a scalable process for preparing magnetite in water with control over the 

size of particles, and without requiring chemical additives. The VFD is a thin film 

microfluidic platform that is effective in high yield and controllable organic and material 

synthesis, in harnessing the intense micro-mixing and high heat and mass transfer in 

the dynamic film.15 Nd:YAG pulsed laser-assisted VFD processing has been used for 
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fabricating graphene oxide scrolls from graphene oxides16 and lateral slicing of high 

tensile strength carbon nanotubes17 noting that in the absence of the laser, the 

mechano-energy in the film is effective in forming compact single walled carbon 

nanotube toroids or rings.18 The VFD is also effective in enhancing chemical reactivity 

and selectivity,19 intensifying multi-phase separation,20 enhancing enzymatic 

reactions,21 and in many more applications.22 In the present study, the VFD was 

operated at 45 degree tilt angle for the rapidly rotating borosilicate glass tube (O.D. 20 

mm, I.D. 17.5 mm), which is the optimal angle for a number of processes.17-22 VFD 

processing can be conducted on small sub-millilitre scales, in the so called confined 

mode where there is tilt angle dependent shear stress, as well as up-scaled under 

continuous flow, Figure 1. Polyvinyl pyrrolidine (PVP) coated superparamagnetic 

magnetite nanoparticles with a mean diameter of <10 nm have been previously 

fabricated using a co-precipitation method under continuous flow using a VFD with a 

10 mm O.D. glass tube in an ammonia/nitrogen atmosphere.23 Herein we have 

established that the VFD with a 20 mm O.D. glass tube with higher volume capacity 

and safer laser ablation distance is effective in forming superparamagnetic magnetite 

nanoparticles with a narrow size distribution, as a one-step continuous flow process 

at ambient pressure. The process is devoid of any gas flow which simplifies the set-

up and minimizes the generation of waste, while avoiding the need for any 

chemicals/surfactants, as well as time consuming purification steps, in reducing any 

negative impact of the processing on the environment. 
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Figure 3.1 (a) Laser beam irradiation of an iron rod placed inside the VFD tube with 
the device operated in the confined mode. (b) Laser beam irradiation of an iron rod 
placed inside the VFD tube with the device operated in continuous flow mode. (c) 
Cartoon of a plasma plume containing iron atoms and ions. (d) Generating iron oxide 
nanoparticle through diffusion-driven nucleation and aggregation in the presence of a 
gas and a liquid carrier. 
 

3.3 Materials and methods  

The experiments were carried out under both the confined mode and continuous flow mode 

of operation of the VFD, as indicated in Figure 1. In a typical confined mode experiment, 15 

minute processing time was carried out in a rapidly rotating tube at θ 45º tilt with a 

simultaneously 5 nanosecond pulsed laser at 1064 nm (pulsed Q-switch Nd:YAG laser) with 

a 8 mm diameter laser beam irradiating a high purity (>99.998%) iron rod 5 mm in diameter 

which was immobilized on a stainless steel jet feed (Figure 1a). In continuous flow, 

experiments were conducted under the same conditions as described in the confine mode, 
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except that stainless steel jet feeds were used for both immobilizing the iron rod and 

delivering liquid into the rapidly rotating tube (Figure 1b). Optimizing the flow rate of water 

involved studying 0.1, 0.5 and 1.0 mL/min flow rates, using a syringe pump. Under both 

processing conditions, the laser beam was positioned perpendicular to the target surface, 

with the formation of hot and high pressure plasma plumes containing iron atoms and ions 

expanding in all directions (Figure 1c and d). The laser beam was focused about 7.5 mm 
away from the thin film surface with the expanding plumes restrained within the VFD tube. 

 

As prepared samples were dried in the open air as per previous studies2 and were 

characterized by UV-vis spectrophotometer (Varian Cary 50) in the 200-1000 nm range in a 

quartz cell and X-ray diffraction (Bruker D8 ADVANCE ECO, Co-Kα, λ=1.79 Å) with radiation 

generated at 35 kV and 28 mA and a grazing incidence angle (3 °) in the 2θ range of 20° to 

80°. The lattice parameter calculations were obtained using the EVA software. The average 

crystallite size was estimated using Debye-Scherrer equation. Particle sizes/morphology and 

crystalline structures were observed using dynamic light scattering (DLS) (Malvern 

Instrument, UK), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and atomic force microscopy (AFM). TEM was conducted on a FEI TECNAI F20 

microscope operated at 200 kV. Raman spectroscopy was performed with an excitation 

wavelength of 532 nm for an integration time of 30 s to differentiate the presence of magnetite 

and maghemite. As processed materials were investigated using Raman spectroscopy after 

drop-casting one drop of the colloidal material on a glass substrate. Magnetic measurements 

were carried out using a Quantum Design PPMS with ACMS option at room temperature 

(295 K) by saturating the sample in a field of up to 15,000 Oe. 
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3.4 Results and discussion  

         

Figure 3.2 (a) Images showing the laser irradiation position with the iron rod placed inside 
the VFD tube spun at 7500 rpm with the 1064 nm pulsed laser operating at 20, 70, 160, 360 
and 560 mJ, from samples 1 to 5 respectively. (b) As prepared sample dispersed in 1 mL 
water; a stable colloidal suspension was obtained for 360 and 560 mJ. (c) UV-vis spectra. (d) 
Dynamic light scattering results. (e) Zeta potential data.  
 

All the optimization experiments were initially conducted with the VFD operated in the 

confined mode with 1 mL water. The laser power was optimized first by conducting the 

experiment for 15 min at different laser powers, 20, 70, 160, 360 and 560 mJ, Figure 

2a. Brown suspensions, as an indicator of the formation of iron oxide particles, were 

only obtained for experiments conducted at high laser power, at 360 and 560mJ. The 
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suspensions have good colloidal stability for days, Figure 2b, in agreement with the 

zeta-potential about +30 mV, Figure 2e. Post VFD processing, the pH of the as 

processed IONPs became slightly acidic relative to the MilliQ water, affording 

positively charged particles.24 As prepared IONPs are not coated, and are likely to 

agglomerate in water (Figure 2d) in reducing their large surface area to volume ratio, 

as reported by Demirer et al..1 Iron-based nanoparticles lack sharp UV-vis spectrum 

absorption bands8 but can be characterized by an absorption threshold for 

wavelengths lower than 400 nm (Figure 2c), typically representing different iron oxide 

phases of hematite, magnetite and iron carbide.8,25 The concentration of the as 

prepared samples could be indirectly estimated using UV-vis spectroscopy with high 

absorbance associated with higher yield, as established by Fazio et al.25 Figure 2c 

indicated that processing at 360 and 560 mJ generated the highest quantities of IONPs 

compared to other conditions. However, the borosilicate glass tube VFD deteriorated 

with the risk of fracture using a laser power of 560 mJ, and accordingly the lower power 
of 360 mJ was used.   
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Figure 3.3 Characterisation of the as prepared IONPs (laser power 360 mJ for the VFD tube 
rotated at 7500 rpm for 15 min. in the confined mode for 1 mL water. (a) AFM, TEM and size 
distribution plot which represented more than 300 randomly chosen IONPs. (b) XRD 
diffraction pattern and Raman spectra. (c) FT-IR spectrum. 

 

AFM, TEM and XRD analyses were carried out on the samples ablated at 360 mJ, in 

establishing their composition and morphology. AFM revealed large aggregates of small 

spherical nanoparticles, Figure 3a, in accordance with TEM images that gave an estimated 

average particle of 12 nm, with a relatively narrow size distribution. XRD established that the 

material is either magnetite (COD 1011032) or maghemite (COD 9006316), with a crystallite 

size of ca. 14.2 nm, using the Debye-Scherrer equation, Figure 3b. The variation of the size 

estimation by XRD from TEM could be due to the presence of strain in the crystals that can 

lead to overestimation of particle diameters.26 Raman spectroscopy can be used to 

differentiate between magnetite and maghemite.27 The magnetite crystal belongs to the cubic 

space group Fd3m, having five Raman-active bands, A1g, Eg and three T2g, and four infrared 

active bands T1u.28 The most intense band for magnetite (A1g mode) was observed at 662 

cm-1 (Figure 3b). Three smaller bands were observed at 192 (T2g), 313 (Eg) and 526 (T2g) cm-

1 representing the phonon frequencies of magnetite. Two weak peaks between 1380 to 1600 

cm-1 possibly correspond to graphitic material.28 The yellow colour of the solution after the 

migration of the samples to a magnet (Figure 3a) can be ascribed to the presence of residual 

nanomagnetic amorphous carbon in solution as described by Amendola et al.8 Second-order 

Raman spectra are effective for determining the crystallinity of the carbon, 29 but the absence 

of such in this case  (Figure S1 and S2) does not rule out the presence of amorphous carbon30 

that could arise from traces of storage solvent from the iron rod and fixation of carbon dioxide 

in the air. FTIR spectroscopy gave a band at 550 cm-1 corresponding to magnetite (Figure 

3c), whereas maghemite having an analogous band at 600 cm-1.28,31 The black colour of the 

samples is also consistent with magnetite being the dominant phase.32 
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Figure 3.4 (a) Size of IONPs nanoparticles generated at 360 mJ with the VFD operating in 
the confined mode containing 1 mL water, for 15 min at different rotational speeds. (b) Particle 
size estimated using XRD. (c) Raman spectra. (d) XRD of samples conducted under 
continuous flow mode at 7500 rpm, 0.1 mL/min flow rate (materials exiting and retained inside 
the tube). (e) Size estimation plot based on TEM for the two samples obtained from 
continuous flow (materials exiting and retained inside the tube). 

 

Rotational speed of the VFD tube controls the size of the nanoparticle (Figure 4a-b), with the 

smallest size obtained at 7500 rpm, 360 mJ laser power, for 15 min in the confined mode, for 

1 mL of water in the tube. The particles were rapidly formed during the laser ablation process 

with the shear presumably preventing the growth and coalescence of nanoparticles. XRD of 

these samples indicate the presence of magnetite or maghemite for all rotational speeds 

(Figure S3). The weak Raman peak contribution at 720 cm-1 might arise from a small quantity 

of maghemite28 at some rotational speeds (Figure 4c). Raman spectra were recorded using 

a significantly low laser power in order to avoid the transition of magnetite to maghemite or 

hematite as a result of local radiation.24,33 A well-defined FT-IR band at 550 cm-1 
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corresponding to magnetite was observed for all these samples (Figure S4). To scale up the 

process, a continuous flow mode was used in which a syringe pump delivered water to the 

base of the VFD tube through a stainless-steel jet feed. Flow rates were varied at 0.1, 0.5 

and 1 mL/min, and the average size of particles derived from XRD data, was 15.4±1.1, 

19.6±1.0 and 20.3±0.2 nm, respectively (Figure S5). A flow rate of 0.1 mL/min gave similar 

results (15.4±1.1 nm), comparable to results for the confined mode, for 15 min processing 

time (14.2 nm). Thus, the processing time in the VFD is critical for controlling the nucleation 

and growth of the particles. In continuous flow mode, the solution laden IONPs whirl up the 

rotating tube, exiting through a Teflon housing unit. This ensures more uniform processing 

during the laser irradiation, affording a more monodispersed size distribution.11 Post-

processing at 0.1 mL/min, deep brown fine particles were distributed along the VFD tube 

(Figure S6) and were retrieved by dispersing them into fresh water. The yield of the product 

under continuous flow was estimated to be about 42 μg and 83 μg per minute of samples 

exiting the VFD (outside) and adhering to the inside of the VFD tube (inside), respectively. 

The IONPs were recovered by placing a magnet next to the wall of the vial containing the 

colloidal solution. Characterization using XRD on 0.1 mL/min sample (both inside and outside) 

confirmed the presence of magnetite (Figure 4d) with an average particle size of around 12 
nm (Figure 4e1), with no evidence for the presence of other materials, including carbon. 
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Figure 3.5 Representative TEM, HRTEM and SAED (marked indices are planes of 
magnetite). (a) IONPs existing the VFD operated at a rotational speed of 7500 rpm and a 
flow rate of 0.1 mL/min. (b) IONPs retained inside the tube during processing at a rotational 
speed of 7500 rpm and a flow rate of 0.1 mL/min. Both samples showed mixed shapes of 
spheres and hexagonal prisms. Both samples are single-crystals with individual crystallites 
highlighted. The FFT patterns were acquired from the HRTEM image. 
 

HRTEM and SAED showed that the IONPs both exiting the tube under flow and retained 

inside the tube are single crystals, and showed two shapes of spheres and hexagonal prisms 

(Figure 5).8 Magnetite nanohexagons are usually obtained using chemical synthesis from iron 

acetylacetonate under high temperatures up to 290ºC for extended time. However, the 

average particle size for such hexagons is about 85 nm or up to a hundred nm,32,34 whereas 

in our case they are between 15 to 20 nm (Figure 5b). The generation of hexagonal particles 

at smaller and narrow size range using laser ablation, further highlights the significance of 

our findings, and the versatility of the VFD.  
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Figure 3.6 (a) Comparison of magnetic hysteresis curves of the VFD-processed samples 
(retained and collected). (b) Low-field interval of the magnetization curves of the two samples.  
 

Both samples exhibit superparamagnetic characteristics with the highest saturation 

magnetization (Ms) value of about 41 Am2kg-1 at room temperature (Figure 6a-b),6 which is 

consistent with the average particle size of about 12 nm in both samples. The slight decrease 

in Ms for the sample (retained) can be attributed to the slightly disordered surface and reduced 

crystallinity,12,28 which could be due to the longer exposure to the laser beam. The low-field 

interval of both magnetization curves reveals the negligibility of the hysteresis which again 

implies the superparamagnetism.35 Apart from generating single phase crystals, laser ablated 

IONPs prepared using the VFD have higher saturation magnetization than those prepared 

using conventional laser ablation processing in water. For example, the Ms of IONPs 

prepared by Vahabzadeh et al.2 in water were 14.8-22.5 emu/g with Hc of 11.5-22 Oe, which 

were not considered as superparamagnetic. Maneeratanasarn et al.36 reported the 

generation of amorphous α-Fe2O3 nanoparticles with a low saturation magnetization of only 

1.315 emu/g using laser ablation in water. The superparamagnetic IONPs prepared using the 

VFD resulted from precise control of the oxidative states, particle size and morphology during 
the process.  
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The plasma plume that is a mixture of atoms, ions and radicals, is generated in air and reacts 

immediately,37 with particles colliding with each other12 and then with uptake in the dynamic 

thin film in the VFD. In the presence of a gas- or liquid-phase in a conventional sense, 

diffusion-driven nucleation and aggregation processes play an important role in the 

generation and size control of the particles.2 However, this is not readily adjustable. 

Experiments conducted without any liquid in the VFD showed a significantly larger particle 

size of about 20.7 nm compared to 14.2 nm when formed in the presence of water (Table 

S1). To decouple the effect of oxygen, the reaction was conducted under N2 gas (Figure S7), 

but this resulted in negligible formation of iron oxide. Thus, the presence of oxygen is 

essential for the reaction. Liu et al.38 reported that rapid quenching of species generated at 

high temperature using laser ablation generates pure iron oxide species. In this context, the 

rapid heat dissipation from the VFD may be important in determining the nature of the iron 
oxide species generated during the processing. 

 

3.5 Conclusions 

In summary a novel highly selective method has been developed for preparing single-

phase superparamagnetic magnetite nanoparticles directly by laser ablation of a metal 

iron in the presence of both gas- and liquid- phases. The nanoparticles obtained under 

different conditions showed spherical or hexagonal shapes, with relative uniform 

average diameters of around 15 nm. Compared with conventionally processes, this 

method can selectively control phase composition, and size and shape of the particles 

in establishing a new application for VFD. Future experiments will investigate the 

fabrication of protective coatings on the particle surface to stabilise the structure and 

further improve the magnetism. Apart from previously described laser-mediated 

nanocarbon proessing, this chapter further extends the application towards laser 

ablation. The processing is environmentally friendly without the addition of harsh 

chemicals. The use of iron rod as a continual source for magnetite nanoparticles is 

particularly attractive as it could be easily scaled up and ready to be used for further 

applications. Except carbon or metallic based nanoparticles, polymer based 

nanoparticles have also been intensively explored in biomedical research. The next 

chapter will discuss, for the first time, the production of such materials using VFD and 
the application of it in cellular imaging.  
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ABSTRACT: Selective formation of only one iron oxide phase is a major
challenge in conventional laser ablation process, as is scaling up the
process. Herein, superparamagnetic single-phase magnetite nanoparticles
of hexagonal and spheroidal-shape, with an average size of ca. 15 nm, are
generated by laser ablation of bulk iron metal at 1064 nm in a vortex fluidic
device (VFD). This is a one-step continuous flow process, in air at ambient
pressure, with in situ uptake of the nanoparticles in the dynamic thin film
of water in the VFD. The process minimizes the generation of waste by
avoiding the need for any chemicals or surfactants and avoids time-
consuming purification steps in reducing any negative impact of the
processing on the environment.

■ INTRODUCTION
The synthesis and availability of iron oxide nanoparticles
(IONPs) are of general interest in many fields of research and
in a number of applications. Some common phases of IONPs
include α-Fe2O3 (hematite), Fe3O4 (magnetite), γ-Fe2O3
(maghemite), α-Fe (ferrite), Fe3C (iron carbide), and FeO
(wustite). For magnetite, IONPs smaller than 20 nm have
superparamagnetic properties and are known as super-
paramagnetic IONPs.1,2 This property relates to the large
magnetic moment resulting from the coupling of the atomic
spins within the nanosized magnetite nanoparticles.3 Magnetite
is one of the most intensively studied IONPs, which can be
prepared using a number of different methods, including
coprecipitation,1 sol−gel,4 microemulsion,5 ultrasonic spray
pyrolysis,6 and microwave plasma.7 They have different
advantages and disadvantages relating to shape/size control,
stability, scalability, monodispersity, and production cost.
Among them, the coprecipitation method is relatively simple
and fast and has potential for scaling up; however, it generates
nanoparticles with a wide particle size distribution1 and can
generate a waste stream incorporating toxic chemicals.8

Pulsed laser ablation, which can be a simple and surfactant
and counter-ion-free technique,9 has been used to prepare
magnetic nanoparticles with a narrow size distribution.2 IONPs
can be generated by laser ablation of bulk iron in either the gas
or liquid phase,10 the latter being the most studied,11 with

Nd:YAG laser processing at 1064 nm affording nanoparticles
with enhanced magnetic properties.2 Water is the preferred
solvent in terms of applications and environmental consid-
erations, with the use of organic solvents generating
amorphous carbon and iron carbide from its breakdown.8,11,12

However, selectively forming only one iron oxide phase in
water is a major challenge in laser processing.2,9,12 Also,
noteworthy is that after each laser pulse, the time taken for
collapse of the plume is crucial in controlling the nucleation
and growth of the IONPs;2 longer times equate to longer
growth times, affording mainly larger particles during the
ablation in the liquid. On the other hand, laser ablation of an
iron target in the gas phase can circumvent some of the above
drawbacks for liquid ablation processing, using air as the
oxidant.13 Also, noteworthy is that the generation of
nanoparticles from ablation in the gas phase is preferred
because of increased yield relative to ablation in the liquid
phase.13 Maghemite has been generated by laser ablation in a
mixture of nitrogen and oxygen under atmospheric pressure,12

albeit with a broad size distribution of the particles, 5 to 90 nm
in diameter. Laser ablation processing in the gas phase requires
a more sophisticated setup with a specially designed ablation
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4. HIGH-SHEAR-IMPARTED TUNABLE FLUORESCENCE IN 
POLYETHYLENIMINES 

Published methods for fabricating fluorescent polymer nanoparticles typically involve 

purification processes, the use of harsh chemicals, difficulties in scaling up, the use of high 

energy input and long processing times, with limited sample homogeneity. In addition, the 

tunability of the fluorescence of the nanoparticles is rarely addressed. Polyethylenimine (PEI) 

is a water-soluble cationic polyelectrolyte which contains a large number of amino groups in 

a 3D network structure and has been widely used for producing fluorescent nanoparticles.  

Following previous chapters’ theme on nanoparticles fabrication, this chapter continually 

discussed the generation of polymer based nanoparticles using the VFD under shear stress 

and high termperature facilitated oxidation in air. Nanoparticles with low toxicity and good 

photostability were rapidly prepared in a VFD. The optimum quantum yield is higher than that 

of most published PEI-based nanoparticles devoid of auxiliary moieties. Chemical-adoption 

of amide functional groups triggers enhanced fluorescence intensity and auto-fluorescence 

over a wide excitation range, and the resulting nanoparticles showed significantly reduced 

cytotoxicity against MCF7 cell line compared to as received materials. The biocompatibility 

of these fluorescent nanoparticles facilitated their application in imaging live cells, with the 

overall study contributing to an understanding of fluorescence arising from amino-containing 

materials and the development of new functional fluorescent nanoparticles.  

This study was orally presented at the ICONN international conference in Wollongong in 

January 2018, and published in ChemPubSoc Europe ChemPhotoChem, Year 2018, Vol. 

2, Issue 4, Pages 343-348, which was also published as the journal front cover of that issue. 

The first page of the publication is attached in Appendix 2.1.  

Author contributions: XL performed all the VFD and tissue culture experiments, most 

characterization experiments and data analysis; wrote all the primary content. AA help on 

some VFD experiments, the use of heating jacket and assisted with the O2 experiments. SP 
performed the NMR and assisted with data analysis. RM supervised the tissue culture 

experiments. WZ and CR supervised and coordinated the project and helped on the research 

directions and plan, and the final revision of the manuscript. All of the co-authors assisted 

with the revision of the manuscript before and during the publication process.  
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4.1 Abstract 

In general, fluorescent polyethylenimine (PEI) nanoparticles absorb primarily UV light, with 

the fluorophores typically having extended conjugated structures. In this work, PEI 

nanoparticles of circa 10 nm in diameter, devoid of such structural features and with tunable 

fluorescence, were generated in a microfluidic platform. Tunability of the fluorescence was 

achieved by varying the flow rate of liquid entering the rapidly rotating tube in a vortex fluidic 

device (VFD), without the need for additional reagents. Chemical incorporation of amide 

functional groups triggered enhanced fluorescence intensity and auto-fluorescence over a 

wide range, and the resulting nanoparticles showed significantly reduced cytotoxicity 

compared to as-received polymers.  



 

 

106 

Keywords: cellular imaging, cytotoxicity, fluorescence, nanoparticles, polyethylenimine  
 
4.2 Introduction  

Fluorescent nanoparticles derived from amino-containing dendritic polymers have been used 

for biological imaging and biosensors[1-3] where the fluorophores are usually extended 

conjugated chemical structures.[4] Even though simple oxidation, acidification or methylation 

can further enhance the intrinsic fluorescence,[5] the mechanism of fluorescence from these 

dendritic polymers is not well understood. Some propose that the origin of fluorescence arises 

from oxygen-doped interior tertiary amine[6] and interior urea-doped with peripheral amino 

groups.[7] These fluorescent polymers can contain Schiff base moieties,[5] tertiary amine or 

carbonyl groups in an dendrimer interior with terminal groups such as monohydroxyl,[8] air[6] 

or hydrogen peroxide[9] oxidized amines, amine-rich nanoclusters,[5] and carbamato anion.[2] 

The nature of the dendritic structure and macromolecular backbone can also significantly 

influence the fluorescence properties.[1,5]  

Polyethylenimine (PEI) is a water-soluble cationic polyelectrolyte which contains a large 

number of amino groups, and has been used to prepare various fluorescent materials.[10] The 

fluorescence of PEI is unexpected given the absence of chromophores.[5] Refluxing 25 kDa 

PEI in nitric acid at 120ºC for 12 h affords photoluminescent nanoparticles (λex = 360 nm, λem 
= 450 nm) bearing amide linkages (NHCO).[11] Hyper-branched PEI (hPEI)-based fluorescent 

particles have been prepared at high temperature (200ºC)[12] or via microwave irradiation.[13] 

Adding formaldehyde at 90ºC results in fluorescent polymeric nanoparticles (λex=365nm, 

λem=508nm) or gels (λex=350nm, λem=476nm). Similarly, adding salicylaldehyde imparts 

fluorescence (λex = 370 nm, λem = 495 nm)[14] which arises from the formation of Schiff base 

moieties.[3,5] Hydrothermal treatment of hPEI with aldehydes at 95ºC generates fluorescent 

polymer nanoparticles,[3] depending on the pH which can complicate the processing. The 

carbamate anion is another moiety responsible for fluorescence (λex = 364 nm, λem = 470 nm), 

formed by reacting PEI with CO2.
[2] Based on our knowledge, tunability of fluorescence has 

never been ad- dressed on PEI-based nanoparticles with mostly reported optimum excitation 

in the UV region, as described above. Furthermore, there is a lack of knowledge on the 

relationship between molecular weight of PEI, particle surface functionality and the emission 

property. Other limitations include the need for time-consuming dialysis to remove unreacted 

reagents in the fabrication process.[5]  



 

 

107 

Liu et al.[5] reported that ideal fluorescent polymer nanoparticles should be autofluorescent 

without doping an external fluorochrome. We are motivated by this idea to fabricate 

fluorescence-tunable PEI-based nanoparticles from PEI devoid of extended conjugates or 

precursors, under high shear in a continuous-flow thin-film vortex fluidic device (VFD; Figure 

4.1). This thin film microfluidic platform has diverse applications,[15] including the 

entanglement of 3D gel networks,[16] intensifying multi-phase separation,[17] enhancing 

enzymatic reactions[18] and fabricating hydrogels.[19] This study extends the applications of 

VFD into fabricating tunable fluorescence nanoparticles based on branched PEI and hPEI. 

Modifying low and high molecular weight PEI under continuous flow in the VFD, as 

immediately scalable processes, has the potential to avoid the use of precursors typically 

required for PEI-based fluorescence with tunability addressed by only varying the processing 

conditions. The use of a VFD also lends itself to decoupling the effect of the gas environment 

and heating on imparting fluorescence into PEI.  

 

Figure 4.1 Schematic of the vortex fluidic device (VFD) and sample preparation. (a) Confined 
mode, 45° tilt angle with heating; (b) continuous flow mode; (c) confined mode post VFD-
processing for hPEI and PEI800. 
 



 

 

108 

4.3 Materials and methods  

hPEI (CAS 9002-98-6) of 750 kDa, PEI800 (CAS 25987-06-8), deuterium oxide (D2O), citric 

acid and salicylic acid were purchased from Sigma-Aldrich. Quinine sulphate (CAS 207671-

44-1) and fluorescein (C.I. 45350) were chosen as reference for quantum yield measurement. 

All chemicals were of analytical grade and used as received without further purification or 

treatment. For a typical confined mode experiment, 1 mL of the sample at certain 

concentration was processed using a VFD, systematically exploring the operating parameters 

of the device, including sample concentration, processing time, temperature and rotational 

speed.  

Experiments conducted in the open air, as summarised in Figure 4.1 a; the VFD borosilicate 

glass tube (O.D. 20 mm) was placed at 45° tilt angle and spun at a defined rotational speed. 

For thermal treatment, a heating unit was placed over the VFD tube. Post-VFD processing of 

PEI800, 1 mL of MilliQ water was added to dissolve the product for characterisation. However, 

for hPEI, the product did not fully dissolved in water, and here 6 mL of MilliQ water was added 

and the aqueous phase (centrifugation at 1180 × g for 30 min) was used for characterisation 

(Figure 4.1 c). Optimisation was conducted initially under confined mode, in varying the 

temperature, reaction time, sample concentration and rotational speed. While decoupling the 

impact of reaction gases, a specific gas flow (either air, O2, CO2 and N2) was introduced into 

the tube via a stainless steel jet feed held by a Teflon housing unit. At least 15 min was 

allowed for the system to equilibrate with the gas before starting the reaction. Continuous 

flow mode of VFD was carried out by linking the system with a syringe pump, varying the flow 

rate from 0.1 to 0.3 mL/min for optimizing the conditions for scalable processing (Figure 4.1 

b). Precipitates were not formed in the continuous flow processed samples. Therefore, 

centrifugation was not conducted and samples collected from the Teflon housing unit were 

directly used for further studies. Each experiment was set to run for 1 h to investigate the 

potential of scalability of the process.  

Absorption and fluorescence spectra measurements were recorded in a quartz cuvette (1 cm 

path length) on a UV-vis spectrophotometer (Cary Eclipse, Agilent) and a fluorescence 

spectrometer (Cary Eclipse, Agilent), respectively. Scanning electron microscope (SEM), 

atomic force microscopy (AFM – Nanoscope 8.10 tapping mode), 2D fluorescence maps 

were generated from excitation wavelength of 200 nm with 15 nm step-wise increments until 
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600 nm (Cary Eclipse, Agilent fluorescence spectrometer). Emission spectra were 

continuously collected from 250 nm to 800 nm for each corresponding excitation wavelength. 

The quantum yield was measured by comparing the integrated fluorescence intensity (excited 

at 325 nm) of the nanoparticles prepared from hPEI 0.1 mL/min and PEI800 0.1 mL/min with 

that of quinine sulphate in 0.1 M H2SO4 (ΦR=54.6%).[1] As for nanoparticles prepared from 

PEI800 0.2 mL/min, the quantum yield was determined by comparing to fluorescein 

(ΦR=95%).[1] The mean zeta potential ζ was investigated using a Nano Zetasizer (Malvern). 

Isoelectric points were determined from ζ potential titrations. All spectra were normalised 

using Origin 9.0 and presented as 2D contour plots. Fourier transform infrared (FT-IR) 

spectra were recorded on a Perkin Elmer Frontier instrument. 1H and 13C NMR spectra were 

collected on a 600 MHz Bruker advance spectrometer with a freeze-dried product dissolved 

in D2O. All chemical shifts are presented in ppm using residual solvent as the internal 

standard. SEC was performed on UFLC (Shimadzu, UFLCXR) with sequential two columns, 

GPC/SEC column PL aquagel-OH Mixed-H 8μm 300 x 7.5 mm (6kDa-10 MDa) and 

GPC/SEC column PL aquagel-OH 30 8μm 300 x 7.5 mm (0.1- 60 kDa). The columns and 

detector (refractive index) were equilibrated with the mobile phase until a flat baseline is 

achieved. Dextran standards (CAS 9004-54-0) have molecular weights of 1, 5, 25, 80, 270, 

670 and 1100 kDa. Mobile phase is 0.1 M sodium nitrate (CAS 7631-99-4) at a flow rate of 1 

mL/min. Standards and samples were all dissolved in water at concentrations of 10 mg/mL 

and 50 μL was injected for each condition.  

The cytotoxicity of the samples was evaluated by MTT assay. Breast cancer MCF-7 cells 

were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal 

bovine serum, 1% penicillin, and 1% streptomycin under a constant temperature of 37ºC, 95% 

air and 5% CO2 humidified conditions. The cells were harvested from the cultures by 

trypsin/EDTA solution and were resuspended in fresh complete medium before plating. 1×105 

cells were seeded in a 96 well plate and cultured for 24 h. After the medium was removed, 

cells were treated with PEIs at different concentrations of 0, 12.5, 25, 50, 100 and 200 μg/mL 

for a further 24 h at 37ºC. Then the medium was removed and the cells were washed 

thoroughly with phosphate buffer saline (PBS) three times. Thereafter, the cells were treated 

with 0.5 mg/mL MTT followed by 37ºC incubation for 4 h whereupon 80 μL of 20% (w/v) 

sodium dodecyl sulfate (SDS) in 0.02 M HCl was added to each well to dissolve the formazan 

crystals formed. The plates were kept in the dark at room temperature for 17 h. The 



 

 

110 

absorbance of the formazan product was measured at 570 nm with a reference wavelength 

of 630 nm on an μQuant Automatic Spectrophotometer (Bio-TEK instruments). Cells cultured 

in the medium without treatment were taken as the controls. The morphology of the cells was 

investigated using an inverted fluorescence microscopy (EVOS® FL) under bright field, with 

a scale bar added using image J software. One day before imaging, MCF-7 cells were plated 

on tissue culture plate and incubated in fresh media at 37ºC, 5% CO2 humidified conditions. 

The cells were then incubated with the PEI derivatives dissolved in the DMEM medium for 

24 hr whereupon the medium was removed and the cells washed with PBS for three times. 

The cells were kept in PBS as previously reported by Fan et al.[3] for performing optical 

imaging under inverted fluorescent microscopy (EVOS® FL) equipped with three InvitrogenTM 

EVOSTM light cubes, DAPI (357/44 Ex; 447/60 Em), GFP (470/22 Ex; 510/42 Em) and RFP 

(531/40 Ex; 593/40 Em).  

4.4 Result and Discussion  

PEI nanoparticles with tunable fluorescence, low toxicity and good photo-stability were rapidly 

prepared in a VFD in the absence of auxiliary reagents. Quantum yields (QY) range from 3.7 % 

to 7.4 %, depending on the molecular weight of the PEI and the flow rate. A strong 

fluorescence emission is present for the VFD-processed low MW PEI (λex = 447 nm, λem = 

500 nm or λex =325 nm, λem =400 nm), as well as for hPEI (λex = 325 nm, λem = 400 nm) where 

there is the formation of Schiff base, carbamate, hydroxyl and formamide moieties. The 

biocompatibility of these fluorescent nanoparticles facilitated their application in live cell 

imaging, with the overall study contributing to an understanding of fluorescence arising from 

amino-containing materials and the development of new functional fluorescent nanoparticles 

on demand.  

Process optimization was initially in air using the VFD in the confined mode (1 mL of solution), 

for decoupling the effects of varying the PEI800 concentration, processing time, rotational 

speed and reaction temperature (see Figure S1 in the Supporting Information). One 

parameter was varied at a time for optimizing the fluorescence intensity. The VFD-processed 

PEI800 resulted in ca. 9 fold enhancement in fluorescence intensity compared to the oven 

processed samples under the same conditions (Figure S1). As for PEI800, VFD processed 

hPEI (MW 750 kDa) resulted in ca. 7 fold enhancement in fluorescence (Figure S2).  
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Figure 4.2 2D Fluorescence maps of VFD processed PEI at 160ºC at different flow rates, 
and corresponding samples imaged using inverted fluorescence microscopy (EVOS® FL) 
with three InvitrogenTM EVOSTM light cubes: DAPI (357/44 Ex; 447/60 Em), GFP (470/22 Ex; 
510/42 Em) and RFP (531/40 Ex; 593/40 Em) and AFM. (a) PEI800 (37 mg/mL, 8600 rpm) 0.1 
mL/min; (b) PEI800 (37 mg/mL, 8600 rpm) 0.2 mL/min; (c) hPEI (48.6 mg/mL, 8000 rpm) 0.1 
mL/min.  
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Continuous VFD flow processing of PEI800 was conducted initially under the 

optimized confined mode conditions, for 0.1 and 0.2 mL min-1 flow rates (Figure 4.2 

a,b). The optimum excitation and emission wavelength of processed PEI800 could be 

tuned by varying the flow rate with the optimal outcomes at 0.1 mL min-1 (λex = 325 

nm, λem = 400 nm) and 0.2 mL min-1 (λex = 447 nm, λem = 500 nm). 2D fluorescence 

maps showed a more focused signal region indicating relatively higher sample 

homogeneity and fluorescence intensity (1.7 fold) relative to samples prepared using 

the confined mode of operation of the VFD (Figure S1). The florescence is in good 

agreement with observations under fluorescence microscopy (Figure 4.2), showing 

multicolor fluorescence under specific excitation wavelength.  

UV/Vis absorption spectra revealed new absorption bands of the processed samples 

relative to as-received material (non- emissive, Figure S4), at circa λ = 310 nm and 

350 nm, depending on the flow rate (Figure 4.2) which possibly arise from π–π* 

transitions.[11] Another new absorption band at ca. λ = 369 nm can be assigned to 

n�π* and n�π* transitions for C=N moieties.[3] The QY for PEI800 0.1 mL min-1 and 

hPEI 0.1 mL min-1 was 3.7 and 7.0%, respectively based on quinine sulfate as a 

standard, and 7.4 % for PEI800 0.2 mL min-1 based on fluorescein as a standard (Table 

S1). The optimum QY is higher than published PEI-based carbon nanoparticles devoid 

of auxiliary moieties (2 %)[11] and salicylaldehyde-functionalized PEI polymer 

nanoparticles (4.6%).[14] AFM of the continuous flow processed PEI800 (0.1 mL min-1) 

revealed the formation of monodispersed and spherical nanoparticles (Figure 4.2) with 

a narrow size distribution centered at 10 nm, which is consistent with SEM data (Figure 

S6). PEI-based nanoparticles are generated under continuous flow, regardless of the 

molecular weight of the PEI.  

Amide linkages (CONH),[11] Schiff bases (C=N),[3,5] and carbamate anions[2] are the 

most commonly reported chromophore for PEI-based fluorescent nanoparticles. Most 

dendritic polymers such as PEI lack fluorescence-emitting moieties,[5] and we 

speculated that new functional groups or fluorescent chromophores were generated 

during the processing. Post-VFD there is a new sharp peak at 1656 cm-1 (Figure S10) 

which is assigned to the formation of amide linkages[3,11] or Schiff base moieties,[5] 
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which have been previously reported for PEI-based nanoparticles. The N-H peak at 

1577 cm-1 had reduced intensity post-processing which is consistent with chemical 

grafting onto the surface of the nanoparticles.[13] Abundant amines can introduce 

defects on the nanoparticle surface via the passivation process, introducing the so-

called excitation energy traps.[11] In addition, the presence of the broad peak around 

3292 cm-1 and the new peak at 1388 cm-1 correspond to O-H functional groups in the 

polymer.[3] The new peak at 1163 cm-1 is consistent with C-O vibrations.[5] Comparing 

the two processing conditions of 0.1 and 0.2 mL min-1, the peaks at 3353 cm-1 

(assigned to N-H stretching vibrations), 2944, 2822 and 1456 cm-1 (assigned to CH2 

stretching vibrations) are less significant for 0.1 mL min-1 prepared samples compared 

to 0.2 mL min-1. The new peak at 1388 cm-1 corresponding to -OH is much more 

intense for 0.1 mL min-1 prepared samples than 0.2 mL min-1. Collectively, these are 

consistent with the processing conditions at 0.1 mL min-1 resulting in higher 

degradation of the polymer structure and higher incorporation of the -OH functionality 

than the processing conditions for 0.2 mL min-1, especially given the longer residence 

time for the lower flow rate of 0.1 mL min-1.  
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Figure 4.3 NMR data for nanoparticles derived from PEI800 under continuous flow, 0.2 
mL/min at 160ºC. (a) 13C NMR spectra. The peaks (a-h) were assigned according to 
the different combinations of amine nearest neighbours in the structure of PEI.[20] (b) 
1H NMR spectra.  

NMR spectroscopy for the as-received PEI shows primary, secondary and tertiary 

amine groups with 8 unique 13C NMR resonance signals (Figure 4.3).[21] VFD 

processing results in new 13C NMR signals between δ = 160–175 ppm which could be 

assigned to the formation of Schiff base, carbamate[22] and formamide (-CH=O).[20] 

The new signal at δ = 42.5 ppm can be assigned to oligomers formed on degradation 

of PEI800.[21] These signals were more significant for 0.1 mL min-1 than 0.2 mL min-1 

flow rates (Figure S14). A number of new signals were evident in the region δ = 2.5–

4 ppm which can be assigned to the protons for N-CH2-N, CH2OH and CH2-O-.[5,20] 

The signals at δ = 8 ppm are assigned to Schiff base moieties[5] and the new singlet 

at 8.4 ppm is assigned to -CONH-,[3] which is consistent with the FT-IR spectra (Figure 

S10). Other signals in the region of δ = 7.7–8.5 ppm can be assigned to formamide.[20] 

Comparing the two processing conditions of 0.1 and 0.2 mL min-1, the longer retention 

time from 0.1 mL min-1 results in more destructive effect on the amine groups of PEI 

(Figure S14 c and S15 c), which is consistent with the FT-IR results. The differences 

on the polymer degradation level and the ratios of different functional groups could be 

one of the main reasons for the different fluorescent behavior for material prepared 

under these two conditions.  

The VFD-processed PEI nanoparticles have pH-insensitive fluorescent features 

(Figure S11), with only slight changes (0.6 fold reduction) arising from varying the pH 

from 3 to 12. This is in contrast to a significant decrease by more than 3 fold in other 

reported PEI functionalized nanoparticles.[12] This reduced pH-sensitivity could be due 

to the formation of OH functionality on the surface of the polymer particles, as for pH 

insensitive fluorescence in nanoparticles derived from polyethylene glycol.[11] Surface 

charge analysis showed a clear downward trend in fluorescence when the pH 

increases (Figure S11), due to deprotonation of the amine moieties.[23] At acidic pH, 

as-received PEI800 and hPEI have more positive zeta potential values compared with 

the VFD processed materials, as expected with a net loss of amine groups and an 

increase in hydroxyl group post-processing. This was confirmed by a net decrease of 
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isoelectric points (IEP), where the total charge of the diffusion layer around the 

particles equals zero (Figure S11). The reduction in IEP is consistent with loss of some 

surface NH2 groups post-processing rendering the surface less basic.[24] 

 

Figure 4.4 (a) Optical images of non-treated MCF-7 cells, and cells treated with VFD-
processed hPEI and as-received hPEI; (b) Cell viability of MCF-7 cells treated with 
different concentrations of PEI800 and hPEI derivatives for 24 h. Data are presented 
as mean±SD. Treatment significantly different from the control at P<0.05 were 
presented as * and P<0.01 as **; (c) Images of MCF-7 cells treated with VFD 
processed PEI800 (0.2 mL/min) under bright field, GFP (470/22 nm) excitation and the 
merged image.  

Cytotoxicity of PEI is size-dependent with higher toxicity observed for higher molecular 

weight polymer.[25] This is attributed to high positive charge which can cause cell 

membrane damage.[13] MTT on hPEI nanoparticles revealed that post-
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VFD processing, hPEI showed significantly reduced (p < 0.01) cytotoxicity on MCF-7 

cells (Figure 4.4 b). This is consistent with a significant reduction in surface amine 

groups in hPEI post-processing, in accordance with the above zeta potential results. 

Reduced cytotoxicity of processed hPEI can result from the formation of amide and 

carbamate moieties, facilitating the in situ degradation of the polymer into low 

molecular weight fragments in a cellular environment.[25] After 24 hour treatment with 

VFD processed PEI800 (at 0.2 mL min-1), the images clearly show the distribution of 

fluorescent material in the cytoplasm (Figure 4.4 c). Cellular uptake of the 

nanoparticles could be due to the positively charged surface which leads to strong 

electrostatic interaction with the negatively charged cell membrane followed up by 

particle wrapping and cellular uptake.[26] The overall reduction in cytotoxicity arises 

from a combined effect of reduced polymer size, decreased net positive charge on the 

nanoparticle surface and the new functional moieties.  

 

Figure 4.5 (a) 2D fluorescence maps for 1 mL of hPEI solution processed in a VFD at 
7500 rpm at 160°C (confined mode) for 30 min under different gas environment; (b) 
the proposed mechanism of the VFD-polymer reaction. 

The reaction mechanism could include several possibilities as shown in Figure 5. 

Given that the degradation is oxidative, some derivatives are presumably amides.[20] 

Another pathway could involve chain scission of an initially formed hydroperoxide. The 
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resulting aldehydes and carboxylates could be PEI oligomers with oxidized end groups. 

The result from size exclusion chromatography (Figure S11c) on VFD-processed 

PEI800 at 0.2 mL min-1 flow rate revealed the presence of smaller and larger sized 

polymers in the final product relative to as received PEI800. This is consistent with 

oxidative chain degradation and oxidative coupling of some “sliced” PEI chains. The 

slightly basic nature of as-prepared PEI is consistent with the presence of primary 

amine groups, which could survive oxidation. Others probably result from oxidation of 

a portion of the primary amine and also from chain cleavage by hydrolysis.[27] 

Cleavage from shear stress in the thin film in the VFD is also possible.[28]  

In decoupling the effect of the gas above the dynamic thin film in the VFD, hPEI was 

processed at 160ºC in a flow of air, O2, CO2 and N2, respectively (Figure 4.5 a). As 

shown, the fluorescence intensity was about 6 fold higher after processing in air or O2 

compared to that of CO2, and no fluorescence for material processed under an 

atmosphere of pure N2. The proposed mechanism of formation of fluorescent 

nanoparticles is summarized in Figure 4.5 b. This is based on (i) the above discussion 

where the generation of newly-formed fluorescent derivatives is mainly due to the 

oxidative degradation and chain scission of PEI, and (ii) VFD-mediated oxidative 

coupling of degraded or existing polymers into nanoparticles. Our previous studies 

established that the shear stress generated in a VFD is effective in completely 

disrupting fluorous bis-urea derived gels at room temperature.[16] In addition, the shear 

stress could result in compacting and intertwining single walled carbon nanotubes into 

nanoring structures.[29] In the present study, the dual effect from mechanical thin film 

shear and high temperature facilitates oxidation triggered polymer degradation and 

coupling into nanoparticles, independent of the sample molecular weight. The intrinsic 

fluorescence originates from the formation of newly formed functional groups arising 

mainly through oxidation.  
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Figure 4.6 2D fluorescence map of VFD processed PEI800 (37 mg/mL) at 160ºC under 
continuous flow, 0.3 mL/min, 8600 rpm. (a) PEI800 only; (b) PEI800 and citric acid (molar 
ratio 1:1); (c) PEI800 and salicylic acid (molar ratio 1:1); (d) Cell viability of MCF-7cells 
treated with different concentrations of the three PEI derivatives after 24 h. 

To further explore the origin of the fluorescence, we hypothesized that by changing 

the functional group (in this case amide moieties), would allow further tuning of the 

fluorescence. Citric acid (CA, a tri-carboxylic acid) and salicylic acid (o-hydroxybenzoic 

acid) were separately added during VFD processing of PEI800 (160ºC, 0.3mLmin-1) 

and this resulted in strong auto-fluorescence, significantly different to the fluorescence 

from processing PEI800 alone under the same conditions (Figure 4.6). Distinctly 

different UV-visible absorption bands were also observed. An upfield shift of CA 

(methylene groups) and a downfield shift and broadening of PEI characteristic signals 

were evident in the 1H NMR spectra, relative to as-received PEI (Figure S12). These 

results are consistent with the formation of ammonium groups,[30] arising from 

protonation of N-H in the PEI by carboxylic acid derivatives.[31] 13C NMR showed 

characteristic resonance signals for the carboxylic acid (176 and 173 ppm) with an 

upfield shift with respect to VFD-processed sample (182 and 179 ppm), in accordance 

with the previous published PEI/CA complex.[30] A similar result was also found for 

processed PEI in the presence of salicylic acid (Figure S13). Thus enhanced 
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fluorescence intensity and manipulation of the nature of the fluorescence is possible 

by varying the functional groups. Cytotoxicity test against MCF-7 cell lines showed 

negligible effect on cell viability.  

4.5 Conclusion  

In conclusion, we report a tunable, efficient and continuous flow process to prepare 

fluorescent PEI-based nanoparticles with a controlled average diameter of ca. 10 nm. 

High-temperature and high-shear mechanoenergy in VFD in air results in polymer 

degradation, chain scission and reorganization of the fragmented chains into self-

passivated nanoparticles. The fluorescence of these nanoparticles could be readily 

tuned by varying the flow rate of the liquid entering the rapidly rotating tube without the 

need for auxiliary reagents. Chemical incorporation of amide groups triggers enhanced 

fluorescence intensity and auto-fluorescence over a wide excitation range. Importantly, 

the VFD-processed nanoparticles show significantly reduced cytotoxicity compared to 

as-received materials and have potential for medical applications.  
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High-Shear-Imparted Tunable Fluorescence in
Polyethylenimines
Xuan Luo,[a, b] Ahmed Hussein Mohammed Al-Antaki,[a] Scott Pye,[a] Robyn Meech,[c]

Wei Zhang,*[b] and Colin L. Raston*[a]

In general, fluorescent polyethylenimine (PEI) nanoparticles
absorb primarily UV light, with the fluorophores typically
having extended conjugated structures. In this work, PEI nano-
particles of circa 10 nm in diameter, devoid of such structural
features and with tunable fluorescence, were generated in a
microfluidic platform. Tunability of the fluorescence was ach-
ieved by varying the flow rate of liquid entering the rapidly ro-
tating tube in a vortex fluidic device (VFD), without the need
for additional reagents. Chemical incorporation of amide func-
tional groups triggered enhanced fluorescence intensity and
auto-fluorescence over a wide range, and the resulting nano-
particles showed significantly reduced cytotoxicity compared
to as-received polymers.

Fluorescent nanoparticles derived from amino-containing den-
dritic polymers have been used for biological imaging and bio-
sensors[1–3] where the fluorophores are usually extended conju-
gated chemical structures.[4] Even though simple oxidation,
acidification or methylation can further enhance the intrinsic
fluorescence,[5] the mechanism of fluorescence from these den-
dritic polymers is not well understood. Some propose that the
origin of fluorescence arises from oxygen-doped interior terti-
ary amine[6] and interior urea-doped with peripheral amino
groups.[7] These fluorescent polymers can contain Schiff base
moieties,[5] tertiary amine or carbonyl groups in an dendrimer
interior with terminal groups such as monohydroxyl,[8] air[6] or
hydrogen peroxide[9] oxidized amines, amine-rich nanoclus-
ters,[5] and carbamato anion.[2] The nature of the dendritic

structure and macromolecular backbone can also significantly
influence the fluorescence properties.[1, 5]

Polyethylenimine (PEI) is a water-soluble cationic polyelec-
trolyte which contains a large number of amino groups, and
has been used to prepare various fluorescent materials.[10] The
fluorescence of PEI is unexpected given the absence of chro-
mophores.[5] Refluxing 25 kDa PEI in nitric acid at 120 8C for
12 h affords photoluminescent nanoparticles (lex = 360 nm,
lem = 450 nm) bearing amide linkages (NHCO).[11] Hyper-
branched PEI (hPEI)-based fluorescent particles have been pre-
pared at high temperature (200 8C)[12] or via microwave irradia-
tion.[13] Adding formaldehyde at 90 8C results in fluorescent
polymeric nanoparticles (lex = 365 nm, lem = 508 nm) or gels
(lex = 350 nm, lem = 476 nm). Similarly, adding salicylaldehyde
imparts fluorescence (lex = 370 nm, lem = 495 nm)[14] which
arises from the formation of Schiff base moieties.[3, 5] Hydrother-
mal treatment of hPEI with aldehydes at 95 8C generates fluo-
rescent polymer nanoparticles,[3] depending on the pH which
can complicate the processing. The carbamate anion is another
moiety responsible for fluorescence (lex = 364 nm, lem =
470 nm), formed by reacting PEI with CO2.

