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1 Introduction

High-speed mixing of

reagents is an

High speed microturbine mixer for kinetically
controlled synthesisy

Avery E. England, @*2° Scott D. Collins,$® Christopher L. Emmerling,?
Michael D. Mason @ ¢ and Rosemary L. Smith @ *°d

The design, fabrication, simulation, and experimental characterization of a microfabricated, fluidically-
driven microturbine mixer are presented. The mixer was engineered to achieve rapid mixing (<1 ms),
enabling control over kinetically-limited chemical reactions. The microturbine is microfabricated in silicon
using a sequence of photolithographic patterning and deep reactive ion etching (DRIE) steps. The device
features two fluidic inlets, each supplying chemical reagents, that drive a microturbine through momentum
transfer, generating shear forces within the reaction chamber to induce mixing. By systematically varying
the flow rates of the reagents, the rotational velocities of the microturbine were experimentally and
computationally determined. Mixing profiles were analyzed using fluorescence colocalization, an
established biological imaging technique that was adopted for this application. Characterization results
were leveraged to optimize the synthesis of ultra-small, monodisperse silver nanoparticles (AgNPs), i.e.
particles of 1 nm to 3 nm in diameter. These nanoparticles have very large surface-to-volume ratios,
making them ideal candidates for applications in catalysis, sensing, and antimicrobial agents. The
microturbine mixer provides a scalable and reproducible method for the production of ultra-small AQNPs
through precise control of mixing conditions, overcoming challenges associated with traditional synthesis
routes that struggle to attain size control, size distribution and reproducibility.

Various types of micromixers have been developed to
reduce mixing times to the sub millisecond range. They can

indispensable  typically be divided into two categories: passive and active

requirement for chemical or biochemical reactions where the
product is determined by a kinetic pathway over
thermodynamics. For example, in the case of ultra-small silver
nanoparticles (i.e., 1-3 nm in diameter),"* the rate of mixing
is known to have a direct influence over the size and
distribution of the nanoparticles.® Traditional mixing
methods, eg stirring, cannot produce the highly
homogenous and nearly instantaneous mixing requirements
of these kinetically controlled systems. To address this issue,
microfluidic mixers have been investigated as a means to
achieve rapid and precise mixing at the microscopic scale.
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micromixers. Passive micromixers are widely used due to
their relative ease of fabrication. They primarily rely upon
input pressure to drive flow and the structuring of the
channels to enhance mixing. Common passive micromixers
incorporate features such as T-junctions,”® hydrodynamic
focusing,®’ zigzag,® herringbones,’ and spirals.'®" While
passive micromixers are often more cost efficient and easier
to implement, they typically do not induce turbulence and
therefore, mixing is perpetually limited by the diffusion of
the reagents within the system. To overcome diffusion
limitations, active micromixers utilize externally supplied
forces such as acoustics,">™* electric fields,">™” or magneto-
hydrodynamics®® to induce mixing. However, these methods
typically add complexity to the fabrication and/or
implementation, and the same forces used to drive active
mixers can have deleterious effects on the chemical or
biochemical synthesis pathways or products.

To address this issue, micromixers featuring a “quasi-
active” rotor have been demonstrated, utilizing momentum
transfer from the fluids themselves to enhance mixing. In
2009, Kim et al.'® reported the fabrication of a fluid-driven
rotor with five blades, achieving rotational velocities of
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approximately 4200 rpm within a flow rate range of 4.5 to 27
ml min™'. Another fluid-driven rotor design was more
recently reported,*® fabricated in glass using a unique glass
etching technique and requiring no assembly. The
operational flow rate range was comparable to Kim et al.'s,"
between 1.5 and 30 mL min', with an estimated rotational
velocity around 1666 rpm, though they report that precise
measurements were hindered by technical limitations.
Mixing times for these devices were not included in these
reports.

This paper introduces a fluid-driven rotor that enables
controllable rotational velocities between 20000 and 60000
rpm, yielding a significant improvement over previous
designs in mixing efficiency. This advanced capability leads
to dramatically reduced mixing times, achieving >=90%
mixing in the sub millisecond time range. The rotor's
effectiveness in converting fluidic kinetic energy to
mechanical energy stems from design elements inspired by
the Banki-water turbine,*" which is specifically engineered to
harness energy from fluid forces impacting rotor blades.

The device's rapid mixing makes it possible to study
kinetically limited reactions, such as the synthesis of ultra-
small silver nanoparticles (AgNPs). These nanoparticles are of
significant interest due to their antimicrobial properties,*>**
size-dependent fluorescence,>**> and distinctive optical,***’
electronic,”® and catalytic characteristics.>**° Previous studies
using small angle x-ray scattering have shown that during a
bottom up synthesis of AgNPs, the reaction time required to
go from ultra-small AgNPs (<3 nm) to classical AgNPs (>5
nm) occurs within 4 ms, with the smallest particles formed
in <1 ms.*

While previous groups have introduced microfluidic
mixers for AgNP synthesis, to our knowledge, the smallest
reproducible size range synthesized in these devices has been
2-6 nm,**** likely due to the challenges inherent in
managing the rapid reaction kinetics. Implementing our
microfluidically driven rotor, this daunting problem has been
overcome. Nanoparticles sizes in the 1-3 nm range are
reproducibly achieved by varying the rotational speeds of the
rotor, demonstrating a significant advancement in
controlling the AgNP synthesis process.

2 Experimental
2.1 Mixer design

The microturbine design presented here is loosely based on
the Banki water turbine.*" Also known as a cross-flow water
turbine, it is renowned for its simple engineering design and
high energy transfer efficiency. Fig. 1 shows a closeup image
of the microturbine mixer. It has two fluidic inlets (inlet 1
and inlet 2) converging at a T-junction into a driving nozzle
that directs flow onto the rotor blades. The kinetic energy of
the fluids is converted to mechanical energy as the
momentum of the water strikes the blades, causing the rotor
to turn. The rotational motion of the rotor mixes the fluids
as they enter and cross the turbine. Geometric dimensions
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Fig. 1 (Left) 3D rendering of the microturbine mixer with perspective
view of rotor (inset). (Right) