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Abstract: The integration of the Gas Dynamic Virtual Nozzle (GDVN) and microfluidic technologies
has proven to be a promising sample delivery solution for biomolecular imaging studies and has the
potential to be transformative for a range of applications in physics, biology, and chemistry. Here,
we review the recent advances in the emerging field of microfluidic mix-and-jet sample delivery
devices for the study of biomolecular reaction dynamics. First, we introduce the key parameters and
dimensionless numbers involved in their design and characterisation. Then we critically review the
techniques used to fabricate these integrated devices and discuss their advantages and disadvantages.
We then summarise the most common experimental methods used for the characterisation of both
the mixing and jetting components. Finally, we discuss future perspectives on the emerging field
of microfluidic mix-and-jet sample delivery devices. In summary, this review aims to introduce
this exciting new topic to the wider microfluidics community and to help guide future research in
the field.
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1. Introduction

The three-dimensional structure determination of biological molecules is a critical
step for understanding the dynamics of biological reactions and is essential for rational
drug design [1]. The emergence of X-ray Free-Electron Lasers (XFELs) has facilitated the
measurement of complex protein structures and the associated dynamics of biomolecular
systems with atomic resolution [2]. These experiments require rapid and precise delivery
of the liquid sample to the X-ray interaction region in order to capture the structural
changes that occur in biomolecules on sub-microsecond to millisecond timescales [3]. The
use of microfluidic mix-and-jet devices capable of triggering reactions and delivering
liquid samples to the X-ray beam via a free-standing jet has become a reliable technique
for solving the structure of biomolecules. The free-standing jet provides a continuous
supply of liquid sample solution to the high-intensity X-ray pulses whilst minimising
background diffraction noise and radiation damage [4]. Over the past decade, innovative
fabrication techniques have led to numerous efficient sample delivery solutions using
microfluidic technology capable of both rapid mixing and the creation of a free-standing
liquid jet [5]. Additionally, cryogenic Electron Microscopy (cryo-EM) is another well-
established experimental technique for studying the structure of biomolecules and their
dynamic conformational changes [6]. Microfluidic sample delivery devices have also
been employed for pre-mixing and deposition of liquid samples onto cryo-EM grids for
time-resolved studies [7].

The Gas Dynamic Virtual Nozzle (GDVN) is currently the most commonly employed
method for focusing and accelerating liquid sample streams and creating free-standing
liquid micro-jets [8]. Injectors that take advantage of the GDVN principle of flow focusing
can be categorised based on their fabrication method, i.e., capillary, lithography-based
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microfluidics, and 3D printed nozzles. A capillary GDVN usually comprises two co-axial
capillaries, e.g., fused silica and ceramic hollow capillaries. The inner capillary carries the
liquid sample, and the end of the outer capillary is tapered to further focus the gas flow
and create a liquid micro-jet [4]. Lithography-based microfluidics nozzles, which often
employ high resolution and replicable lithography techniques in their fabrication, have
also recently been of interest. Lithography-based microfluidics technology offers greater
flexibility in terms of microchannel geometry design beyond conventional capillary-based
approaches, allowing for multiple microfluidic components to be integrated onto a single
chip. By implementing this method for microfluidic jetting, the GDVN nozzle is fabricated
as one of the features of the lithography-based microfluidics alongside other components,
e.g., a micro-mixer, on the same chip.

The recently developed 3D printed microfluidic technology offers a host of advan-
tages over standard methods. It enables the creation of low-cost and rapid prototyping
of microfluidic devices with intricate 3D designs, which can be readily adjusted at mini-
mal additional effort [9]. Despite the current fabrication challenges [10,11], 3D printing
for microfluidic device fabrication has been rapidly moving toward becoming the domi-
nant microfluidic fabrication method for numerous biochemical and biomedical research
projects [12–14].

Microfluidic mixers can be classified as either ‘active’ or ‘passive’ mixers. Passive mi-
cromixers often use complex channel geometries in order to amplify the chaotic advection
effect. Passive micromixers are usually integrated into microfluidic sample delivery devices
to rapidly mix the solutions and to trigger a reaction before the mixed solution is delivered
via the liquid microjet. The chaotic advection effect in passive micromixers maximises the
contact surface for mass transfer between the mixed solutions, and consequently increases
the overall mixing efficiency [15]. A variety of different designs for passive microflu-
idic mixers have been reported in the literature [16–18]. For example, Lee et al. [19] have
previously systematically reviewed the most common passive micromixer designs and
summarised their operational principles and mixing performance. Recently, Raza et al. [18]
presented a comparative review based on quantitative analyses of a wide range of different
types of passive micromixers, which included looking at their mixing efficiencies, pressure
drops, and fabrication costs.

Mix-and-jet microfluidics is an emerging field that has shown a promising capability
for implementation as a sample delivery platform for molecular imaging applications. Here,
we review the most recent trends in microfluidic jetting, particularly on-chip microfluidics.
We first discuss the main parameters for designing the GDVN component. Next, we discuss
each of the leading fabrication approaches’ limitations and challenges, namely: capillary,
on-chip, and 3D printed microfluidics. We then explore different experimental methods for
the characterisation of both free-standing liquid jets and integrated micromixers. Finally,
we highlight the future potential and opportunities for microfluidic jetting, specifically in
the context of molecular imaging applications.

2. Design Considerations

The principle of the GDVN is based on hydrodynamic focusing, which relies on
squeezing a continuous fluid stream using a sheath flow, with a different velocity, as
depicted in Figure 1. The surrounding sheath fluid, which is injected around the core
stream, shapes the core fluid meniscus into a steady micro or nano-jet, which has a smaller
size than the outlet microchannel [20]. This section of the review introduces the main
design parameters that should be considered when designing GDVN nozzles and passive
micro-mixers.



Micromachines 2021, 12, 531 3 of 19

Figure 1. Schematic of the microfluidic nozzle illustrating the main design parameters (reproduced
with permission from Reference [21]).

2.1. Main Parameters for Nozzle Design

Ganan-Calvo et al. [21–23] have described the relative effect of the principle geomet-
rical and flow parameters on jetting stability. Aside from the fluid property parameters,
the key parameters that determine the jetting regime with a GDVN nozzle are shown in
Figure 1. Liquid with a flow rate of Q is injected through the sample microchannel, which
has a hydrodynamic diameter of dh. The liquid meniscus is accelerated via a pressure drop
in the gas stream and is hydrodynamically focused in order to form a jet, exiting an orifice
with a hydrodynamic diameter of dorf. The distance from the sample microchannel to the
orifice is H, and the hydrodynamic radius of the jet is rhj.

The velocity of the jet can be expressed as

Vjet =
4Q

πrhj
2 (1)

and the pressure drop of the gas sheath flow is given by

∆Pg =
ρlV2

jet

2
(2)

where ρl is the density of the liquid. The Reynolds number (Re) is the ratio of the inertial
forces versus the viscous forces within the liquid stream and is defined as

Re =
ρlQ

πrhjµ
(3)

where µ is the viscosity of the liquid.
The Weber number (We), which is the dimensionless ratio of inertial forces to surface

tension forces, is expressed as

We =
ρQ2

π2rhj
3σ

(4)

where σ is the surface tension of the liquid. The Weber number must be >1 in order to
produce a stable jet [24].

Vega et al. [21] experimentally and numerically investigated the effect of these key
parameters on jetting stability and mapped the regions of stability and instability using
the dimensionless We and Re numbers. From their stability/instability maps, stable jetting
tends to occur at relatively higher We and Re numbers, i.e., where the inertial force is
dominant. They reported that the transition from unstable to stable regions is mainly
determined by the jet dynamics rather than the geometrical parameters. The relative effect
of the fluid property parameters, i.e., density, viscosity, and surface tension, are more
dominant when working with viscous liquids and very thin liquid jets. Vega et al. also
reported that the optimum values for H and Q increase with increasing orifice diameter.
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2.2. Main Parameters for Mixer Design

Imaging the dynamics of biomolecules requires sample delivery devices that incorpo-
rate micro-mixers capable of efficient mixing with sub-millisecond and millisecond mixing
times [25]. The main parameters that are used for the design and evaluation of efficient
mixers for integration into mix-and-jet sample delivery devices are the Reynolds number
(Re), Peclet number (Pe), and the mixing efficiency (ηmixing) [19].

The Peclet number is the ratio of convective mass transport rate to the diffusion mass
transport rate and is given by:

Pe =
ul
D

(5)

where l is the length of the mixing path, and D is the diffusion coefficient. The chaotic
advection effect that is induced by the geometry of the passive mixer microchannels leads
to local increases in the velocity and, consequently, an increase in the Pe values.

The evaluation of mixing in microchannels is usually achieved by measuring the de-
gree of mixing at different cross-sections within the mixing channel. This can be quantified
using the normalised concentration, c*, defined as

c∗ =
c − cmin

cmax − cmin
(6)

where c is the concentration of the species in solution, and the subscripts indicate the
minimum (min) and maximum (max) concentration values.

The mixing efficiency (ηmixing) is defined as

ηmixing = 1 −

√√√√ 1
N

N

∑
i=1

(
c∗i − c∗m

c∗i

)2

(7)

where N is the number of sampling points, c∗i is the normalised concentration at point i,
and c∗m is the mean normalised concentration.

3. Fabrication Methods

There are numerous techniques that are used for the fabrication of integrated mix-and-
inject devices. The materials used to fabricate these devices are specially chosen in order
to address the key challenges of sample solution compatibility and mechanical stability.
Based on the particular fabrication method, the devices can be fabricated with either planar
or circular microchannels.

3.1. Co-Axial Capillary Devices

The use of co-axial capillary nozzles for the acceleration of a laminar liquid stream
to create microscopic free-standing jet flows was first introduced by Ganan-Calvo [22].
Since then, various innovative developments in GDVNs have been reported for their
implementation as sample delivery devices for serial femtosecond crystallography (SFX)
using XFELs [8].

The capillary devices typically consist of two co-axial glass capillaries, which are
co-aligned to form a GDVN. For a typical capillary-based GDVN [26], the liquid sample
capillary has an outer diameter of about 50 µm and is tapered at the end. The surrounding
co-axial capillary that allows the gas sheath stream to pass has an inner diameter of around
70 µm; with an average liquid sample flowrate of around 10 µL/min, this results in the
creation of a liquid jet with a diameter of 4 µm. The conventional fabrication of the
GDVN nozzles involves fabricating the individual nozzles by hand, which can result in
inconsistent device characteristics. An example of the lengthy 6-step fabrication procedure,
shown in Figure 2, was described in detail by Calvey et al. [27,28], which involves multiple
flattening, polishing, tapering, and centring steps that require access to custom-designed
chucks and jigs. However, using glass capillaries has the significant advantage of high
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pressure and solution pH resistance and, as a result, has been the most commonly used
method for sample delivery for molecular imaging with XFEL [8,29].

Figure 2. Glass capillary-based GDVN devices. (a) overview of the multi-step device fabrication process (reprinted with
permission from Reference [28]). (b) Optical composite images of the completed devices (reproduced with permission from
Reference [27] and Reference [28]).

Beyerlein et al. [30] introduced an easier and faster manufacturing technique for
fabricating capillary nozzles based on ceramic micro-injection moulding. Their method
offers a higher resolution (~1 µm) and reproducibility whilst having the advantage of
also working at lower flow rates and being stable with respect to high pressures, making
them compatible with SFX experiments. Zahoor et al. [31,32] performed comprehensive
Computational Fluid Dynamics (CFD) studies of ceramic GVDN’s based on the Volume of
Fluid (VOF) and Finite Volume Method (FVM). Their simulation covers a wide parameter
space of liquid Reynolds numbers within the ranges of 17–1222, different geometrical
parameters, and Weber numbers in the range of 3–320, which can be used for adjustment of
the nozzle geometry design and operating conditions for specific liquid samples. However,
the ceramic nozzle moulding method also has significant disadvantages, including the
high manufacturing cost of the micro-injection moulding tools and misalignment of the
inner capillary.

3.2. Lithography-Based Microfluidics

Soft lithography using Polydimethylsiloxane (PDMS) is another conventional method
for the fabrication of microfluidic devices. This fabrication approach is fast, high resolution,
reproducible, and cost-effective, and allows for the fabrication of high aspect ratio mi-
crochannels. Trebbin et al. [33] first reported mix-and-inject microfluidic devices fabricated
using a 3-layer bonding PDMS technique, as shown in Figure 3. The technique enables
the fabrication of microchannels with different depths, integrating the GDVN nozzle onto
a single microfluidic chip, and producing nozzle arrays. Their microfluidic chip could
generate liquid jets with diameters ranging between 0.9 and 20 µm. They reported a range
of jet diameter, jet length, and the operating conditions under which their devices were
able to produce stable jetting under both atmospheric and vacuum conditions.
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Figure 3. Illustration of the multilayer 3D PDMS microfluidic GDVN devices (reproduced with
permission from Reference [33]).

Feng et al. [34] reported the fabrication of a microfluidic sprayer based on a two-layer
PDMS technique for use as an alternative to the conventional pipetting/blotting method
of cryo-EM for depositing liquid sample droplets on the EM grid. They reported that
by changing the sprayer-grid distance and gas pressure, the ice thickness of the droplets
could be controlled. Their proposed micro sprayer has the potential to be implemented for
solving the structure of apoferritin using single-particle cryo-EM at high resolution.