[2] Based on our
knowledge, tunability of fluorescence has never been ad-
dressed on PEI-based nanoparticles with mostly reported opti-
mum excitation in the UV region, as described above. Further-
more, there is a lack of knowledge on the relationship be-
tween molecular weight of PEI, particle surface functionality
and the emission property. Other limitations include the need
for time-consuming dialysis to remove unreacted reagents in
the fabrication process.[5]

Liu et al.[5] reported that ideal fluorescent polymer nanoparti-
cles should be autofluorescent without doping an external flu-
orochrome. We are motivated by this idea to fabricate fluores-
cence-tunable PEI-based nanoparticles from PEI devoid of ex-
tended conjugates or precursors, under high shear in a contin-
uous-flow thin-film vortex fluidic device (VFD; Figure 1). This
thin film microfluidic platform has diverse applications,[15] in-
cluding the entanglement of 3D gel networks,[16] intensifying
multi-phase separation,[17] enhancing enzymatic reactions[18]

and fabricating hydrogels.[19] This study extends the applica-
tions of VFD into fabricating tunable fluorescence nanoparti-
cles based on branched PEI and hPEI. Modifying low and high
molecular weight PEI under continuous flow in the VFD, as im-
mediately scalable processes, has the potential to avoid the
use of precursors typically required for PEI-based fluorescence
with tunability addressed by only varying the processing con-
ditions. The use of a VFD also lends itself to decoupling the
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5 VORTEX FLUIDIC MEDIATED SYNTHESIS OF 
MACROPOROUS BOVINE SERUM ALBUMIN-BASED 

MICROSPHERES 

Continuing from previous chapters, this chapter shows another example of VFD 

facilitated nanoparticle fabrication. Different from metallic materials discussed 

previously, nanoparticles derived from bovine serum albumin (BNPs) are more 

biodegradable, biocompatible, and have advantages over synthetic polymers in 

medical applications. Biocompatible BNPs have potential in drug delivery applications 

with a capacity for incorporating drugs within the particle matrix for enhanced 

endocytic uptake. However, most of the cross-linking processes applied in the 

desolvation of BNPs have long processing times and none of those reported particles 

appear to be devoid of pores connecting the outer surface with the core of the particles. 

The shear stress in the VFD can mediate the fabrication of BNPs with tuneable size 

and shape, while at the same time controlling the crosslinking chemistry. Herein we 

report a rapid novel and highly efficient process for the synthesis of homogeneous 

spheroidal BNPs with inbuilt porosity. Macroporous BNPs are readily generated in high 

homogeneity, and remarkable as spheroidal particles with randomly localised pores 

on their surface. These BNPs particles have a strong intrinsic fluorescence emission 

at 555 nm when excited at 532 nm, and have high absorption efficiency of Rhodamine 

B compared to non-optimised particles with smooth surfaces devoid of any pores. 

Further reduction of the size of BNPs is effective by incorporating c-phycocyanin 

protein into the system during processing in the VFD, as well as controlling their shape, 

from spheres to pockets, as established by systematically exploring the parameter 

space of the microfluidic platform. This chapter shows a great example of VFD induced 

micro- and nano-materials with precise control over size, shapes and homogeneity. 

Different from conventionally developed MD systems, VFD effectively overcomes one 

of the biggest problems such as system clogging.  

 



 

 126 

This study was published in ACS Applied Materials & Interfaces, Year 2018, Vol. 10, 

Issue 32, Pages 27224-27232. The first page of the publication is attached in Appendix 

5.1.  

Author contributions: XL performed all the VFD and most characterization experiments; 

wrote all the primary content. AA assisted with VFD scaled up experiments. DH 

performed the STA analysis. YR and SH assisted with confocal mapping. WZ and CR 

supervised and coordinated the project and helped on the research directions and plan, 

and the final revision of the manuscript. All of the co-authors assisted with the revision 

of the manuscript before and during the publication process.  

 

  



 

 127 

Vortex fluidic mediated synthesis of macroporous bovine serum 
albumin-based microspheres 
Xuan Luo

1,2
, Ahmed Hussein Mohammed Al-Antaki1, David P. Harvey1, Yinlan Ruan,3 

Shan He,4 Wei Zhang*2 and Colin L. Raston*1 

1Flinders Centre for NanoScale Science and Technology (CNST), College of Science and 

Engineering, Flinders University, Adelaide, SA 5042; 2Flinders Centre for Marine Bioproducts 

Development, College of Medicine and Public Health, Flinders University, Adelaide, SA 5042; 

3Institute of Photonics and Advanced Sensing, School of Physical Sciences, Adelaide 

University; 4Department of Food Science and Engineering, School of Chemistry Chemical 

Engineering, Guangzhou University, 510006 (China) 

 

Graphical abstract  

 
 
5.1 Abstract 

Macroporous bovine serum albumin (BSA) nanoparticles with controllable diameter 

were readily fabricated in a rapidly rotating angled glass tube in a vortex fluidic device 

(VFD). Systematically varying the rotational speed and the ratio of BSA, ethanol and 
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glutaraldehyde led to conditions for generating ca. 600 nm diameter macroporous 

particles that have intrinsic fluorescence emission at 520 nm when excited at 490 nm. 

The presence of the macropores increased the absorption efficiency of Rhodamine B 

with potential applications for drug delivery purpose, compared to BSA nanoparticles 

having surfaces devoid of pores. Further control over the size of BSA nanoparticles 

occurred in the presence of c-phycocyanin protein during the VFD processing, along 

with control of their shape, from spheres to pockets, as established in exploring the 

parameter space of the microfluidic device. 

Keywords: bovine serum albumin, macroporous, nanoparticle, fluorescence, 

microfluidics  

5.2 Introduction  

Nanoparticles derived from bovine serum albumin (BSA nanoparticles or BNPs) are 

biodegradable, biocompatible,1 non-toxic and non-immunogenic,2 and have 

advantages over synthetic polymers in medical applications such as drug delivery.3 

Given the defined primary structure of protein and its high content of charged amino 

acid moieties such as lysine,4 BNPs offer scope for surface modification in terms of 

covalent drug attachment5,6 and electrostatic adsorption of positively charged or 

negatively charged molecules either internally and/or on their surfaces.4 Protein-based 

nanoparticles can be prepared by freeze drying,7 supercritical fluid processing,8 spray-

drying,9 de-solvation,5 and enzymatic cross-linking.10 De-solvation is considered a 

robust reproducible method,4 consisting of drop-wise addition of ethanol to an aqueous 

solution of albumin followed by continuous stirring until it becomes turbid. The turbidity 

arises from the diminished water solubility of denaturated BSA in ethanol, with 

disruption of the protein tertiary structures.11,12 BNPs are generated by fixation with 

glutaraldehyde where the amino residues in lysine and arginine residues in guanidine 
side chains of albumin are cross linked by condensation with the aldehyde.4  

 

Biocompatible BNPs have potential in drug delivery applications with a capacity for 

incorporating drugs within the particle matrix for their enhanced endocytic uptake.13,14 
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The use of nano-scaled materials for drug delivery and diagnostics is at the forefront 

of medicine, with the encapsulation of drugs into NPs significantly improving their 

release profile in cells or tissues.3 For instance, BNPs has been used for local delivery 

of Rhodamine B (RhB) into the inner ear with potential applications in the field of 

treating inner ear disorders.15 However, most of the cross-linking processes applied in 

the desolvation of BNPs have long processing times. Intrinsically fluorescent BNPs 

with emission at 535 nm after being excited at 495 nm12 have been reported, but their 

preparation requires 18 hours processing time. In other studies, the cross-linking 

process under batch stirring of the suspension takes 24 hours or more.14-16 As to drug 

loading experiments, Doxorubicin has been separately loaded over an additional 2 

hours of stirring.16 Even though this process can be facilitated by repeated 

homogenization,2 the overall energy efficiency of the processing is predictably low and 

the homogenisation could significantly change the surface zeta potential, affect the in 

vitro release rate and reduce the loading quantity of hydrophobic drugs.17 A number 

of studies have been reported on controlling the size of BNPs by varying the 

concentration of BSA or ethanol, but the particles appear to be devoid of pores 
connecting the outer surface with the core of the particles. 

 

Porous submicron particles (macropores > 50 nm, mesopores 2-50 nm and 

micropores < 2 nm)18 are attractive materials for low dielectric fillers, adsorbents, drug 

delivery systems, catalyst carriers and optics. Most of these porous structures have 

been obtained through the polymerization of styrene.19 For example, Okubo et al. 

reported on the fabrication of 1.77 micron-sized poly(methyl methacrylate)/polystyrene 

composite particles having 50-150 nm sized dents on their surface, using a seeded 

dispersion polymerization method in the presence of decalin.20 Porous polystyrene 

particles and poly(styrene-divinylbenzene) microparticles have been fabricated 

through multistep swelling and polymerization of styrene.21-23 Most of these fabrication 

processes require multiple steps, pressure adjustment (20-245 kPa) and heating (80-

120 °C), which represent energy and cost penalties.24 More importantly, the use of 

these particles can be unpleasant on safety and environmental grounds.25 Given that 

albumin itself has been successfully administered in medical applications such as 
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aerosol inhalation,24 the fabrication of porous BNPs through vortex fluidic device (VFD) 

processing has the potential to overcome some of the issues discussed above. We 

hypothesised that the shear stress in the VFD can mediate the fabrication of BNPs 
with tuneable size, while at the same time controlling the crosslinking chemistry.    

 

Herein we report a rapid novel and highly efficient process for the synthesis of 

homogeneous spheroidal BNPs with inbuilt porosity in a VFD which houses an angled 

rapidly rotating borosilicate glass tube (20 mm O.D., 17.5 mm I.D., 19.4 cm in length, 

or 20 mm O.D., 17.1 mm I.D., 39 cm in length, both inclined at 45º relative to the 

horizontal position), as shown in Figure 5.1. This thin film microfluidic platform has a 

number of diverse applications including the fabrication of various nano-carbon 

materials,26-27 intensified aqueous two phase separation for protein purification,28 

fabricating hydrogels for drug delivery,29 manipulating polymer networks,30-31 

exfoliating graphite and boron nitride,32 protein folding33 and accelerating enzymatic 

reactions.30 By precisely varying the speed of the glass tube and ratio between BSA, 

ethanol and glutaraldehyde, macroporous BNPs were readily generated in high 

homogeneity, and remarkably as spheroidal particles with randomly localised pores 

on their surface. These BNPs particles have a strong intrinsic fluorescence emission 

at 520 nm when excited at 490 nm, and have high absorption efficiency of Rhodamine 

B compared to non-optimised particles with smooth surfaces devoid of any pores. 

Further reduction of the size of BNPs was effective by incorporating c-phycocyanin 

protein into the system during processing in the VFD, as well as controlling their shape, 

from spheres to pockets, as established by systematically exploring the parameter 
space of the microfluidic platform. 
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Figure 5.1 Schematic of (a) the standard vortex fluidic device (VFD) (20 mm O.D. 17.5 
mm I.D., length 19.4 cm) operated under the confined mode at a tilt angle of 45° and 
the preparation of BNPs from BSA, ethanol and glutaraldehyde, and (b) a long tube 
VFD (O. D. 20 mm, I.D. 17.1 mm, length 39 cm) operated under confined mode at a 
tilt angle of 45°. 

5.3 Materials and Methods  

BSA, ethanol and glutaraldehyde were obtained from Sigma-Aldrich as analytical 

grade. C-phycocyanin was obtained from Fuqing King Dnarmsa Spirulina Co., Ltd. 

The fabrication process for macroporous BNPs using the VFD involved adding specific 

volumes of ethanol solution to a specified volume of BSA using the de-solvation 

method at 1 mg/mL at room temperature.15 For the standard VFD (20 mm O.D., 17.5 

mm I.D., length 19.4 cm), volume combinations for BSA (1 mg/mL), ethanol and 

glutaraldehyde were 300 μL, 900 μL and 15 μL, respectively. Then, 1 mL of a 

combined solution was quickly transferred to the VFD and the glass tube spun at 6k 

rpm for 1 min. For the VFD housing a long glass tube (20 mm O.D. 17.1 mm I.D., 

length 39 cm), volume combinations for BSA (1 mg/mL), ethanol and glutaraldehyde 

were 2400 μL, 7200 μL and 120 μL, respectively. Then 8 mL of the combined solutions 

was quickly transferred to the long tube which was spun at 6k rpm for 1 min. Addition 

of ethanol resulted in the spontaneous formation of an opalescent suspension. 

Depending on the optimisation, various amount of glutaraldehyde (%, v/v) was added 
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to the colloidal suspension during processing in the VFD to induce cross linking. Post 

VFD processing (1 min), samples were recovered by centrifugation at 11800 × g for 

15 min and washed with the same volume of Milli Q water three times to remove 
excess reactants.  

 

The morphology of the BNPs was determined using scanning electron microscopy 

(SEM) and atomic force microscopy (AFM). For SEM, a drop of diluted suspension 

was deposited on a silicon wafer, and the air-dried sample was coated with 5 nm 

platinum before imaging. The particle size (dynamic light scattering (DLS)) and zeta 

potential were performed using a Malvern particle size analyser (Malvern Zetasizer). 

A rotary evaporator (Buchi, Switzerland) was operated at 40 °C and pressure of 35 

mbar to remove solvents. Fluorescence spectroscopy measurements were performed 

using an inverted fluorescence microscope under bright field as a EVOS® FL equipped 

with three InvitrogenTM EVOSTM light cubes, DAPI (357/44 Ex; 447/60 Em), GFP 

(470/22 Ex; 510/42 Em) and RFP (531/40 Ex; 593/40 Em. Brunauer-Emett-Teller (BET, 

Micromeritics TriStar II) was used to measure the porosity of the BNPs. The elemental 

and chemical composition was evaluated using Fourier transform infrared 

spectroscopy analysis (FTIR, PerkinElmer, in the range of 550-4000 cm-1). To analyse 

the effectiveness of the removal of glutaraldehyde and its effect on sample stability, 

simultaneous thermal analysis (STA) was performed using a PerkinElmer STA 8000. 

The sample was heated from 30 to 100 °C at a rate of 2 °C min-1. The sample was 

held for 2 minute at 100 °C and then heated from 100 to 900 °C at a rate of 5 °C min-

1. Far-UV CD spectra were acquired for three accumulations between 195 and 260 

nm with a resolution of 0.1 nm, bandwidth of 1 nm, signal averaging time of 1 s, and a 

path length of 1 mm. The raw data in milli-degrees was converted to mean residue 

ellipticity [θ]MRE (deg cm2 dmol−1) using a mean residue weight of 115 as described 

in Patil et al.34 The scanning confocal microscopy with 532 nm excitation wavelength 

was used to map and evaluate emission properties of individual nanoparticles. A large-

molecule adsorption analysis was measured as described in Nandiyanto et al.35 Beer’s 

law was adopted and the data were normalized to a red wavelength (554 nm) based 

on UV-vis spectrometry. The fluorescence spectroscopy of BNP-RhB was determined 
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at an excitation wavelength of 550 nm and an emission wavelength of 580 nm as in 

Yu et al.15 To investigate the effect of the macroporous structure on the ability of 

materials adsorbing RhB, the as-prepared BNPs of different morphologies were 

freeze-dried and re-dispersed into 0.01 M pH 7.4 PBS buffer solution. In addition, RhB 

was dissolved in the same buffer solution to a concentration of 2 mg/mL. Both 

suspensions were well dispersed and mixed in a volume ratio of 1:1 using vigorous 

mixing. Thereupon the sample was immediately studied in a UV-vis 

spectrophotometer, then continuously measured for several hours, up to one day. 

After thorough washing with water, the supernatants were collected and analysed for 

any residual RhB that was evaluated by measuring the absorbance at 554 nm after 

suitable dilution. Each sample was performed in triplicate. The drug loading capacity 
and encapsulation efficiency were calculated as follows: 15  

 

𝐷𝑟𝑢𝑔	𝑙𝑜𝑎𝑑𝑖𝑛𝑔	 𝑤/𝑤% = 012345	26	789	:4	9;<=
012345	26	9;<=

×100% (1) 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	 𝑤/𝑤% = 012345	26	789	:4	9;<=
I4:5:JKKL	JMMNM	789

×100% (2) 

 

5.4 Results and Discussion  

 

Figure 5.2 Fabricating BNPs using different volumes in the standard VFD (1 mL of 
solution) and a long tube VFD (>1 mL), at a tilt angle of 45°; (a) volume ratio for BSA 
(1 mg/mL), ethanol and glutaraldehyde 400 μL, 800 μL and 10 μL, respectively, (b) 
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volume ratio for BSA (1 mg/mL), ethanol and glutaraldehyde, 300 μL, 900 μL and 15 
μL, respectively. All experiments were conducted in a VFD with the glass tube rotating 
at 6k rpm for 1 min.  
 
One processing parameter was varied at a time (processing time, concentration, 

rotational speed) en route to optimizing the conditions for generating a particular 

particle size, shape and homogeneity. Fabricating BNPs in a VFD was efficient with 

fully developed spheroidal BNPs formed after only 1 min processing time under 

confined mode, with the tube rotating at 7.5k rpm (Figure S1); no noticeable changes 

were observed using longer processing times. Poly-dispersity of BNPs could be 

significantly reduced by lowering the BSA concentration from 10 mg/mL to 1 mg/mL 

(Figure S2) and by adjusting the rotational speeds to 6k rpm (Figure S3). Further 

optimization involved varying the ratio of BSA to ethanol (Figure S4) and the 

concentration of glutaraldehyde (Figure S5 and S6). Previous studies have intensively 

investigated the de-solvation process under conventional stirring conditions.5 Briefly, 

the particle size and the number of free amino groups depend on the amount of ethanol 

and glutaraldehyde, respectively. An increase in ethanol leads to an increase in 

particle size whereas an increase in the glutaraldehyde concentration leads to a 

reduction in the amount of free amino groups.5-6 However, under VFD processing, 

porous BNPs were observed when the BSA (1 mg/mL) to ethanol ratio was reduced 

from 1:2 (Figure 5.2 a, 1mL) to 1:3 (Figure 5.2 b, 1mL). This has been identified as a 

critical ratio for preparing such porous structures (Figure S4 and S5). Control 

experiments used the same materials and processed them using bench-top vortexing 

for 1 min (no VFD processing). This resulted in the formation of a mixture of porous 

and non-porous BNPs (with rugged surface) together with large and irregular shaped 
particles (Figure S7).  