Microfluidic GDVN nozzles have also been implemented for the production of mi-
crofibers. Zhao et al. [35] used soft lithography with PDMS to fabricate a double flow-
focusing nozzle microfluidic chip for the production of microfibers. The double-nozzle tech-
nique, using DI-water as a sheath flow, prevents drop formation near the exit of the nozzle
and generates a continuous stream of microfibers into the atmosphere. Hofmann et al. [36]
implemented the same multilayer PDMS bonding technique used by Trebbin et al. [33] to
fabricate a microfluidic nozzle device for the generation of ultrafine fibres. Their approach
takes advantage of the GDVN principle, which leads to the creation of a steady and con-
tinuous stream of uniform microfibers. Precise control over the microfiber diameter and
morphology could be achieved by adjusting the air pressure and solution flow rate.

Devices made using the soft lithography method with PDMS suffer from low solvent
and pressure resistance, which are significant disadvantages when they are employed
for molecular imaging using synchrotron and XFELs, compared to the original glass
capillary-based GDVNs. Marmiroli et al. [37] presented a micromachining technique using
X-ray lithography to engrave 60 µm thick channels into polymethyl-methacrylate (PMMA)
slides, as demonstrated in Figure 4. They used finite element simulations to optimise the
geometrical parameters in order to combine a micromixer with a free-standing liquid jet for
time-resolved molecular studies at sub-0.1 ms resolution. Their microfluidic injectors were
employed for synchrotron small-angle X-ray scattering (SAXS) measurements studying the
formation of calcium carbonate from calcium chloride and sodium carbonate. The fastest
recorded dynamics that they were able to track occurred on a timescale of just 75 µs.
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Figure 4. Schematic of the micromixer fabrication process from Marmiroli et al. [37]. (a) The production of an intermediate
X-ray mask using Electron beam lithography, (b) replication of the mask by soft X-ray lithography, (c) fabrication of deep
micromixer channels on PMMA using Deep X-Ray Lithography (DXRL), (d) adhesive bonding of the device. (reproduced
with permission from Reference [37]).

Koralek et al. [38] proposed a microfluidic glass chip fabricated using standard hard
lithography to create sub-micron liquid sheets, as depicted in Figure 5. They performed
optical, infrared, and X-ray spectroscopies to measure the thickness of the liquid sheet,
which was found to range from approximately 20 nm to around 1 µm. The liquid sheet was
stable for flow rates between 150 and 250 µL/min and a gas flow rate of around 100 SCCM.
The nanometer-thick sheet could have transformative potential for applications in infrared,
X-ray, electron spectroscopy studies.

Figure 5. Microfluidic GDVN for ultrathin liquid sheet generation. (a) The microfluidic chip
(6 × 19 mm) with gas and liquid ports incorporated, (b) liquid and gas microchannel can be distin-
guished via the introduction of blue dye into the liquid channel, (c) the jet regime varies as a function
of gas pressure, (d) a detailed view of the alternating orthogonal liquid sheet structure (reproduced
with permission from Reference [38]).
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Hejazian et al. [39–41] have proposed a novel SU8 on glass technique to fabricate
mix-and-inject devices suitable for experiments at both the synchrotron and XFEL. The
use of SU8 for the fabrication of the microchannels provides high chemical inertness and
X-ray stability, which is further supported by a glass body to increase the mechanical
rigidity making it suitable for enduring high pressures. The microchannels were made
using high-resolution photolithography, which offers reproducibility and facilitates the
fabrication of serpentine-shaped mixer microchannel structures. The integration of a planar
passive micromixer demonstrated a superior mixing performance compared to a straight
channel micromixer. Schematics of the 3D design of the jig, the liquid jetting, and the
mixing component are demonstrated in Figure 6. Furthermore, they observed three distinct
jetting regimes, including the ultrathin liquid sheets reported by Koralek et al. [38], which
are achievable by only adjusting the operating conditions with a single device.

Figure 6. The SU8 on glass microfluidic mix-and-jet devices, (a) 3D schematics showing how the
microfluidic chip is interfaced to tubing using a custom-made jig, (b) the ribbon regime created by
the microfluidic mix-and-jet devices under gas flow rates ranging from 162 to 234 mg/min and liquid
flow rates of 80 to 100 µL/min, (c) mixing of water and a diluted fluoresceine salt solution in the
serpentine mixing component (reproduced with permission from Reference [39]).

Vakili et al. [42] presented a prototyping technique based on laser ablation of Kapton®

polyimide foils for the fabrication of a microfluidic chip GDVN, shown in Figure 7. Kapton®

foils of 125 µm thickness were micromachined using a 193 nm argon fluoride (ArF) excimer
laser and bonded to each other using hot embossing. The use of Kapton® sheets has the
advantages of having high chemical inertness and x-ray transparency which makes these
devices ideal for serial crystallography experiments at synchrotrons and XFELs as well as
SAXS measurements at these facilities.



Micromachines 2021, 12, 531 9 of 19

Figure 7. Schematic of the fabrication process of Kapton® GDVN devices. (a) Alignment and hot embossing bonding of the
Kapton® foils, (b) stacking order of the bonding procedure, (c) microscopic image of the finished GDVN device showing
gas and liquid microchannels (reproduced with permission from Reference [42]).

3.3. Three-Dimensional Printed Microfluidic Devices

The fabrication processes discussed above typically involve time-consuming manual
steps and have only limited capability for making complex true 3D micro-features. The
3D-printing fabrication technique has recently gained attention as a fully digital and auto-
mated rapid-prototyping method for producing small batches of customised microfluidic
devices [43,44]. The technique also reduces assembly work due to the capability of printing
chip holders and the chip-to-tubing connections [45].

Despite the current challenges in microfluidic 3D printing [11], for example, the com-
paratively low throughput, there have been numerous successful reports on the utilisation
of submicron resolution 2-photon polymerisation (2PP) 3D printing techniques and using
IP-S resist (Nanoscribe GmbH, Karlsruhe, Germany) printing material for the fabrication of
mix-and-inject devices. Nelson et al. [46] introduced a 3D printed GDVN sample delivery
device for time-resolved studies using an XFEL. They implemented a submicron resolution
2PP 3D printing technique to fabricate nozzle tips, which were glued to gas and liquid
capillaries. The off-axis jetting of their first device was corrected by adjusting the design
of the nozzle tip, characterised using X-ray tomography, achieving a straight jet. The
3D printing method was able to overcome the geometrical constraints of conventional
fabrication methods, and their device was able to achieve stable jetting with a gas pressure
lower than for glass GDVNs.

Galinis et al. [47] introduced 3D printed nozzles to create a stable thin liquid sheet jet
in a vacuum, using high resolution (0.2 µm) direct two-photon laser writing. They used a
custom-made plate holder for batch printing of the nozzles and the average printing time
for each nozzle was around 2 h. The devices could withstand pressures of up to 8 bars
and achieve a jet thickness within the range of 1.02–4.58 µm at 9.1 mL/min under both
vacuum and normal atmospheric conditions. Wiedorn et al. [48] used the 3D printed nozzle
design first reported in Nelson et al. [46] for high-resolution structure determination of hen
egg-white lysozyme (HEWL) microcrystals (6–8 µm in diameter) using megahertz serial
femtosecond crystallography (SFX) at the SPB/SFX beamline at the European XFEL. The
3D printed devices were able to deliver the sample using high-speed liquid jets with a
1.8 µm diameter at speeds of between 50 and 100 m/s to match the megahertz repetition
rate, which is equivalent to a total of 150–1200 pulses per second. They found that the
high-speed jet speeds produced by the 3D printed sample delivery device combined with
the megahertz beamline could significantly reduce sample consumption and the data
acquisition time.