 

The surface of the optimised BNPs have pores that extend into the core of the particles, 

rather than being simply indentations on their surfaces. Rotary evaporator of BNPs at 

35 mbar and 40 °C to remove the solvent did not affect the overall morphology of the 

BNPs (Figure S8). In contrast, particles devoid of the pores, with smooth surfaces, 

were fragmented under the same conditions, which implies balancing of the pressure 
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difference through the pores. To investigate the effect of sample volume on the 

processing, a modified VFD was used, housing a longer tube (O.D. 20 mm, I.D. 17.1 

mm, length 39 cm) (Figure 5.2 b). As the overall volume of liquid in this tube increased, 

above 4 mL, an increase in particle size was observed, ca. 500 to 600 nm in diameter 
(Figure 5.2). 

 

 

Figure 5.3 Characterisation of BNPs using SEM, DLS, fluorescence microscopy, UV-
vis and fluorescence spectroscopy from top to the bottom, respectively: (a) BNPs with 
smooth surface, designated as BNP-S. (b) BNPs with some pores, designated as 
BNP-LP. (c) BNPs with highly porous surfaces, designated as BNP-HP. Blue: 
fluorescence emission under excitation wavelength of 490 nm. Red: Absorption.   
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Further optimization established three BNPs with different surface morphologies, (i) 

spheroidal particles devoid of pores (achieved at 500 μL, 800 μL and 10 μL for BSA, 

ethanol and glutaraldehyde, respectively) referred to as ‘BNP-S’, (ii) spheroidal 

particles with some pores (achieved at 400 μL, 800 μL and 10 μL) referred to as ‘BNP-

LP’, and (iii) highly porous spheroidal particles (achieved at 300 μL, 900 μL and 15 

μL), referred to as ‘BNP-HP’ (Figure 5.3). Processing conditions for all three types of 

particles were at 6k rpm for 1 min under confined operation mode of the VFD, for a 

total volume of 12 mL. SEM images of BNPs showed spheroidal particles with some 

level of agglomerations. The size of these spheroidal particles was determined using 

DLS, and they varied in diameter from 358 to about 600 nm, depending on the ratio of 

the solvent used in their fabrication. We note that such uniformity (Figure S9) and 

aqueous stability (Figure S13) cannot be achieved in a controlled manner using 
conventional benchtop vortex mixing, but rather it requires VFD.  

 

As-received BSA is excitable at 280 nm with the emission wavelength at 350 nm, 

which shows no fluorescence in the visible range (Figure S10). The native 

fluorescence of proteins normally originates from the primary amino acid sequence 

containing aromatic groups such as phenylalanine, tryptophan, tyrosine.36 Owing to 

the flexible structure, the π electrons in the native proteins are mainly localized, 

resulting in a rigid and large energy gap for electron transitions in the UV region.12 

However, BNPs in the present study showed a significant shift in both excitation and 

emission peaks with a single discernible emission at 520 nm when excited at 490 nm, 

regardless of the shape of the particles (Figure S11). De-solvation can alter parts of 

the chemical structure of the native amino acid sequence to form large chromophores, 

as reported by Yang et al.12 For example, the post-translational modification of the 

tripeptide sequence Ser65Tyr66Gly67 to 4-(p-hydroxybenzylidene)-imidazolidin-5-one 

results in the fluorophore of green fluorescent protein (GFP).36 Re-organisation of the 

denatured proteins into a more rigid structure through chemical cross-linking of 

glutaraldehyde, as in the present study, can induce overlap or reformation of 

chromophore groups along the amino acid sequence, thereby altering the electronic 

energy gap for visible wavelength fluorescence emission.12 Fluorescent microscopy 
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with EVOSTM light cubes GFP (470/22 Ex; 510/42 Em) revealed bright and 

homogenous green fluorescence of these BNPs, which is in good agreement with the 
spectroscopic analysis.  

 

   

Figure 5.4 Characterisation of BNPs with macropores using (a) Confocal mapping. (b) 
Emission wavelength for single macroporous BNPs highlighted in coloured circles in 
(a) with samples excited with a 532 nm wavelength laser. (c) AFM images. (d) Circular 
dichroism of as received BSA and macroporous BNP-HPs prepared using a VFD. (e) 
Nitrogen adsorption analysis of porous BNPs.  
 

The ability to generate porous BNPs is without precedent, and we therefore carried 

out further studies to fully reveal the morphology, surface functionalisation, surface 

area, phase composition and stability of these structures. BNP-HP showed randomly 

distributed macropores (50-100 nm) in the spheroidal particles (Figure 5.4 a inset), 

with some of the particles approximating to icosahedral symmetry with a pore centred 

on each pentagonal face and a few others with button-like distribution and different 

pore sizes. Confocal mapping was conducted on the macroporous BNPs, which 

allowed direct measurement of single particle emission at about 555 nm after being 

excited at 532 nm (Figure 5.4 a and b). This newly revealed emission spectrum might 

indicate the denaturation of as-received BSA and the formation of new chromophores. 

To confirm this, circular dichroism (CD) was used which clearly established that the 
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BSA has undergone significant structural changes during processing in the VFD. The 

BSA contains predominantly α-helices as secondary structural elements, giving two 

negative bands at 208 and 220 nm in the CD spectra (Figure 5.4 d and S12). The 

conformation of the BNPs is thought to differ from the native conformation of BSA in 

aqueous solutions. Post VFD processing, BNPs form an emulsion, with two major 

peaks around 207 and 235 nm in the CD spectra, which might indicate denaturation 

of the α-helical structure into β sheets, as reported by Zelasko-Leon et al. for BSA 

modified gold nanorods.37 Hydrogen bonding interactions can bring together 

antiparallel peptide strands in the neighbouring BSA molecules, which produce β 

sheet structures, thereby perturbing the CD spectra. These results highlight a 

modification of BSA secondary structure of α-helices during the processing in the VFD, 

which is in agreement with the re-organisation of proteins to form new 

chromophores.38,39 Pores on the surface of the submicron spheroidal particles were 

typically randomly arranged (Figure 5.4 c). The average pore sizes were around 70 to 

100 nm based on AFM, which is consistent with SEM. The N2 adsorption isotherm 

confirmed that the porous BNPs exhibited characteristics of a type II curve for 

macroporous structures. The specific surface area (SBET) of the macroporous BNPs 

prepared in VFD was 28 m2/g, which was very similar to the ones prepared from 

bench-top vortexing of 25 m2/g but significantly different from the curves of as received 

BSA. This is consistent with the absence of pores connecting the outer and inner 
surfaces of the hollow particles.35  
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Figure 5.5 Characterisations of macroporous BNPs prepared in a VFD using (a) FTIR, 
(b) Raman, (c) XRD, and (d) STA. 
 

FTIR absorption peaks in the macroporous BNPs at 3306 cm-1, 1657 cm-1 and 1539 

cm-1, correspond to O-H stretching, amide I band (mainly C=O stretching vibrations) 

and amide II band (mainly N-H and C-N), respectively.40 The absence of a Raman 

signature could arise from sample fluorescence under laser irradiation at 532 nm 

(Figure 5.5 b). XRD highlights the amorphous nature of both as received BSA and 

macroporous BNPs, with slight difference at 2θ = 12° (Figure 5.5 c). Stable amorphous 

forms are advantageous in having higher rates of dissolution which is expected to 

enhance drug release and subsequent absorption and bioavailability.41 STA analysis 

of both macroporous BNPs and as received BSA showed no significant difference 

(Figure 5.5 d). Both samples started to degrade at about 250 °C and this was followed 

by an abrupt weight loss at about 300 °C, which could be due to the loss of small 
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molecules such as carbon dioxide and ammonia.42 A slight weight loss difference 

between the two was observed from 350 to 550 °C and the difference slowly became 

larger beyond 500 °C. This could be due to the reduced crystalline nature42 of the 
macroporous BNPs relative to as received BSA, as indicated in the XRD.     

 

 

Figure 5.6 (a) Macroporous BNPs pre- (inset) and post- loaded with RhB. (b) 
Entrapment efficiency of RhB by BNPs with different morphologies at time points of 4 
h (white), 8 h (grey) and 24 h (black). (c) Fluorescence spectroscopy of RhB loaded 
macroporous BNPs. (d) Fluorescence microscopy of macroporous BNPs-RhB under 
InvitrogenTM EVOSTM light cubes for bright field, GFP (470/22 Ex; 510/42 Em) and 
RFP (531/40 Ex; 593/40 Em), respectively.    
 

The macroporous BNPs had zeta potential values of -32.1 at pH 7.66, which is 

significantly higher than those previously reported by Yu et al of -15.4.15 Typically, an 

electro-stable suspension has a net ζ potential value of above 30 mV.40 The results 

suggest that the BNPs remain stable under physiological conditions. The potential 

difference demonstrated that the positively charged RhB could have an interaction 

with the negatively charged BSA, and promote the attachment of RhB to the BNPs. 

Therefore, the drug loading capacity and encapsulation efficiency of BNPs were also 

evaluated. The concentration of RhB decreased gradually over time because of the 

adsorption of RhB by the BNPs, with the amount of RhB adsorbed varying with 

different morphologies. BNP-HPs exhibited the highest loading capacity, with BNP-LP 
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having intermediate capacity and BNP-Ss the lowest, and this applied to all time-

dependent studies (Figure 5.6 b). This result confirmed that the BNPs with a smooth 

surface had a lower tendency to adsorb large molecules than did the macroporous 

BNPs. This is consistent with the work of Nandiyanto et al.,35 reporting high adsorption 

efficiency of RhB by silica particles with a porous structure. RhB is 1.44 nm × 1.09 nm 

× 0.64 nm and can penetrate a pore diameter > 1.5 nm.43 In the present study, in the 

absence of pores, adsorption will occur only on the outer surface of the particles, and 

thus lower amounts of RhB are loaded. Fluorescence spectroscopy afforded 

characteristics peaks of RhB (ex. 550 nm) and BNPs (ex. 490 nm), with significant 

enhancement of fluorescence intensity for macroporous BNP-RhB compared to BNPs 

with other surface morphologies (Figure 5.6 c and S16). The morphology and structure 

of RhB-loaded macroporous BNPs with ‘filled pores’ also showed significant changes 

compared with those of non-loaded macroporous BNPs (Figure 5.6 a). Fluorescence 

microscopy established an increase in signal intensity at this wavelength for RhB-

loaded macroporous BNPs. Smaller differences were observed with other BNP 

morphologies after the loading process with RhB (Figure S17). After an intensive 

washing process, 84% of RhB was released from BNP-S-RhB, 51% from BNP-LP-

RhB and 62% from BNP-HP-RhB. Further release of RhB conducted at 37°C for 72 h 
after an intensive washing step was similar for all three shapes (Figure S18).     
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Figure 5.7 (a) Characterization of BNP/CPC using SEM, revealing smooth surfaces, 
less porous surface and pocket-like morphology, from left to right. (b) Characterization 
of nano-pocket BNP/CPC using fluorescence microscopy, confocal mapping and 
corresponding measurements on single particle emission after excitation at 532 nm.  
 

Finally, we explored the applicability of this process for other proteins. Replacing BSA 

by gelatin also resulted in porous nanoparticles under the same processing conditions 

used for fabricating BNP-HP (Figure S24). We note that controlling the size of BNPs 

has been intensively studied over the last decade but only with respect to varying the 

concentrations of BSA, ethanol and the cross-linking agent.12 We now find that the 

size of the BNP particles can be readily reduced by incorporating another type of 

fluorescent protein named C-phycocyanin (C-PC) (ex. 620 nm, em. 650 nm) into the 

processing of BSA. The α (162 residues) and β (172 residues) subunits of C-PC form 

a heterodimer αβ monomer, which contains three phycocyanobilin, the chromophore, 

with one in the α subunits and two in the β subunits,44 and three of the monomers can 

oligomerise to form disc-shaped trimers (αβ)3. Figure 5.7 a illustrates the shape and 
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size of the newly obtained BNPs (as BNP/CPC) using the same experimental 

conditions for BSA alone, as in Figure 5.3, with the only difference being adding C-PC. 

A distinct difference in the composite protein particle is a dramatic reduction in size 

from ca. 358 nm to ca. 150 nm in diameter. In addition, instead of forming pores on 

the surface, pocket-like structures were produced (Figure 5.7 a). Further 

characterization of single pocket-like structure established that BNP/CPC had the 

same excitation and emission spectrum as the BNPs, with single discernible emission 

at 555 nm when excited at 532 nm (Figure 5.7 b). BNP/CPC showed no signature 

fluorescence of C-PC after excitation at 620 nm, which could arise from distortion of 

the 3D structures during the de-solvation process. Overall, this process for generating 

protein-based nanostructures has potential for fabricating protein composites for a 
variety of different proteins and combinations thereof.  

 

5.5 Conclusion  

Spheroidal macroporous BSA-based nanoparticles with controllable particle diameter 

are effectively prepared using the relatively new VFD thin film microfluidic processing 

platform, in the confined mode of operation. Rapidly rotating glass tubes of different 

length established that using a longer tube facilitates scaling up of the process by 8 to 

12 times relative to the standard VFD. Importantly the macroporous particles can be 

fabricated with a narrow size distribution ca. 608 nm in diameter with high homogeneity. 

We have also established that the process is effective for gelatin in generating porous 

particles, and that introducing another protein with BSA, phycocyanin, allows control 

of the particles morphology, affording smaller particles and particles with nano-sized 

pockets. This processing methodology is therefore likely to be applicable to other 

proteins and mixtures of proteins. Future studies will focus on controlling the release 

rate by further controlling the pore sizes, along with testing other proteins to be 
incorporated into the composite material.  
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ABSTRACT: Macroporous bovine serum albumin (BSA)
nanoparticles with controllable diameter were readily
fabricated in a rapidly rotating angled glass tube in a vortex
fluidic device (VFD). Systematically varying the rotational
speed and the ratio of BSA, ethanol, and glutaraldehyde led to
conditions for generating ca. 600 nm diameter macroporous
particles that have intrinsic fluorescence emission at 520 nm
when excited at 490 nm. The presence of the macropores
increased the absorption efficiency of rhodamine B with
potential applications for drug delivery purpose, compared
with BSA nanoparticles having surfaces devoid of pores.
Further control over the size of BSA nanoparticles occurred in the presence of C-phycocyanin protein during the VFD
processing, along with control of their shape, from spheres to pockets, as established in exploring the parameter space of the
microfluidic device.
KEYWORDS: bovine serum albumin, macroporous, nanoparticle, fluorescence, microfluidics

1. INTRODUCTION
Nanoparticles derived from bovine serum albumin (BSA
nanoparticles or BNPs) are biodegradable, biocompatible,1

nontoxic, and nonimmunogenic2 and have advantages over
synthetic polymers in medical applications such as drug
delivery.3 Given the defined primary structure of protein and
its high content of charged amino acid moieties such as lysine,4

BNPs offer scope for surface modification in terms of covalent
drug attachment5,6 and electrostatic adsorption of positively
charged or negatively charged molecules either internally and/
or on their surfaces.4 Protein-based NPs can be prepared by
freeze-drying,7 supercritical fluid processing,8 spray-drying,9

de-solvation,5 and enzymatic cross-linking.10 De-solvation is
considered a robust reproducible method,4 consisting of
dropwise addition of ethanol to an aqueous solution of
albumin followed by continuous stirring until it becomes
turbid. The turbidity arises from the diminished water
solubility of denaturated BSA in ethanol, with disruption of
the protein tertiary structures.11,12 BNPs are generated by
fixation with glutaraldehyde where the amino residues in lysine
and arginine residues in guanidine side chains of albumin are
cross-linked by condensation with the aldehyde.4

Biocompatible BNPs have potential in drug delivery
applications with a capacity for incorporating drugs within
the particle matrix for their enhanced endocytic uptake.13,14

The use of nanoscaled materials for drug delivery and
diagnostics is at the forefront of medicine, with the
encapsulation of drugs into NPs significantly improving their
release profile in cells or tissues.3 For instance, BNPs have been
used for local delivery of rhodamine B (RhB) into the inner ear
with potential applications in the field of treating inner ear
disorders.15 However, most of the cross-linking processes
applied in the desolvation of BNPs have long processing times.
Intrinsically, fluorescent BNPs with emission at 535 nm after
being excited at 495 nm12 have been reported but their
preparation requires 18 h processing time. In other studies, the
cross-linking process under batch stirring of the suspension
takes 24 h or more.14−16 As to drug loading experiments,
doxorubicin has been separately loaded over an additional 2 h
of stirring.16 Even though this process can be facilitated by
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6 VORTEX FLUIDIC DEVICE-INTENSIFIED AQUEOUS TWO 
PHASE EXTRACTION OF C-PHYCOCYANIN FROM 

SPIRULINA MAXIMA 
Most protein purification methods involve the use of chromatographic techniques and 

such methods can suffer from high cost, low efficiency, low recovery rates and 

difficulties in scaling up. The use of aqueous two phase systems (ATPS) has attracted 

considerable attention in attempting to overcome some of these disadvantages. 