Bohne et al. [49] have reported on a hybrid fabrication method consisting of 2PP 3D
printing the nozzle head onto a 2D microfluidic silicon-glass chip fabricated via lithography.
The method omits the assembly steps for connecting the nozzle tip to the liquid sample
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and gas channels, which previously required gluing of the capillaries to the nozzle tip. The
device was capable of generating stable jets under atmospheric and vacuum conditions,
with a 1.5 µm diameter at a liquid flow rate of 1.5 µL/min, and a more than 20 µm
diameter at a flow rate of 100 µL/min. The hybrid method allowed for integrating multiple
microfluidic components on a single chip to make custom-designed sample delivery devices
to suit a particular sample’s characteristics.

Nazari et al. [50] employed 2PP 3D printing with an IP-S material to fabricate a GDVN
nozzle which had an asymmetric design. Their method was able to achieve submicron
resolution printing with a printing time of between 35 min to a few hours. The device could
establish stable jets with speeds greater than 170 m/s, which is suitable for MHz XFEL
experiments. They systematically characterised the liquid jets produced by the device and
reported the jet diameter, length, speed, and Weber number as a function of the gas sheath
flow rate by using a dual-pulsed nanosecond image acquisition and analysis method.

Knoska et al. [51] reported an optimised 2-photon stereolithography 3D printing tech-
nique achieved by adjusting the print resolution during fabrication to reduce the printing
time for mix-and-inject sample delivery devices to minutes. The designed assembly and
the liquid jet created by the device are demonstrated in Figure 8. The devices could achieve
submicron jets with jet speeds higher than 200 m/s, suitable for megahertz time-resolved
structural biology studies at XFELs. They also fabricated and tested a double-orifice nozzle
for creating narrower jets with a reduced sample consumption for liquid jet samples. They
introduced the X-ray microtomography technique for the characterisation of their 3D mil-
lisecond mixer component of the devices. Their 3D integrated micromixer consisted of a
series of 180◦ turn helical elements that facilitate high mixing efficiencies, minimising iner-
tial forces to avoid damaging the microcrystals in the liquid sample whilst maintaining a
constant cross-section to prevent blockage of the device. The fabrication methods and their
advantages and limitations that were discussed in Section 3 are summarised in Table 1.

Figure 8. Three-dimensional printed double-flow-focusing GDVN. (a) The design assembly consisting of inserting three
glass capillaries into a machined 10 cm long aluminium body, (b) 3D schematics of the gas orifice with three capillary
inlets for gas, liquid sample, and sheath flow, (c) the 3D printed nozzle in operation jetting a solution containing 3 µm
Hemoglobin crystals (reproduced with permission from [51]).
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Table 1. Summary of fabrication methods (see Section 3) along with their pros and cons.

Fabrication Method Pros Cons

Co-axial capillary devices fabricated via
glass extrusion [27,28]

High pressure and solution pH resistance
and uses well-established

fabrication methods.

Arduous manual intervention required
during fabrication and assembly;

poor reproducibility.

Co-axial capillary devices fabricated via
ceramic micro-injection moulding [30]

Good reproducibility and reduced
fabrication complexity compared to glass

co-axial capillary devices.

Manual intervention required during
fabrication, processing, and

device assembly.

Microfluidic injector devices fabricated in
PDMS [33–36]

Straight forward fabrication protocols,
reproducible results, high

spatial resolution.

Lack of mechanical stability and chemical
inertness. Can only handle low pressures.

Deep X-Ray Lithography (DXRL) in
PMMA [37]

Reproducible fabrication and
high resolution.

Requires access to a synchrotron
beamline; low PH resistance due to

using PMMA.

Microfluidic glass chip fabrication using
hard lithography [38]

High spatial resolution and
reproducibility. Chemically and

mechanically robust.

Costly manufacturing processes
involving a high degree of complexity.

Microfluidic SU8 on glass lithographic
fabrication [39–41]

Simple fabrication achieving high
resolution combined with chemical and

mechanical inertness and
design lexibility.

Requires additional micromachining to
produce the device inlet and outlet.

Laser ablation of Kapton® polyimide
fims [42]

High resolution, and high chemical and
mechanical inertness.

Manual alignment required during
fabrication employing
laser micromachining.

Microfluidic devices fabricated via 3D
nanoprinting [46–51]

Automated rapid-prototyping, high
spatial resolution, and

reproducibility possible.

Requires manual assembly and use of
glass capillaries, limited flexibility in

terms of geometry.

4. Characterisation Techniques

The fabricated devices require lab testing and calibration before being implemented
as sample delivery devices for applications such as molecular imaging at XFEL facilities.
In this section, we summarise the standard methods that were used for the characterisation
of mixing and jetting within integrated microfluidic mix-and-jet sample delivery devices.

4.1. Jetting Analysis

The analysis of jetting is mostly conducted through microscopic imaging of the mi-
crojet to map the stable and unstable regions as a function of the operating parameters,
e.g., gas pressure and liquid flow rate. Vega et al. [21] used a Complementary Metal-
Oxide-Semiconductor (CMOS) high-speed video camera (Photonfocus MV-D1024-160F,
Photonfocus AG, Lachen, Switzerland) to image the fluid meniscus and the jet. The nozzle
was illuminated using an optical fibre connected to a light source. An auxiliary charge-
coupled devices (CCD) camera, positioned perpendicularly with respect to the CMOS
camera, was used to assess the asymmetricity of the flow focusing by acquiring images of
the liquid meniscus. The imaging setup was mounted on an optical table with a pneumatic
antivibration isolation system for analysing both the stability of the liquid jets and the
behaviour of the liquid meniscus.

Galinis et al. [47] measured the thickness of thin liquid sheet jet flows created by their
3D printed nozzles using white light interferometry using a 633 nm He–Ne laser. An optical
fibre was used to guide the light into a spectrometer (OceanOptics HR4000, 200–1100 nm,
Ocean Optics, Inc., Largo, FL, USA), and the peak values of the focused white light spectral
interferograms were used to determine the absolute thickness and flatness of the liquid
sheet under both atmospheric pressure and in vacuum conditions.
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Beyerlein et al. [30] examined jet stability and break up using a Photron FASTCAM SA4
camera (Photron PTY Ltd., Tokyo, Japan), with a frame rate of 500,000 frames per second
and a shutter speed of 1 microsecond, for imaging. The high-speed camera was equipped
with a 12× Ultra-Zoom motorised lens and a 10× objective lens to provide a resolution
ranging from 0.3 to 3 µm/pixel to image both the jetting (with speeds of up to 20 m/s)
and the 10 µm droplets, created after the jet break-up. Schematics of the experimental
setup are depicted in Figure 9. Their fast-imaging setup takes advantage of an illumination
source consisting of a Karl Storz xenon lamp generating a uniform background, which
was coupled to a pulsed laser source to improve the time resolution. Bohne et al. [49]
used the same setup as Beyerlein et al. [30] for measurements of liquid jets created by their
3D printed device under atmospheric pressure conditions. They used an environmental
scanning electron microscope (SEM, EVO MA 25, Carl Zeiss AG, Oberkochen, Germany)
to conduct the measurements under near-vacuum conditions of 100 Pa.