However, one of the obstacles to the application of ATPS is slow demixing rates for 

the phase separation. Apart from gravity and centrifugation-facilitated phase 

separation, demixing efficiency can be improved using external electric, magnetic, 

acoustic and microwave fields. However, a heating free, energy efficient and 

technically simplified method for protein recovery from ATPS is required. To this end, 

we further explored the biomedical application of VFD on protein separation. This 

chapter is an extension in the use of shear stress to intensify ATPS for C-pphycocyanin 

(C-PC) purification. We show that efficient purification of C-PC derived from 

microalgae Spirulina maxima by VFD-intensified ATPS as an example with 

spontaneous and instant demixing and phase separation post-VFD-ATPS extraction, 

demonstrated the potential of using VFD as a new phase demixing technology in 

protein purification. This novel process results in a 1.18 fold increase in purity of C-PC 

with a 22% increase in yield compared to conventional ATPS methods. Multi-stage 

counter current distribution (CCD) using VFD-ATPS followed by a removal of PEG and 

salt led to a 6 fold increase in C-PC purity compared to crude extract, from 0.5 to 3.0. 

Overall, this work establishes the utility of using a novel VFD-intensified ATPS process 

for protein purification and its potential as an effective new tool for rapid processing of 

biologically active and intact proteins.  

This study was orally presented at the BioProcessing Network Conference in Adelaide 

on October 2017 and 1st Australia New Zealand Marine Biotechnology Society 

Symposium in Adelaide on April 2016, and published in ACS Sustainable Chemistry 
& Engineering, Year 2016, Vol. 4, Issue 7, Pages 3905-3911. The first page of the 

publication is attached in Appendix 6.1.  



 

 151 

Author contributions: XL performed all the VFD and characterization experiments; 

wrote all the primary content. PS guided some of the research direction. WZ and CR 

supervised and coordinated the project and helped on the research directions and plan, 

and the final revision of the manuscript. All of the co-authors assisted with the revision 

of the manuscript before and during the publication process.  

 
  



 

 152 

Vortex Fluidic Device-Intensified Aqueous Two Phase Extraction of 

C-Phycocyanin from Spirulina maxima  

Xuan Luo
1,2

, Paul Smith4, Colin L. Raston
3* and Wei Zhang

1,2* 

Graphical abstract  

 
1Centre for Marine Bioproducts Development, Flinders University, Adelaide, 

South Australia 5042, Australia  

2Department of Medical Biotechnology, School of Medicine, Flinders University, 

Adelaide, South Australia 5042, Australia  

3Centre for NanoScale Science and Technology, School of Chemistry and 

Physical Sciences, Flinders University, Adelaide, South Australia 5042, 

Australia  



 

 153 

4The Australian Wine Research Institute, Hartley Grove, Urrbrae, South 

Australia 5064, Australia  

 

6.1 Abstract 

A vortex fluidic device (VFD) is effective for downstream processing of C-phycocyanin 

(C-PC) from blue-green microalga Spirulina maxima using an aqueous two 

phase system (ATPS): polyethylene glycol (PEG) and aqueous potassium phosphate. 

The VFD-intensified ATPS continuous flow processing (VFD-ATPS) has spontaneous 

phase separation of the liquid exiting the 20 mm diameter tube inclined at 45° 

and rotating at 6550 rpm, for a 0.2 mL/min flow rate. This processing results in at 

least a 9.3-fold increase in phase demixing efficiency, 1.18-fold increase in C-PC 

purity, and 22% increase in yield compared to conventional ATPS methods. 

Multistage counter current distribution (CCD) using VFD-ATPS followed by 

removal of PEG and salt increased C-PC purity by 6-fold compared to the crude 

extract, with triple TOF mass spectrometry showing more than 95% sequence 

coverage for both subunits. This work establishes the utility of using VFD-intensified 

ATPS processing for protein purification and its potential as an effective new tool for 

rapid processing of biologically active and intact proteins.  

Keywords: Vortex fluidics device, C-Phycocyanin, microalgae, aqueous two phase 

system, phase demixing  

6.2 Introduction  

C-Phycocyanin (C-PC) is a stable fluorescent pigment protein with promising 

bioactivities.[1] Several methods have been developed for the extraction and 

purification of this phycobiliprotein.[2-8] However, most of them involve the use of 

chromatographic techniques,[9] and such methods can suffer from high cost, low 

efficiency, low recovery rates, and difficulties in scaling up.[10] In recent years, the use 

of aqueous two phase systems (ATPS) has attracted considerable attention in 
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attempting to overcome some of these disadvantages. Employing differential 

partitioning of ATPS results in C-PC being preferentially taken up in the polymer-rich 

top phase, as identified by a major absorption peak maximum at 620 nm, whereas 

other contaminants partition to the salt-rich bottom phase.[10] One of the main 

contaminant proteins is allophycocyanin (APC), which also belongs to the 

phycobiliprotein family, having an absorption maximum at 650 nm. The fractionation 

of these two biliproteins is based on the higher affinity of C-PC to the PEG-rich phase 

than that of APC.[11]  

Most ATPS-related research on C-PC purification focuses on process optimization 

involving varying the pH, volume ratio, and molecular weight of PEG,[12] with limited 

research exploring the demixing efficiency. ATPS involves two unit operations, namely, 

mixing components and phase separation through droplet−droplet collision and 

coalescence.[13] Thorough mixing can be achieved by stirring for half an hour to an 

hour for a 10−20 g system[12,14] or by vortex mixing.[8,15] The most common methods 

for phase separation of C-PC are gravity and centrifugation.[16] One of the obstacles 

to the application of ATPS is the slow demixing rate for the phase separation due to 

small difference in the densities between the two phases, high viscosity of individual 

phases, low interfacial tension, and longer time required for droplet−droplet 

collisions.[13] Although there is little data on the effect of gravity-associated phase 

separation for C-PC, overnight phase separation is possible for this protein.[17] Apart 

from high speed centrifugation, demixing efficiency can be improved using external 

electric, magnetic, acoustic, and microwave fields.[18,19] However, a heating free, 

energy efficient, and technically simplified method for protein recovery from ATPS is 

required. To this end, we have explored the use of the vortex fluidic device (VFD) to 

intensify ATPS for C-PC purification, and the results are reported herein. The VFD is 

a recently developed microfluidic processing platform operating under either the 

confined mode, as a batch type process for finite volumes, typically 1−2 mL, or the 

continuous flow mode where scalability of the processing is addressed.[20] We note 

that the VFD is effective in room temperature transesterification of vegetable oil with 

spontaneous separation of three phases post-processing.[20] Thus, the 

mechanoenergy induced in the dynamic thins films in the VFD and the intense 
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micromixing of two otherwise immiscible liquids are likely to facilitate the processing 

of C-PC.  

In this study, two immiscible fluids are intensively mixed in a rapidly rotating tube in a 

VFD (Figure 6.1 a), under continuous flow conditions. A glass tube with an internal 

diameter of 17.7 mm was used, for convenience as a borosilicate nuclear magnetic 

resonance (NMR) tube. It was inclined at 45° relative to the horizontal position, which 

corresponds to the optimum angle for many applications of the VFD with jet feeds used 

to deliver liquids to the hemispherical bottom of the tube.[20-22] Different from the Y-

shape microchannel-processing platform introduced by Šalić et al.[23] for polyphenol 

extraction using ATPS, processing in the VFD tracks toward turbulent flow with high 

Reynolds number >2000, which further overcomes the normal mass transfer boundary 

and diffusion control in a liquid−liquid processing. The aim of the present study is to 

establish an efficient, simple, and viable downstream process to efficiently recover C-

PC from the dry Spirulina maxima powder, using a PEG4000/potassium phosphate 

system.[12,16] Effects of flow rate and rotational speed on the partition behavior were 

studied and optimized, and compared to conventional batch processing. The 

separated phases post-VFD processing were tested for the presence of C-PC and 

APC.  

6.3 Materials and methods  

PEG with molecular weight of 4000 (PEG4000) was purchased from Sigma (CAS 

25322-68-3). Potassium dihydrogen phosphate (KH2PO4) and dipotassium hydrogen 

phosphate (K2HPO4) were from Univar, Ajax Chemicals (Sydney, Australia). Spirulina 

maxima was purchased from Oxymin (KRPAN Enterprises, Australia). All the 

chemicals used were of analytical grade. Commercial C-PC was obtained from Fuqing 

King Dnarmsa Spirulina Co., Ltd. (Fujian, China). Crude extract was prepared by 

mixing the Spirulina maxima biomass with Milli-Q water in a ratio of 1:20 (w:v), for 

releasing the phycobiliproteins. The slurry was then subjected to a freezing and 

thawing procedure which was repeated twice with 24 h intervals, followed by 

centrifugation (Beckman, J2-MC) at 10000g for about 15 min at 19 °C to remove the 

biomass residue. Crude extracts (the supernatants) were stored at 4 °C for further 
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experiments. ATPS extraction was set up at room temperature based on 

predetermined quantities of PEG4000 and potassium phosphate from the previously 

reported binodal curve.[24] Milli-Q water was added to the crude extracts [10% (w/w)], 

and the pH of all the systems was maintained at 6.83 using a 1.82:1 ratio of K2HPO4 
to KH2PO4.

[7,24] Every system was mixed for 30 min in a 15 mL graduated centrifuge 

tubes on a rotary plate at room temperature. After that, the phases were separated by 

centrifugation or by gravity. The volume of the top and bottom phase of each system 

was measured and analyzed. The reference systems for each trial were prepared 

without addition of crude extract. For VFD-processing, the glass tube was rotated at a 

tilt angle θ of 45° relative to the horizontal position. The reagents were separately 

added through jet feeds via the use of two automated syringe pumps (Dual NE-1000X, 

Adelab Scientific, Australia) (Figure 6.1). Intense micromixing from the viscous drag 

and the Stewartson/ Ekman layers at various speeds as the liquids whirl up the glass 

tube rapidly reduced the mixing lengths. The VFD was equipped with one outlet for 

sample collection. The aqueous PEG4000 solution (6.4%, w/w) in the crude extract 

(10%, w/w) was fed from one inflow jet feed, and potassium phosphate (13.5%, w/w) 

was fed from another inflow jet feed for single ATPS and multistage counter current 

distribution (CCD). This was conducted by mixing the top PEG4000 phase from the 

previous extraction and the fresh bottom phase. Multiple ATPS were conducted on a 

larger scale of 20 g. PEG4000 and phosphate salt were separated from C-PC using 

Amicon Ultra-15 30 kDa cutoff centrifugal filters (Merck Millipore Ltd., Ireland) at 5000g 

for 1 h.  

Phycobiliproteins purified by VFD-ATPS was analyzed by sodium sulfate-

polyacrylamide gel (SDS-PAGE). This was performed using 4−20% Mini-PROTEAN 

TGX Stain-Free Protein Gels (BioRad 4568095). The molecular weight of the sample 

was determined by running Precision Plus Protein Standards, BioRad (Cat 161-0374). 

A 20 μg portion of proteins was dissolved in 15 μL of distilled water with 5 μL loading 

sample buffer, which was made up of 50% (v/v) 0.5 M Tris-HCl at pH 6.8, 40% (v/v) 

glycerol, 8% (w/v) SDS, 6.2% (w/v) DTT, and 0.04% (w/v) bromophenol blue. 

Electrophoresis was run at 300 V, 400 mA for 30 min. Images were captured using a 

Bio-Rad Gel Doc EZ system and Image Lab software. Carestream Molecular Imaging 
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software was used to quantify net band intensities (mean pixel intensity by number of 

pixels). The percentage of C-PC in each lane of the gel was quantified by comparison 

to the overall protein amount in that specific lane. Total protein concentrations were 

tested using DC Protein Assay (Cat# 5000111), which gives comparable results to the 

Kjeldahl nitrogen method on this protein sample. The gel was placed in fixative solution 

with 20% (v/v) methanol and 7.5% (v/v) acetic acid, and was visualized by staining 

with colloidal Coomasie blue. The bands of interest were excised and digested in gel 

with trypsin as reported by Shevchenko et al.[25] A 10 μL portion of digested peptide 

was separated using Eksigent Ekspert nanoLC 415 (AB Sciex, CA) before entering 

the Triple TOF 5600+ quadrupole time-of-flight mass spectrometer (AB Sciex), in ESI 

positive mode with a Nano Spray III source. The .mgf file was converted using 

MSConvert (ProteoWizard 3.0.5759) and was searched against the Spirulina (strain 

NIE-391 IAMM-135) from UniProt database, and then analyzed by ProteinPilot 

software 4.5 1656 (AB Sciex) using search algorithm Paragon 4.5.0.0, 1654 (AB 

Sciex). The absorption spectra from 240 to 800 nm was measured using a UV−vis 

spectrophotometer (Varian Cary 50). The concentration of C-PC was determined as 

described by Bennett and Bogorad[26] using eq 1 and the purity by Boussiba and 

Richmond[27] using eq 2.  

CPC(mg/mL) = 0VWXYX.[\[×	0V]X	
].^[

			 (1) 

Purity = 0VWX
0WdX

 (2) 

The fluorescence spectra of purified C-PC were measured using a fluorescence 

spectrometer (Cary Eclipse, Agilent). The secondary structure of C-PC was analyzed 

using Fourier transform infrared spectroscopy (FT-IR) (PerkinElmer, Frontier, 

Australia) and circular dichroism (CD) using a spectropolarimeter (Jasco Model J-720). 

Freeze-dried C-PC samples were dissolved in 10 mM potassium phosphate buffer, pH 

6.9, for a final protein concentration of 0.2 mg/mL. Far-UV CD spectra were acquired 

between 195 and 260 nm with a resolution of 0.1 nm, bandwidth of 1.0 nm, signal 

averaging time of 1 s, and a path length of 1 mm. Three accumulations were recorded 

at a scan speed of 20 nm/min, and each spectrum was corrected for baseline by the 
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subtraction of the buffer blank. The raw data in millidegrees was converted to mean 

residue ellipticity [θ]MRE (deg cm2 dmol-1) using a mean residue weight of 115 as 

described in Patil et al.[17] Experiments were carried out in triplicate with the average 

values of three independent experiments reported as mean ± SEM. Statistical analysis 

for protein purity and recovery were performed by One-Way ANOVA, followed by 

Duncan’s test considering a significant difference at p < 0.05. The rest were conducted 

by Tukey’s HSD post hox test/Dunnett’s T3 post hoc test for equal and unequal 

variances as appropriate. These tests were performed using SPSS 20 (SPSS, 

Chicago, IBM).  

6.4 Results and discussion  

Different extraction buffers and extraction methods were investigated before further 

experiments (Figures S1, S2, and S3a). Extraction was conducted using repeated 

freezing and thawing using Milli-Q water (Figure S3b) in this study. To determine the 

optimum phase composition, ATPS was carried out at five different tile line length (TLL) 

with the same volume ratio at 1 and left overnight for phase demixing as in Patil et 

al.[17] (Tables S1 and S2). Considering the optimized yield and purity of both C-PC and 

APC, the TLL of 18.64% and the volume ratio of 0.3 were applied for subsequent 

experiments. Conventional phase demixing methods, gravity, and centrifugation were 

conducted as controls. Gravity-facilitated phase separation was a time- dependent 

process and plateaued after 1 h residence time at 0.96 with 84% recovery rate. The 

highest average purity of 0.99 and 1.3 was recovered from 33 h residence time with 

gravity and 20 min centrifugation at 1400g, respectively, with 77% recovery rate in 

both conditions (Figure S4) (p < 0.05).  
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                                       (c)                                                                     (b) 

   

(d)                                                                  (e) 

Figure 6.1 Purification of C-PC using an aqueous two phase system (ATPS) of 
PEG4000 and potassium phosphate: (a) Schematic of the VFD and experimental setup 
for continuous flow mode with jet feeds at different flow rates delivering solutions to 
the base of the rapidly rotating tube. (b) Experimental setup for ATPS for confined 
(insets from left to right showing spontaneous phase separation post-VFD and post-
benchtop-vortexing) and continuous flow modes of operation of the VFD (insets 
showing spontaneous phase separation post-VFD for the liquids exiting the VFD 
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through the Teflon unit). (c) Left to right: PEG4000 and potassium phosphate (no protein) 
0 s spinning and a few seconds spinning at 6550 rpm, spontaneous phase separation 
post-VFD processing, and no phase separation postbenchtop vortexing. (d) Purity of 
C-PC and APC post-VFD processing. (e) Yield of C-PC and APC post-VFD processing. 
Results are shown as mean ± SD. Different uppercase (C-PC) and lowercase (APC) 
letters indicate significant differences (p < 0.05).        

In contrast, spontaneous phase separation was observed using the confined mode of 

operation of the VFD for 2 mL of liquid, with the tube spun at 6550 rpm for 30 min. 

Continuous flow processing in the VFD also resulted in spontaneous phase separation, 

for the liquid exiting from the Teflon unit (Figure 6.1 b). Delivering the liquids to the 

base of the tube in the VFD without it rotating during mixing did not show any change 

on C-PC purity (Figure S5). At 0.2 mL/min flow rate, the mixing time or residence time 

was 5.35 min, as the time for a drop of liquid hitting the hemispherical base of the tube 

to exit from the Teflon unit. In contrast, both conventional methods require 30 min of 

mixing followed by a residence time of about 1 h and 20 min for gravity and 

centrifugation, respectively. Thus, spontaneous phase separation post-VFD resulted 

in at least a 9.3-fold (50 min/5.35 min) increase in phase demixing efficiency relative 

to centrifugation. With mixing PEG4000 and potassium phosphate in the VFD in the 

confined mode for a few seconds, in the absence of protein, the two liquids become 

miscible under visual observation (Figure 6.1 c). This might be explained by the shear 

force in the dynamic thin film in the VFD intensely mixing the two immiscible liquids 

down to nanosize structures, or at the molecular level. There was no further droplet 

coalescence between the two phases visually observed on stopping the rotation of the 

tube, whereas the control group (no VFD confined mode processing) took 6.5 min for 

the droplets to collide in the dispersion for coalescence.  

Demixing behavior depends on the droplet size of the dispersed phase.[28] The 

Hadamard−Rybzcynski equation (Figure S6) derived from Stoke’s law indicates that 

the change of demixing rate is proportional to the square of the droplet diameter. 

Breaking the droplets down to nanometer dimension under shear in the VFD may 

significantly reduce the phase demixing time. Moreover, according to Xue et al.,[29] the 

surface tension (the specific excess free energy) of microdroplets or nano-droplets 

decreases with decreasing droplet size, which will favor rapid phase separation. It is 
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logical to deduce that, post-VFD processing, interactions between high surface energy 

nanosize droplets result in the spontaneous phase separation. For continuous flow 

processing, shear stresses were generated as the two liquids strike the hemispherical 

base of the tube and are accelerated rapidly with intense micromixing in the thin film. 

This mode imparts additional shear relative to the confined mode (for tilt angles θ > 0°) 

which arises from the viscous drag of the liquid against the glass surface as it whirls 

along the tube.[30,31] Some phase demixing studies using the equation from Mistry et 

al.[32] (Figure S6) correlate the phase separation with more physical properties of the 

system, including density differences. However, density was not significantly changed 

for VFD-processing compared with the gravity method (Table S3).  

The flow rates of PEG4000 containing crude extract and the potassium phosphate 

solution were optimized first. Here spontaneous phase separation was only observed 

when the two liquids were delivered at the same rates to the base of the rapidly rotating 

tube. Therefore, further optimization followed with finer control of the flow rates of 

those two liquids. Increases in purity and yield were observed at a flow rate of 0.2 

mL/min, which were 18% and 14% higher than the optimum control process using 

gravity (p < 0.05) (Figure 6.1 d,e). Compared to centrifugation, the yield was 22% 

higher for VFD separation (p < 0.05) (Figure 6.1 e). In contrast, the separation of APC 

using VFD processing was less promising than the controls. At a flow rate between 

0.2 and 1 mL/min, the recovery of APC fluctuated (p < 0.05). The decrease in recovery 

rate was associated with a migration of APC to the PEG4000-rich phase as evidenced 

by an increase in K (partition coefficient) of APC at 0.6 mL/min (p < 0.05) (Figure S7). 

As mentioned, the separation of C-PC and APC using ATPS can be attributed to the 

higher affinity of C-PC to the PEG4000-rich phase compared to that of APC.[11] 

Therefore, the change of affinity of APC to PEG4000 during VFD mixing depends on 

the duration of mixing. Dynamic light scattering showed that the partitioning of APC to 

the PEG4000-rich phase was not caused by particle size modification of the polymers 

under the shear (Figure S8). Therefore, the recovery of C-PC using VFD is flow-rate 

dependent with better separation of the two proteins at certain flow rates relative to 

others. However, the increased purity of C-PC in VFD is not only related to APC 

separation but also other contaminants as evidenced by the similar APC recovery but 
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different C-PC recovery (p < 0.05) between 0.2 mL/min for VFD processing and the 

gravity control. Therefore, VFD processing improved the separation via partitioning of 

C-PC to the PEG4000-rich phase and most contaminant proteins to the bottom phase. 

In addition, the improved C-PC recovery using VFD processing may also relate to the 

spontaneous phase separation and the changes of surface area when the liquid 

droplets are broken down under shear. Such nanodroplets carry a much larger surface 

area, collision frequency, and liquid−liquid interfacial area, all of which reduce the 

diffusion distance, enhance the mass transfer rate, and finally facilitate the recovery 

process.[33] Minimal residence time for phase demixing again minimized the loss of 

protein between the interface area.  
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                                                                        (b) 

Figure 6.2 (a) Purity (A620/A280) of CPC and APC recovered by VFD-ATPS for 
solutions processed at different rotational speeds (rpm). (b) Yield of CPC and APC 
recovered by VFD-ATPS for solutions processed at different rotational speeds (rpm). 
Different uppercase (C-PC) and lowercase (APC) letters indicate significant 
differences (p < 0.05).  

The highest recovery of C-PC was obtained at a flow rate of 0.2 mL/min (p < 0.05). 

Accordingly, this condition was utilized for further optimization of the rotational speeds 

of VFD. Speeds were varied from 6000 to 8000 rpm in 250 rpm increments under 

continuous flow (Figure 6.2). Purity and recovery of C-PC fluctuated slightly with the 

optimum condition at 6750 rpm, p < 0.05 (Figure 6.2). As the equivalent purity (1.17) 

and recovery (98%) could also be achieved at 6550 rpm, the rotational speed of 6550 

rpm with a flow rate of 0.2 mL/min is considered to be optimum. Compared to Liu et 

al.,[7] the purity of C-PC increased from 0.5 to 0.82 in a single ATPS using 

centrifugation, with the yield <60%. The changes in purity and recovery of APC at 

different rotational speeds using the VFD are not significantly different. Therefore, the 

change of affinity of APC to the PEG4000-rich phase is considered rotational-speed-

independent. To confirm that the reduced recovery of APC from the bottom phase is 

caused by the affinity change of APC to the PEG4000-rich phase and not by loss of 

protein activity under the shear of VFD, the top phase obtained from 0.2 mL/min at 

6550 rpm was subjected to centrifugation at 1400g for 20 min. The purity of APC 
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increased to 0.26 with the overall yield increased to 69%, indicating that the difference 

is caused by the change of the affinity of APC to PEG4000.  

Multiple ATPS treatments using VFD processing further increased the purity of C-PC. 

Centrifugation was conducted once after the first purification using ATPS-VFD for 

further removal of APC from the top phase. After purification four times by introducing 

fresh bottom phase (aqueous potassium phosphate), the purity of C-PC increased 

from 1.3 to 2.3 with a reduction of recovery from 93% to 78% (Table S4). However, 

the purity of APC remained constant around 0.15. By removing the PEG4000 and salt, 

the purity of top and bottom phases increased the purity of C-PC to 2.92 compared to 

commercial C-PC purity of 3.04, and the purity of APC to 0.58 due to the permeation 

of contaminants through the membrane along with the PEG4000 and the salt, which is 

consistent with the findings reported by Patil et al.[11] ATPS using two VFD processes 

increases the K of C-PC by 6.9-fold, and the K becomes infinite the third time. 

Therefore, VFD processing also reduces the number of cycles required for the 

multistage CCD.  

  

                  (a)                                                                                     (b) 

Figure 6.3 (a) SDS-PAGE gel, lane 1: molecular weight markers. Lane 2: crude extract. 

Lane 3: single ATPS-VFD (1′VFD) purified (top phase). Lane 4: multiple ATPS-VFD 

(4 times or 4′VFD) purified (top phase). Lane 5: 1′VFD (bottom phase). Lane 6: 4′VFD 

purified (bottom phase). Lane 7: water control. Lane 8: commercial C-PC. A 20 μg 
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portion of overall proteins was loaded in each lane. PEG4000 was removed from all 

samples before running the gel. (b) Percentage of C- PC relative to all proteins in each 

lane in Figure 6.3 a. Statistical significance is indicated by single (p < 0.05) and double 

(p < 0.01) asterisks.  
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                                                           (c) 

Figure 6.4 Spectroscopic characterization of C-phycocyanin. (a) Absorption and 
fluorescence spectra of commercial C-PC, 4′ATPS- centrifugation, and 4′ATPS-VFD 
C-PC. UV−vis/absorbance was conducted at a total protein concentration of 0.5 
mg/mL. Fluorescence was conducted at 12.5 μg/mL. (b) FT-IR spectrum of C-PC 
samples. (c) Circular dichroism spectra of C-PC samples (far- UV) at protein 
concentration of 0.2 mg/mL.  

The purified C-PC showed an intensive band around 17 kDa (Figure 6.3), which is in 

good agreement with the reported molecular weight of α (17.4 kDa) and β (17.8 kDa) 

subunits of C-PC from Spirulina maxima.[34] Quantitative analysis of the band intensity 

using Carestream showed a significant enrichment of α and β subunits from 36% to 

44% after multiple purifications using ATPS-VFD (p < 0.01). The distribution of proteins 

in lanes 5 and 6 (samples from bottom phases) and the similarity of lane 4 (samples 

from top phases) and lane 8 (commercial C-PC) also indicated a successful removal 

of contaminant proteins using this purification method. The VFD purified proteins were 

further characterized using fluorescence. The absorption maximum occurred at 615 

nm, and when excited at 620 nm, the purified C-PC gave a fluorescence emission at 

643 nm (Figure 6.4 a). Compared to the commercial C-PC, VFD-ATPS purified C-PC 

showed similar FT-IR spectra (Figure 6.4 b) with a protein specific amide I peak around 

1650 cm-1 from C=O stretching vibration and an amide II peak around 1539 cm-1 

arising from the in-plane NH bending and CN stretching vibration.[35,36] The sharp 1650 

cm-1 peak for the purified protein using the VFD is consistent with the presence of α-

helices as the major element of its secondary structure,[30] which is well-maintained 
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after the processing, as evidenced by the similar amide I band observed in the controls. 

Circular dichroism spectra also confirmed maintaining the integrity of their structure 

after VFD-processing (Figure 6.4 c). The far-UV spectra showed negative bands at 

222 and 208 nm and a positive band at 195 nm, which is in accord with α helix 

secondary structure.[37] 

Proteins identification from the excised band are listed in Table S5, and confirm the 

purified protein as C-phycocyanin (Figure S9). For the α and β subunits, the 

sequencing encompassed 2894 peptides which covers the entire amino acid 

sequence for both subunits. Sequence coverages for α and β subunits are 96% and 

97% (both with >95% confidence), respectively. The small amounts of peptide 

sequences identified with lower confidence are most likely caused by the tryptic 

cleavage rule by cutting after arginine or lysine, which generated extremely small 

peptide sequences that are beyond analysis. None of the peptides show any indication 

of protein oxidative destruction. Cysteine-containing peptides were all detected in a 

carbamidomethylated form, using iodoacetamide which transforms cysteine to the 

stable S-carboxyamidome-thylcysteine thereby preventing the free sulfhydryls from 

reforming disulfide bonds. Because this alkylation reaction was performed after the 

gel staining, it infers that no cysteine oxidation to cysteic acid or desulfurization took 

place during the VFD-processing. Methionine-containing peptides were found in native 

and oxidized forms, which have been reported in polyacrylamide gel isolated 

proteins.[38] However, it is possible that some of the oxidation reactions with 

methionine and proline might occur during VFD-processing. Such processing may also 

trigger the deamidation reaction of asparagine (Asn) and glutamine (Gln) within the 

protein.[39] Nonenzymatic deamidation of Asn and Gln residues could occur in vitro 

and generate different aspartic acid (Asp) and isoaspartic acid (isoAsp), for Asn[40] and 

glutamic acid (α-Glu), and isoglutamic acid (γ-Glu) for Gln. In some peptide sequences 

with both Asn and Glu, the deamidation has been observed only on Glu but not Asn. 

Deamidation rate of Asn should be much faster than that of Glu except when Glu is 

located at the N-terminus.[41] In the present case, it is likely that the dynamic thin films 

in the VFD may facilitate the deamidation reaction toward Glu which is not located at 

the N-terminus.  
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6.5 Conclusion 

This study established a novel processing methodology of VFD-intensified ATPS for 

enhancing the phase demixing of ATPS and increasing the recovery of biologically 

active and intact C-PC with higher purity from blue-green microalga Spirulina maxima. 

Although the demixing concept in the VFD has so far been investigated without much 

reference to the specific hydrodynamics involved, this present study demonstrates the 

potential of the VFD as a new phase demixing microfluidic platform for application in 

protein purification. Future research will focus on investigating the fluid dynamics 

involved in phase demixing during and post-VFD processing, along with extending the 

application of the methodology to other proteins and possibly protein modification.  
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ABSTRACT: A vortex fluidic device (VFD) is effective for
downstream processing of C-phycocyanin (C-PC) from blue-
green microalga Spirulina maxima using an aqueous two phase
system (ATPS): polyethylene glycol (PEG) and aqueous
potassium phosphate. The VFD-intensified ATPS continuous
flow processing (VFD-ATPS) has spontaneous phase separation
of the liquid exiting the 20 mm diameter tube inclined at 45° and
rotating at 6550 rpm, for a 0.2 mL/min flow rate. This processing
results in at least a 9.3-fold increase in phase demixing efficiency,
1.18-fold increase in C-PC purity, and 22% increase in yield
compared to conventional ATPS methods. Multistage counter
current distribution (CCD) using VFD-ATPS followed by removal
of PEG and salt increased C-PC purity by 6-fold compared to the
crude extract, with triple TOF mass spectrometry showing more
than 95% sequence coverage for both subunits. This work establishes the utility of using VFD-intensified ATPS processing for
protein purification and its potential as an effective new tool for rapid processing of biologically active and intact proteins.
KEYWORDS: Vortex fluidics device, C-Phycocyanin, Microalgae, Aqueous two phase system, Phase demixing

■ INTRODUCTION
C-Phycocyanin (C-PC) is a stable fluorescent pigment protein
with promising bioactivities.1 Several methods have been
developed for the extraction and purification of this
phycobiliprotein.2−8 However, most of them involve the use
of chromatographic techniques,9 and such methods can suffer
from high cost, low efficiency, low recovery rates, and
difficulties in scaling up.10 In recent years, the use of aqueous
two phase systems (ATPS) has attracted considerable attention
in attempting to overcome some of these disadvantages.
Employing differential partitioning of ATPS results in C-PC
being preferentially taken up in the polymer-rich top phase, as
identified by a major absorption peak maximum at 620 nm,
whereas other contaminants partition to the salt-rich bottom
phase.10 One of the main contaminant proteins is allophyco-
cyanin (APC), which also belongs to the phycobiliprotein
family, having an absorption maximum at 650 nm. The
fractionation of these two biliproteins is based on the higher
affinity of C-PC to the PEG-rich phase than that of APC.11

Most ATPS-related research on C-PC purification focuses on
process optimization involving varying the pH, volume ratio,
and molecular weight of PEG,12 with limited research exploring
the demixing efficiency. ATPS involves two unit operations,

namely, mixing components and phase separation through
droplet−droplet collision and coalescence.13 Thorough mixing
can be achieved by stirring for half an hour to an hour for a 10−
20 g system12,14 or by vortex mixing.8,15 The most common
methods for phase separation of C-PC are gravity and
centrifugation.16 One of the obstacles to the application of
ATPS is the slow demixing rate for the phase separation due to
small difference in the densities between the two phases, high
viscosity of individual phases, low interfacial tension, and longer
time required for droplet−droplet collisions.13 Although there
is little data on the effect of gravity-associated phase separation
for C-PC, overnight phase separation is possible for this
protein.17 Apart from high speed centrifugation, demixing
efficiency can be improved using external electric, magnetic,
acoustic, and microwave fields.18,19 However, a heating free,
energy efficient, and technically simplified method for protein
recovery from ATPS is required. To this end, we have explored
the use of the vortex fluidic device (VFD) to intensify ATPS for
C-PC purification, and the results are reported herein. The
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7 CONCLUSIONS AND FUTURE DIRECTIONS 
7.1 Summary of key findings 

Microfluidic technology provides alternative advanced strategies for the synthesis of 

various materials with precise control over size, shapes and homogeneity. There is 

growing recognition that the thin film microfluidics within the VFD has established a 

paradigm shift and has a variety of potentials applications in various material 

processing.1,2 Despite the extensive exploration in the field of organic synthesis and 

material science, VFD has rarely been explored for fabricating high valued materials 

for biomedical applications in the fileds of biomedicine, biosensors, cell imaging, 

protein purification and targeted theranostics.3 Although most of the published 

methods are significant innovations in science, the main limitations are yet to be 

addressed including the generation of polydispersed materials and waste and high 

energy usage. Materials prepared from these published techniques easily 

agglomerate, oxidize, and lack of precise control of mixing, nucleation, and growth in 

large scale synthesis. As a result, homogeneity and reproducibility of the final product 

varies from batch to batch.4,5 Purification or multi-step processing is often needed, 

however this limits the scope for scaling up the process. In the present study these 

issues have been addressed, up front at the inception of the science. It presents a 

significant advance in exploring potential application of VFD in generating high-valued 

biomedical materials in a more benign way in filling this gap of research.  

A detailed literature review was conducted, which highlighted the growing interest of 

conducting reactions in micrometer dimensions where the fluid mechanics change 

significantly compared to that in macroscales, resulting in efficient micromixing and 

better control of synthesis parameters. It revealed that the process intensification 

among next generation MDs such as VFD, as an alternative route to other microfluidic 

techniques, has resulted in significant advancement in a broad range of studies in 

fabricating different high-valued materials and their derivatives. The VFD allows the 

development of a more environmentally friendly method of processing various 

materials, driven by shear stress generated within the thin dynamic film (>200 µm 
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thick), with scalability and controlled processing addressed in a continuous flow 

manner.  