Figure 9. The layout of the testing station used to characterise the nozzle jetting performance under
vacuum (reproduced with permission from Reference [30]).

Knoska et al. [51] carried out submicron jet diameter measurements, with jet speeds
of over 200 m/s, using a nanosecond double flash imaging. The laser light generated
by the dual-pulse laser system (Nano S 50-20 PIV, Litron Lasers, Rugby, Warwickshire,
England, UK) illuminated Rhodamine 6G dye (252433, Sigma–Aldrich, St. Louis, MO,
USA) to determine the jet velocities directly from the recorded images. They measured jet
diameters as small as 536 nm, at a liquid flow rate of 2.4 µL/min, and a gas flow rate of
22.5 mg/min, using their imaging setup.

4.2. Mixing Analysis

The most common and straightforward method for investigating mixing in microflu-
idic devices is using a Confocal Fluorescence Microscope (CFM) for fluorescent imaging
and then analysing the fluorescent intensity profiles to determine the mixing efficiency.
Fang et al. [52] implemented a CFM for imaging and quantifying the 3D mixing patterns in
microfluidic mixer devices, as shown in Figure 10. They used fluorescent intensity analysis
to quantify the mixing efficiencies of the micro-mixers. In addition, they captured clear
fluorescent images of the mixing patterns, which demonstrate flow advection and mass
exchange. Inguva et al. [53] proposed a high-speed velocimetry technique for measuring
fluid speeds of up to 10 m/s in microchannels to study chaotic mixing in microfluidic



Micromachines 2021, 12, 531 13 of 19

devices. They implemented a CFM equipped with a water-immersed Olympus UPLSAPO
60XW (Olympus Corp, Shinjuku City, Tokyo, Japan) objective to image a diffraction-limited
confocal volume. Velocity profiles were established from analysing the data acquired at
different depths within the micro-mixer. Their experimental method could measure fluid
speeds with a 20% margin of error.

Figure 10. Confocal Fluorescence Microscope (CFM) for fluorescent imaging for mixing analysis.
(a) Schematic diagram of the CFM system used by Fang et al., (b) schematics of the microfluidic
mixer channel, and the cross-sectional fluorescent images depicting the progression of chaotic mixing
along the mixer (reproduced with permission from Reference [52]).

Xi et al. [54] used Optical Coherence Tomography (OCT) to examine and compare
mixing efficiencies of three micro-mixers: a Y channel mixer, a 3D serpentine mixer, and
a vortex mixer. They reported that significantly more accurate estimations of mixing
efficiencies and flow velocity profiles could be achieved using the OCT method. The
visual overlap of fluid flows when using confocal microscopy results in more accurate
estimations of mixing efficiencies. Jiang et al. [55] used two-photon fluorescence lifetime
imaging microscopy to visualise and study millisecond chaotic mixing dynamics inside
microdroplets in an integrated droplet-based microfluidic serpentine mixer device. A flow
rate of 1 µL/min was used for the sample streams, and 1.5 µL/min for the sheath flows
with a 50 × 40 µm2 microchannel cross-section. Their fluorescent intensity analysis results
show that the mixing efficiency inside the droplets can reach up to 80% after 18 ms.

Witkowski et al. [56] utilised micro-Particle Image Velocimetry (micro-PIV) to map the
velocity profiles within passive micromixers. The images were acquired using an inverted
laboratory microscope equipped with a 5.5-megapixel resolution camera. A laser light
beam illuminates the fluorescent particles with a diameter of 1 µm, suspended in the carrier
liquid flowing through the mixer microchannel. Yang et al. [57] proposed a method to si-
multaneously determine both the velocity and concentration profiles in microfluidic devices
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using micro-PIV and particle counting. They used a confocal fluorescence microscope for
imaging the flow of microparticles inside the mixer microchannel. They used two distinct
algorithms to track the displacement of microparticles for velocity profile determination
whilst counting particles of different colours for resolving the concentration distribution.

Huyke et al. [58] investigated both small time scales of mixing and homogenous
residence times of a co-axial hydrodynamic focusing mixer using a fluorescein–iodide
quenching reaction. A 50 mM fluoresceine sample was first hydrodynamically focused
by a buffer sheath and then focused again by a 500 mM KI sheath, as shown in Figure 11.
All solutions contained 20 mM Tris and 10 mM HeCl (Sigma–Aldrich, St. Louis, MO,
USA) at a measured pH of 8. The mixing times for the fast-quenching fluorescent reaction
were determined by fluorescent imaging using an inverted microscope equipped with a
suitable illumination source. The mixing efficiencies were then quantified by analysing
the fluorescent intensity of the acquired images. The mixing and jetting characterisation
techniques that were discussed in Section 4 are summarised in Tables 2 and 3.

Figure 11. Experimental images of a hydrodynamic focusing mixer evaluated with the fluorescein-
iodide quenching reaction technique for three sheath flow rates (Qsh) to sample flow rate (Qsa) ratios
(Qsh/Qsa), (a) flow rate ratio of 100, (b) flow rate ratio of 1000, (c) flow rate ratio of 5000. At lower
sheath to sample flow rate ratios, the sheath species diffuse into the sample stream (reprinted with
permission from Reference [58]).

Table 2. Summary of the techniques used to characterise liquid jetting (see Section 4).

Method Schematic Comments

Complementary
Metal-Oxide-Semiconductor (CMOS)

high-speed video camera [21]

Used to measure the stability of
the liquid jet and to study the

behaviour of the liquid meniscus.
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Table 2. Cont.

Method Schematic Comments

White-light interferometry [47]

Measures the absolute thickness
and ‘flatness’ of the liquid sheet

under both atmospheric pressure
and vacuum conditions.

High-speed microscopic
imaging [30,49]

Used to study the liquid jet
stability and the break up of the

jet into microdroplets.

Nanosecond double flash
imaging [51]

Used to determine the jet velocity
and jet diameter.

Table 3. Summary of the techniques used to characterise microfluidic mixing (see Section 4).

Method Schematic Comments

Confocal Fluorescence
Microscopy (CFM) [52]

CFM is able to image and
quantify the 3D mixing

patterns on the microfluidic
device.

High-speed velocimetry [53]

Applied to the study of
chaotic mixing via

measurements of the fluid
velocity.
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Table 3. Cont.

Method Schematic Comments

Optical Coherence
Tomography (OCT) [54]

Enables an estimation of the
3D mixing efficiency.

Micro Particle Image
Velocimetry (PIV) [55–57]

Can be used to map the
velocity profiles within
passive micromixers.

Fluorescein–iodide quenching
reaction [58]

Enables measurement of the
mixing times and mixing

efficiencies

5. Summary and Perspectives

The recent advances in molecular imaging techniques using cryo-EM, XFEL, and
synchrotron facilities necessitates the precise and controlled delivery of mixed solutions.
Microfluidic technology has shown promise in addressing the sample delivery needs for
molecular imaging technology over recent decades. Here, we have reviewed the recent ad-
vances in the emerging field of integrated mix-and-jet microfluidic sample delivery devices.

We introduced the main parameters required for the design of these integrated devices.
The nozzle component is mainly designed based on the GDVN principle and integrated into
the microfluidic device to generate free-standing liquid jets. The primary dimensionless
parameters to be considered for the nozzle design and characterisation of the jet are We
and Re. Passive micromixers are commonly used to trigger biomolecular reactions, taking
advantage of chaotic advection and rapid millisecond mixing. The main dimensionless
parameters to be considered for the design of a passive mixing component are Re and Pe,
whilst ηmixing can characterise the mixing in the mixer microchannel. Additionally, we
critically reviewed the techniques used for the fabrication of the mix-and-inject devices.
Conventional capillary-based methods for the fabrication of the sample delivery devices
are laborious and irreproducible, providing only limited versatility to integrate complex
passive micromixers. Numerous techniques for the fabrication of chip-based microfluidic
mix-and-inject devices were reported to replace the previous capillary-based techniques.
Most of the chip-based planar methods enable the fabrication of rigid and chemically inert
devices whilst taking advantage of the design freedom, high resolution, and reproducibility.
Recently, 3D printed mix-and-jet microfluidic devices have shown great promise for XFEL
single-particle imaging and SFX studies. The new technology facilitates fast and low-cost
fabrication of fully 3D mixer and nozzle components that outperform both capillary and
on-chip sample delivery devices. Furthermore, we summarised the standard experimental
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techniques used for the characterisation of both mixing and jetting. For these measurements,
both high-speed optical imaging and fluorescent signal analysis were used.

Incorporating GDVN nozzles with microfluidics technology is still a new concept that
will open up a host of new applications in many areas, especially in the biological and
life sciences. Currently, most of the published references in this field are proof-of-concept
of mix-and-inject experiments in which new device architectures and designs are often
introduced. In the near future, we can expect to see more reports describing innovative
designs and solutions to apply these devices to a range of different fields, including
fundamental chemistry and physics, polymer fabrication, the study of the kinetics of
nanoparticles, and biomolecular imaging.
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6. Ognjenović, J.; Grisshammer, R.; Subramaniam, S. Frontiers in Cryo Electron Microscopy of Complex Macromolecular Assemblies.
Annu. Rev. Biomed. Eng. 2019, 21, 395–415. [CrossRef]

7. Banerjee, A.; Bhakta, S.; Sengupta, J. Integrative approaches in cryogenic electron microscopy: Recent advances in structural
biology and future perspectives. iScience 2021, 24, 102044. [CrossRef]

8. Echelmeier, A.; Sonker, M.; Ros, A. Microfluidic sample delivery for serial crystallography using XFELs. Anal. Bioanal. Chem.
2019, 411, 6535–6547. [CrossRef]

9. He, Y.; Wu, Y.; Fu, J.-Z.; Gao, Q.; Qiu, J.-J. Developments of 3D Printing Microfluidics and Applications in Chemistry and Biology:
A Review. Electroanalysis 2016, 28, 1658–1678. [CrossRef]

10. Nielsen, A.V.; Beauchamp, M.J.; Nordin, G.P.; Woolley, A.T. 3D Printed Microfluidics. Annu. Rev. Anal. Chem. 2020, 13, 45–65.
[CrossRef]

11. Waheed, S.; Cabot, J.M.; Macdonald, N.P.; Lewis, T.; Guijt, R.M.; Paull, B.; Breadmore, M.C. 3D printed microfluidic devices:
Enablers and barriers. Lab Chip 2016, 16, 1993–2013. [CrossRef]

12. Tasoglu, S.; Folch, A. Editorial for the Special Issue on 3D Printed Microfluidic Devices. Micromachines 2018, 9, 609. [CrossRef]
13. Weisgrab, G.; Ovsianikov, A.; Costa, P.F. Functional 3D Printing for Microfluidic Chips. Adv. Mater. Technol. 2019, 4, 1900275.

[CrossRef]
14. Mehta, V.; Rath, S.N. 3D printed microfluidic devices: A review focused on four fundamental manufacturing approaches and

implications on the field of healthcare. Bio Des. Manuf. 2021. [CrossRef]
15. Cai, G.; Xue, L.; Zhang, H.; Lin, J. A Review on Micromixers. Micromachines 2017, 8, 274. [CrossRef]
16. Suh, Y.K.; Kang, S. A Review on Mixing in Microfluidics. Micromachines 2010, 1, 82. [CrossRef]

http://doi.org/10.1039/D0LC00443J
http://www.ncbi.nlm.nih.gov/pubmed/32966481
http://doi.org/10.1146/annurev-biochem-013118-110744
http://www.ncbi.nlm.nih.gov/pubmed/30601681
http://doi.org/10.1007/s00249-011-0754-8
http://www.ncbi.nlm.nih.gov/pubmed/22089251
http://doi.org/10.1039/C6LC00888G
http://doi.org/10.1107/S205979831801567X
http://doi.org/10.1146/annurev-bioeng-060418-052453
http://doi.org/10.1016/j.isci.2021.102044
http://doi.org/10.1007/s00216-019-01977-x
http://doi.org/10.1002/elan.201600043
http://doi.org/10.1146/annurev-anchem-091619-102649
http://doi.org/10.1039/C6LC00284F
http://doi.org/10.3390/mi9110609
http://doi.org/10.1002/admt.201900275
http://doi.org/10.1007/s42242-020-00112-5
http://doi.org/10.3390/mi8090274
http://doi.org/10.3390/mi1030082


Micromachines 2021, 12, 531 18 of 19

17. Mansur, E.A.; Ye, M.; Wang, Y.; Dai, Y. A State-of-the-Art Review of Mixing in Microfluidic Mixers. Chin. J. Chem. Eng. 2008, 16,
503–516. [CrossRef]

18. Lee, C.-Y.; Chang, C.-L.; Wang, Y.-N.; Fu, L.-M. Microfluidic mixing: A review. Int. J. Mol. Sci. 2011, 12, 3263–3287. [CrossRef]
19. Lee, C.-Y.; Wang, W.-T.; Liu, C.-C.; Fu, L.-M. Passive mixers in microfluidic systems: A review. Chem. Eng. J. 2016, 288, 146–160.