 

 

Figure 7.1 Summary of various materials fabricated using VFD and future directions 

To summarise the findings, the first study focused on the fabrication of carbon-based 

material. Most of the reported methods for fabricating carbon nanodots involve tedious 

purification processes, the use of harsh chemicals, difficulties in scaling up and sample 

inhomogeneity. The vortex fluidic-mediated synthesis of CDs overcomes the clogging 

issue in conventional microfluidics, as well as enhancing the prospect of product 

homogeneity under plug flow and uniform irradiation and shear stress. CDs produced 

using this method have a relatively narrow size distribution, between 3 to 13 nm, and 

have high colloidal stability and are non-toxic up to 200 μg/mL, as established from a 

skin fibroblast CRL2076 cytotoxicity study. The CDs exhibit excitation wavelength 

independent PL behaviour with two distinctive emission peaks around 420 and 460 

nm, being an integration of at least three emissive sites originating from the aromatic 

core, defects and functional groups. These carbon dots have potential application in 

imaging, and in security material, for example in bank notes.  
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Fabrication of magnetite nanoparticles has also been achieved in a single step 

of VFD processing. Pulsed laser ablation, which can be a simple and surfactant 

and counter-ion free technique, has been used to prepare magnetic 

nanoparticles with a narrow size distribution. However, selectively forming only 

one iron oxide phase, precisely controlling the collapse of plume and scaling up 

are major challenges for conventional laser processing techniques. Laser 

ablation of an iron target in the gas-phase can circumvent some of the above 

drawbacks for liquid ablation processing, using air as the oxidant. We have 

established that the VFD is effective in forming superparamagnetic magnetite 

nanoparticles of spheroidal or hexagonal shapes with a narrow size distribution, 

as a one-step continuous flow process at ambient pressure, using in situ laser 

ablation from a pulsed laser operating in the NIR. The process uses water as 

solvent which minimizes the generation of waste by avoiding the need for any 

chemicals/surfactants, and avoids time consuming purification steps by 

reducing any negative impact of the processing on the environment. 

VFD processing has been efficiently applied in making polymer nanoparticles, 

with tunable fluorescence. Polyethylenimine-based nanoparticles ca. 10 nm in 

diameter, devoid of auxiliary structures, and with tunable fluorescence are 

generated in air under high shear at high temperature and different flow rates in 

VFD. The processing carried out under shear stress and high temperature 

facilitates oxidation, both of which trigger polymer degradation, chain scission 

and entangling of sliced polymers into self-passivated nanoparticles, and this is 

independent of sample molecular weight of the starting material. Nanoparticles 

with low toxicity and good photostability were rapidly prepared. The optimum 

quantum yield is higher than that of most published PEI-based nanoparticles 

devoid of auxiliary moieties. Chemical-adoption of amide functional groups 

triggers enhanced fluorescence intensity and auto-fluorescence over a wide 

excitation range, and the resulting nanoparticles showed significantly reduced 

cytotoxicity against MCF-7 cell line compared to as received materials. The 

biocompatibility of these fluorescent nanoparticles can facilitate their application 

in imaging live cells, with the overall study contributing to an understanding of 
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fluorescence arising from amino-containing materials and the development of 

new functional fluorescent nanoparticles. 

Nanoparticles derived from bovine serum albumin (BNPs) are biodegradable, 

biocompatible, and have advantages over synthetic polymers in medical applications. 

Biocompatible BNPs have potential in drug delivery applications with a capacity for 

incorporating drugs within the particle matrix for their enhanced endocytic uptake. 

However, most of the cross-linking processes applied in the desolvation of BNPs have 

long processing times and none of those reported particles appear to be devoid of 

pores connecting the outer surface with the core of the particles. The shear stress in 

the VFD can mediate the fabrication of BNPs with tuneable size, shape and inbuilt 

porosity, while at the same time controlling the crosslinking chemistry. Macroporous 

BNPs are readily generated in high homogeneity, and remarkable as spheroidal 

particles with randomly localised pores on their surface. These BNPs particles have a 

strong intrinsic fluorescence emission at 555 nm when excited at 532 nm, and have 

high absorption efficiency of Rhodamine B compared to non-optimised particles with 

smooth surfaces devoid of any pores. Further reduction of the size of BNPs is effective 

by incorporating c-phycocyanin protein into the system during processing in the VFD, 

as well as controlling their shape, from nanospheres to pockets. 

Finally, efficient protein purification in aqueous two phase systems (ATPS) has been 

demonstrated in the microfluidic-based VFD platform. One of the obstacles to the 

application of ATPS is slow demixing rates for the phase separation. Apart from gravity 

and centrifugation-facilitated phase separation, demixing efficiency can be improved 

using external electric, magnetic, acoustic and microwave fields. However, a heating 

free, energy efficient and technically simplified method for protein recovery from ATPS 

is required. To this end, we have developed the use of VFD to intensify ATPS for C-

PC purification. We show that efficient purification of C-phycocyanin derived from 

microalgae Spirulina maxima by VFD-intensified ATPS as an example with 

spontaneous demixing and phase separation post-VFD-ATPS extraction, 

demonstrated the potential of the VFD as a new phase demixing technology in protein 

purification. This novel process results in a 1.18 fold increase in purity of C-PC with a 
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22% increase in yield compared to conventional ATPS methods. Multi-stage counter 

current distribution (CCD) using VFD-ATPS followed by a removal of PEG and salt led 

to a 6 fold increase in C-PC purity compared to crude extract, from 0.5 to 3.0.  

In conclusion, this work establishes the utility of using a novel VFD-intensified process 

for preparing various high-valued functional materials. VFD as an effective and 

scalable new tool for rapid processing showed great potential in biochemical 

applications particularly for cell imaging and drug delivery. As one of the next 

generation microreactors, VFD starts to become more application-directed and will 

further develop towards more integrated, automated, modular, and multistage 

microsystems, incorporating real time, and in time processing. 	

 

7.2 Current research interests and future directions  

The key findings from this study indicate that there is huge potential for further 

exploration of VFD-fabricated nanoparticles for different biomedical applications. For 

example, as we mentioned in Chapter 1, microfluidic devices have also been widely 

applied in biologics delivery and controlled release and theranostics. Our preliminary 

studies in 7.2.1 and 7.2.2 show promising results in these aspects. In regards to 

material processing, we have investigated carbon, metallic, polymer and protein based 

nanoparticles in this study, however, future research should not be limited within these 

materials, many other environmentally-friendly and nontoxic candidates are also worth 

to be investigated such as liposome, DNA or MOF (7.3.3).   

7.2.1 Manipulating cationic polymers under microfluidics for 
effective gene delivery 

Gene therapy has been pursued as a promising technique for the treatment of several 

diseases.6 Deoxyribonucleic acid (DNA)-based gene therapy or nonviral gene-delivery 

technique rely upon the insertion of a functional plasmid DNA (pDNA) into the nucleus 

of cells, which in turn enables the expression of therapeutic proteins, which is named 
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transfection.7 For gene delivery to be effective, the pDNA requires appropriate 

protection from DNAase enzymes due to its poor cellular internalisation and fast 

enzymatic degradation. The use of cationic gene delivery system such as 

polyethylenimine (PEI) to condense pDNA through electrostatic interactions between 

the negatively charged phosphate group of DNA and the positively charged amine 

groups of PEI into cationic nanosized particles,8 namely polyplexes for nonviral gene 

delivery, has received considerable attention.9,10 Problems with current gene delivery 

systems include the lack of safe and efficient delivery systems, small plasmid loading 

capacity, unwanted immunogenicity, limited DNA cargo capacity and large-scale 

production of the delivery system.11 PEI-based carriers have been suggested to trigger 

endosomal escape of polyplexes12 and minimise the problems associated with 

unwanted immunogenicity and lysosomal degradation but its therapeutic application 

was largely hampered by its cellular systemic toxicity13 and nondegradable nature.11 

It is understood that PEI-medicated toxicity depends on its molecular weight and 

structure.14  

In Chapter 4, we have demonstrated the possibility of using controllable shear stress 

of VFD to modify PEIs with low or high MW and assemble the formation of ca. 10 nm 

PEI-based nanoparticles with significant reduction on cytotoxic effects.15 Relatively 

small variation in the polycation ionisation state can result in dramatic changes in 

degradability and its behaviour upon interaction with DNA.10 For example, transfection 

efficiency could be improved by cross-linking LMW PEI to form degradable HMW, 

decorating with other polymers12 or small degradable cross-linkers such as citric 

acid.16 Modification of PEI (1.8 kDa) showed improved efficiency in condensing pDNA 

into coplexes of sizes about 100 nm, whereas unmodified PEI/DNA coplexes display 

large particle sizes of 2 μm.12 On the other hand, the current method of preparing 

coplexes is a bulk mixing process which involves the mixing of the two solutions 

followed by brief vortexing (as opposed to VFD process). This results in spontaneous 

self-assembly into nanostructures. N/P ratio is critical for a promising transfection 

outcome. Koh et al. showed that by using microfluidic hydrodynamic focusing (MF) 

device, better complexation/condensation of pDNA by PEI could be achieved, relative 

to conventional bulk mixing (BM).8 More compact and ordered condensates are 
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formed by MF (494 nm, +11.4 mV) relative to BM (898 nm, +24.8 mV) because of 

enhanced diffusional mass-transfer between the species in the two fluids.8 However, 

this process still require a brief vortexing post the MF to make more ordered structures.  

Further studies with VFD could investigate into (i) a simple fabrication process in 

modifying PEIs with high DNA binding capacity and transfection efficiency but low 

cytotoxicity (Figure 7.2a) (ii) manipulating self-assembly process of polyplexes with 

controlled sizes under the shear stress of VFD in situ for enhanced transfection 

efficiency (Figure 7.2b). Herein, our preliminary results indicated a simple and one-

step scalable process using VFD for efficient modification of PEI in generating better 

alternatives for improved in vitro gene transfection efficiency. Cellular transfection 

revealed overall improvement on the expression of pGFP relative to as-received 

material (Figure 7.2c). When solutions of DNA and PEI are mixed, the complexation 

by electrostatic interactions condense the PEI/DNA conjugates into spherical, globular 

or rodlike nanostructures.17 VFD processed PEI/pGFP mixture revealed a uniform 

distribution of pGFP molecules on mica surface with self-assembled neuron-like 

structures (Figure 7.3b), which has not been reported in previous literatures. The 

vortex mixed sample showed significant bundling and agglomeration between DNA 

molecules (Figure 7.3a). Controlled coplexes sizes with high monodipsersity occur at 

nitrogen/phosphate ratio of 6.7 at a speed of 5000 rpm for 10 min using VFD (Figure 

7.3c).  
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Figure 7.2 (a) In situ modification of PEI with VFD (b) In situ self-assemly of PEI/DNA 
coplexes (c) Transfection of MCF-7 cell line with VFD-modified PEI (800Da)/pGFP 
coplexes compared to the ones form from non-modified PEI (800Da). MCF-7 cells 
were seeded onto 96 well plate and incubated for 24 h before transfection. PEIs/pGFP 
coplexes at 15 and 30 w/w ratio pre-incubated for 15 min were added and observed 
using inverted fluorescence microscope (EVOS® FL) after 24 h. The effect on DNA 
topology was evaluated using the circular, supercoiled and linearised forms of plasmid 
GFP (pGFP), which is 5.2kb on average which is equivalent to 1.716 μm in length. 

         

Figure 7.3 Processing of pGFP with PEI (MW=25kDa) for 10min using (a) Benchtop 
vortex (b) VFD at 7500 rpm under confined mode. The concentration of pGFP is 11.2 
μg/mL (c) Processing of pGFP with PEI (MW=25kDa) using VFD at 5000 rpm for 10 
min under confined mode. The concentration of pGFP is 1.12μg/mL. The topographic 
line profile of two randomly chosen nanoparticles showing a sample height between 2 
to 10 nm.  

7.2.2 Lateral slicing of DNAs under the shear stress of VFD for high 
quality sequencing  

The preparation of high quality sequencing library plays an important role in next-

generation sequencing (NGS) technology. The crucial step in preparing nucleic acid 

or template libraries for NGS is the random fragmentation of high molecular weight 

DNA samples.18 Few main methods to shorten the long DNA molecules include 

mechanical methods (nebulisation,18 hydrodynamic shearing, acoustic shearing and 

sonication),19 microwave-irradiation,19 enzymatic digestion and chemical methods. 

Disadvantages for some of these platforms include aerosolisation of genomic material, 
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which may result in the cross-contamination and biohazards; the difficulty in 

multiplexing and the potential in sequence biases.19 Thermal heating and microwave 

irradiation caused several reduction in PCR amplification efficiency, unsuccessful 

emulsion PCR and low sequence yield.19 Enzymatic fragmentation showed highest 

consistency but performed slightly worse than sonication and nebulisation in the 

aspects of insertions or deletions in the raw sequence reads.18 Keeping a uniform 

sequence length is important if long-range PCR fragments are used, otherwise, 

subsequent coverage drastically drops.18 For NGS library preparation, several 

techniques are currently available with variable success on different platforms. Illumina 

genome analyser and ion read lengths are currently under 600 bases. Roche 454 

genome sequencer outputs reads at less than 1kb and PacBio less than 9kb in length. 

Acoustic shearing with Covaris adaptive focus acoustic system was applied to 

generate fragments of tunable size ranges (100bp-3kb).19 Aquatic mechanical force 

shearing with HydroShear to generate large fragments (1.5-8kb) for jumping library 

preparation.19 In the last few years, NGS have fundamentally changed genomic 

research and have dominated many genomic discovery research20 and novel 

diagnostic applications, however, key issues such as the simplification and 

multiplexing of fragmentation method need to be solved.  

In this proof-of-concept study, we investigate the vortex fluidic device (VFD) as a 

simple, unbiased and easy-to-multiplex way to controllable fragmentation of DNA 

molecules for overcoming some of the limitations of existing DNA fragmentation 

methods and improved sequence coverage and read qualities. The effect on DNA 

topology was evaluated using the circular, supercoiled and linearised forms of pGFP, 

which is 5.2kb on average which is equivalent to 1.716 μm in length. One nucleotide 

unit is 0.33 nm long. Figure 7.4 indicated that processing using VFD at 7500 rpm for 

10 min can linearise and fragment the pDNA (1.716 μm for as received). There is a 

great potential to generate DNA size ranges suitable for NGS by optimising the 

processing conditions. Further studies will investigate the possibility of fragmenting the 

genomic DNAs and electrophoresing the processed samples on an agarose gel to 

determine the DNA size distribution.  
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Figure 7.4 Slicing of pGFP in the presence of PEI using VFD at 7500 rpm for 10 min.  

7.2.3 Manipulating the self-assembly process of metal organic 
framework (MOF) and their application in microencapsulation 

The metal organic framework (MOF) can compose of metal ions coordinated to 

organic ligands to assemble one, two or three dimensional structures. Over the last 

decades, MOF started to attracts research and industry attention in biomedical areas. 

The unique nanoporous characteristics of MOFs make them promising candidates for 

drug storage and delivery, microencapsulation, imaging and sensing due to their high 

drug loading capacity and biodegradability.21 Few MOF models have been 

investigated previously in the area of biomedical applications, such as MIL-100 (25 Å 

pore size), MIL-101 (29 Å),22 MIL-53 (8.6 Å), MIL-88A (6 Å), UiO-66-N3,
23 ZIF-824 and 

many more. The drug loading capacity varies based on these pore sizes.21 To the best 
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of our knowledge, there is no existing method in precisely controlling the size and 

morphology of MOFs, but which could be critical in theranostic platform. Significant 

outcome has been achieved in controlling the self-assembly process of C60 under the 

shear of VFD (unpublished data). Our preliminary data showed the possibility of (i) 
varying the size and morphology of two MOF systems, ZIF-8 and MOF-5 (Figure 7.5), 

under the shear stress of VFD (ii) encapsulating bioactive compounds inside the MOF 

nanostructures (Figure 7.6).  

 

Figure 7.5 (a) ZIF-8 prepared by VFD under confine mode at 7500 rpm for 30 min (b) 
ZIF-8 with BSA by VFD under confined mode at 7500 rpm for 30 min (c) Manipulating 
the morphology of MOF-5 at different speeds of VFD (d) SEM/EDX mapping of MOF-
5 flower (at accelerating voltage of 10 kV).   

ZIF-8 prepared by VFD processing showed a size distribution between 10-30 nm 

(Figure 7.5a). The addition of BSA into the system led to the formation of donut-like 

structures (Figure 7.5b). By varying the processing conditions, structures of ZIF-8 
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could be tuned to special shape with sizes going up to a few microns. Different 

morphologies of MOF-5 could also be generated at different rotational speeds of VFD, 

varying from spheres, cubes, flakes to flowers (Figure 7.5c and d). Raman and FTIR 

spectra confirmed the typical spectrum for ZIF-8 and indicated the corporation of BSA 

into the ZIF-8 structures (Figure 7.6a). To further confirm that the protein is allocated 

inside center of the ZIF-8. We performed the experiment on a fluorescent protein, C-

phycocyanin (ex. 620, em. 652 nm). The confocal mapping demonstrated successful 

encapsulation of this fluorescent protein inside the centre core of the ZIF-8 shell 

(Figure 7.6).  

 

Figure 7.6 (a) XRD, FTIR and Raman, respectively (b) Encapsulation of C-
phycocyanin with ZIF-8 under VFD at 7500 rpm for 20 min. The sample was excited 
at 532 nm with highest fluorescence intensity presented as the red colour located 
inside the core part of the nanostructure.  
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The advancement of VFD mediated material processing so far is still the ‘tip of the 

iceberg’. This project has opened huge possibilities not only in the field of various 

material processing but also applying these materials and the technology into varies 

biomedical applications, for example, advanced drug delivery, tissue engineering, cell 

manipulation and diagnostic monitoring.  
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