[CrossRef]
20. Dziubinski, M. Hydrodynamic Focusing in Microfluidic Devices. In Advances in Microfluidics; Kelly, R.T., Ed.; IntechOpen:

London, UK, 2012; pp. 29–54. [CrossRef]
21. Vega, E.J.; Montanero, J.M.; Herrada, M.A.; Gañán-Calvo, A.M. Global and local instability of flow focusing: The influence of the

geometry. Phys. Fluids 2010, 22, 64105. [CrossRef]
22. Gañán-Calvo, A.M. Generation of Steady Liquid Microthreads and Micron-Sized Monodisperse Sprays in Gas Streams. Phys. Rev.

Lett. 1998, 80, 285–288. [CrossRef]
23. Gañán-Calvo, A.M. Jetting–dripping transition of a liquid jet in a lower viscosity co-flowing immiscible liquid: The minimum

flow rate in flow focusing. J. Fluid Mech. 2006, 553, 75–84. [CrossRef]
24. Wiedorn, M.O.; Awel, S.; Morgan, A.J.; Ayyer, K.; Gevorkov, Y.; Fleckenstein, H.; Roth, N.; Adriano, L.; Bean, R.;

Beyerlein, K.R.; et al. Rapid sample delivery for megahertz serial crystallography at X-ray FELs. IUCrJ 2018, 5, 574–584.
[CrossRef] [PubMed]

25. Lu, Z.; McMahon, J.; Mohamed, H.; Barnard, D.; Shaikh, T.R.; Mannella, C.A.; Wagenknecht, T.; Lu, T.-M. Passive Microfluidic
device for Sub Millisecond Mixing. Sens. Actuators B Chem. 2010, 144, 301–309. [CrossRef]

26. Weierstall, U. Liquid sample delivery techniques for serial femtosecond crystallography. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2014, 369, 20130337. [CrossRef]

27. Calvey, G.D.; Katz, A.M.; Schaffer, C.B.; Pollack, L. Mixing injector enables time-resolved crystallography with high hit rate at
X-ray free electron lasers. Struct. Dyn. 2016, 3, 054301. [CrossRef]

28. Calvey, G.D.; Katz, A.M.; Pollack, L. Microfluidic Mixing Injector Holder Enables Routine Structural Enzymology Measurements
with Mix-and-Inject Serial Crystallography Using X-ray Free Electron Lasers. Anal. Chem. 2019, 91, 7139–7144. [CrossRef]

29. Cheng, R.K. Towards an Optimal Sample Delivery Method for Serial Crystallography at XFEL. Crystals 2020, 10, 215. [CrossRef]
30. Beyerlein, K.R.; Adriano, L.; Heymann, M.; Kirian, R.; Knoška, J.; Wilde, F.; Chapman, H.N.; Bajt, S. Ceramic micro-injection

molded nozzles for serial femtosecond crystallography sample delivery. Rev. Sci. Instrum. 2015, 86, 125104. [CrossRef]
31. Zahoor, R.; Bajt, S.; Šarler, B. Influence of Gas Dynamic Virtual Nozzle Geometry on Micro-Jet Characteristics. Int. J. Multiph. Flow

2018, 104, 152–165. [CrossRef]
32. Zahoor, R.; Belšak, G.; Bajt, S.; Šarler, B. Simulation of liquid micro-jet in free expanding high-speed co-flowing gas streams.

Microfluid. Nanofluid. 2018, 22, 87. [CrossRef]
33. Trebbin, M.; Krüger, K.; DePonte, D.; Roth, S.V.; Chapman, H.N.; Förster, S. Microfluidic Liquid Jet System with compatibility for

atmospheric and high-vacuum conditions. Lab Chip 2014, 14, 1733–1745. [CrossRef]
34. Feng, X.; Fu, Z.; Kaledhonkar, S.; Jia, Y.; Shah, B.; Jin, A.; Liu, Z.; Sun, M.; Chen, B.; Grassucci, R.A.; et al. A Fast and Effective

Microfluidic Spraying-Plunging Method for High-Resolution Single-Particle Cryo-EM. Structure 2017, 25, 663–670. [CrossRef]
35. Zhao, J.; Xiong, W.; Yu, N.; Yang, X. Continuous Jetting of Alginate Microfiber in Atmosphere Based on a Microfluidic Chip.

Micromachines 2017, 8, 8. [CrossRef]
36. Hofmann, E.; Krüger, K.; Haynl, C.; Scheibel, T.; Trebbin, M.; Förster, S. Microfluidic nozzle device for ultrafine fiber solution

blow spinning with precise diameter control. Lab Chip 2018, 18, 2225–2234. [CrossRef]
37. Marmiroli, B.; Grenci, G.; Cacho-Nerin, F.; Sartori, B.; Ferrari, E.; Laggner, P.; Businaro, L.; Amenitsch, H. Free jet micromixer to

study fast chemical reactions by small angle X-ray scattering. Lab Chip 2009, 9, 2063–2069. [CrossRef]
38. Koralek, J.D.; Kim, J.B.; Bruza, P.; Curry, C.B.; Chen, Z.; Bechtel, H.A. Generation and characterization of ultrathin free flowing

liquid sheets. Nat. Commun. 2018, 9, 1353. [CrossRef]
39. Hejazian, M.; Darmanin, C.; Balaur, E.; Abbey, B. Mixing and jetting analysis using continuous flow microfluidic sample delivery

devices. RSC Adv. 2020, 10, 15694–15701. [CrossRef]
40. Hejazian, M.; Balaur, E.; Flueckiger, L.; Hor, L.; Darmanin, C.; Abbey, B. Microfluidic mixing and jetting devices based on

SU8 and glass for time-resolved molecular imaging experiments. In Proceedings of the Microfluidics, BioMEMS, and Medical
Microsystems XVII, San Francisco, CA, USA, 2–4 February 2019; p. 108750D.

41. Hejazian, M.; Balaur, E.; Abbey, B. A Numerical Study of Sub-Millisecond Integrated Mix-and-Inject Microfluidic Devices for
Sample Delivery at Synchrotron and XFELs. Appl. Sci. 2021, 11, 3404. [CrossRef]

42. Vakili, M.; Vasireddi, R.; Gwozdz, P.V.; Monteiro, D.C.F.; Heymann, M.; Blick, R.H.; Trebbin, M. Microfluidic polyimide gas
dynamic virtual nozzles for serial crystallography. Rev. Sci. Instrum. 2020, 91, 85108. [CrossRef]

43. Ho, C.M.B.; Ng, S.H.; Li, K.H.H.; Yoon, Y.-J. 3D printed microfluidics for biological applications. Lab Chip 2015, 15, 3627–3637.
[CrossRef] [PubMed]

44. Amin, R.; Knowlton, S.; Hart, A.; Yenilmez, B.; Ghaderinezhad, F.; Katebifar, S.; Messina, M.; Khademhosseini, A.; Tasoglu, S.
3D-printed microfluidic devices. Biofabrication 2016, 8, 022001. [CrossRef] [PubMed]

45. Van den Driesche, S.; Lucklum, F.; Bunge, F.; Vellekoop, M.J. 3D Printing Solutions for Microfluidic Chip-To-World Connections.
Micromachines 2018, 9, 71. [CrossRef]

http://doi.org/10.1016/S1004-9541(08)60114-7
http://doi.org/10.3390/ijms12053263
http://doi.org/10.1016/j.cej.2015.10.122
http://doi.org/10.5772/34690
http://doi.org/10.1063/1.3450321
http://doi.org/10.1103/PhysRevLett.80.285
http://doi.org/10.1017/S0022112006009013
http://doi.org/10.1107/S2052252518008369
http://www.ncbi.nlm.nih.gov/pubmed/30224961
http://doi.org/10.1016/j.snb.2009.10.036
http://doi.org/10.1098/rstb.2013.0337
http://doi.org/10.1063/1.4961971
http://doi.org/10.1021/acs.analchem.9b00311
http://doi.org/10.3390/cryst10030215
http://doi.org/10.1063/1.4936843
http://doi.org/10.1016/j.ijmultiphaseflow.2018.03.003
http://doi.org/10.1007/s10404-018-2110-0
http://doi.org/10.1039/C3LC51363G
http://doi.org/10.1016/j.str.2017.02.005
http://doi.org/10.3390/mi8010008
http://doi.org/10.1039/C8LC00304A
http://doi.org/10.1039/b904296b
http://doi.org/10.1038/s41467-018-03696-w
http://doi.org/10.1039/D0RA00232A
http://doi.org/10.3390/app11083404
http://doi.org/10.1063/5.0012806
http://doi.org/10.1039/C5LC00685F
http://www.ncbi.nlm.nih.gov/pubmed/26237523
http://doi.org/10.1088/1758-5090/8/2/022001
http://www.ncbi.nlm.nih.gov/pubmed/27321137
http://doi.org/10.3390/mi9020071


Micromachines 2021, 12, 531 19 of 19

46. Nelson, G.; Kirian, R.A.; Weierstall, U.; Zatsepin, N.A.; Faragó, T.; Baumbach, T.; Wilde, F.; Niesler, F.B.; Zimmer, B.;
Ishigami, I.; et al. Three-dimensional-printed gas dynamic virtual nozzles for x-ray laser sample delivery. Opt. Express 2016, 24,
11515–11530. [CrossRef]

47. Galinis, G.; Strucka, J.; Barnard, J.C.T.; Braun, A.; Smith, R.A.; Marangos, J.P. Micrometer-thickness liquid sheet jets flowing in
vacuum. Rev. Sci. Instrum. 2017, 88, 083117. [CrossRef]

48. Wiedorn, M.O.; Oberthür, D.; Bean, R.; Schubert, R.; Werner, N.; Abbey, B. Megahertz serial crystallography. Nat. Commun. 2018,
9, 4025. [CrossRef] [PubMed]

49. Bohne, S.; Heymann, M.; Chapman, H.N.; Trieu, H.K.; Bajt, S. 3D printed nozzles on a silicon fluidic chip. Rev. Sci. Instrum. 2019,
90, 035108. [CrossRef]

50. Nazari, R.; Zaare, S.; Alvarez, R.C.; Karpos, K.; Engelman, T.; Madsen, C.; Nelson, G.; Spence, J.C.H.; Weierstall, U.;
Adrian, R.J.; et al. 3D printing of gas-dynamic virtual nozzles and optical characterization of high-speed microjets. Opt. Express
2020, 28, 21749–21765. [CrossRef] [PubMed]

51. Knoska, J.; Adriano, L.; Awel, S.; Beyerlein, K.R.; Yefanov, O.; Oberthuer, D.; Murillo, G.E.P.; Roth, N.; Sarrou, I.;
Villanueva-Perez, P.; et al. Ultracompact 3D microfluidics for time-resolved structural biology. Nat. Commun. 2020, 11, 657.
[CrossRef] [PubMed]

52. Fang, W.F.; Hsu, M.H.; Chen, Y.T.; Yang, J.T. Characterization of microfluidic mixing and reaction in microchannels via analysis of
cross-sectional patterns. Biomicrofluidics 2011, 5, 014111. [CrossRef]

53. Inguva, V.; Rothstein, J.P.; Bilsel, O.; Perot, B.J. High-speed velocimetry in microfluidic protein mixers using confocal fluorescence
decay microscopy. Exp. Fluids 2018, 59, 177. [CrossRef]

54. Xi, C.; Marks, D.L.; Parikh, D.S.; Raskin, L.; Boppart, S.A. Structural and functional imaging of 3D microfluidic mixers using
optical coherence tomography. Proc. Natl. Acad. Sci. USA 2004, 101, 7516. [CrossRef]

55. Jiang, L.; Zeng, Y.; Zhou, H.; Qu, J.Y.; Yao, S. Visualizing millisecond chaotic mixing dynamics in microdroplets: A direct
comparison of experiment and simulation. Biomicrofluidics 2012, 6, 012810. [CrossRef]

56. Witkowski, D.; Kubicki, W.; Dziuban, J.A.; Jašíková, D.; Karczemska, A. Micro-Particle Image Velocimetry for imaging flows in
passive microfluidic mixers. Metrol. Meas. Syst. 2018, 25, 441–450.

57. Yang, J.-T.; Lai, Y.-H.; Fang, W.-F.; Hsu, M.-H. Simultaneous measurement of concentrations and velocities of submicron species
using multicolor imaging and microparticle image velocimetry. Biomicrofluidics 2010, 4, 014109. [CrossRef]

58. Huyke, D.A.; Ramachandran, A.; Oyarzun, D.I.; Kroll, T.; DePonte, D.P.; Santiago, J.G. On the competition between mixing rate
and uniformity in a coaxial hydrodynamic focusing mixer. Anal. Chim. Acta 2020, 1103, 1–10. [CrossRef]

http://doi.org/10.1364/OE.24.011515
http://doi.org/10.1063/1.4990130
http://doi.org/10.1038/s41467-018-06156-7
http://www.ncbi.nlm.nih.gov/pubmed/30279492
http://doi.org/10.1063/1.5080428
http://doi.org/10.1364/OE.390131
http://www.ncbi.nlm.nih.gov/pubmed/32752448
http://doi.org/10.1038/s41467-020-14434-6
http://www.ncbi.nlm.nih.gov/pubmed/32005876
http://doi.org/10.1063/1.3571495
http://doi.org/10.1007/s00348-018-2630-0
http://doi.org/10.1073/pnas.0402433101
http://doi.org/10.1063/1.3673254
http://doi.org/10.1063/1.3366721
http://doi.org/10.1016/j.aca.2020.01.013

	Introduction 
	Design Considerations 
	Main Parameters for Nozzle Design 
	Main Parameters for Mixer Design 

	Fabrication Methods 
	Co-Axial Capillary Devices 
	Lithography-Based Microfluidics 
	Three-Dimensional Printed Microfluidic Devices 

	Characterisation Techniques 
	Jetting Analysis 
	Mixing Analysis 

	Summary and Perspectives 
	References

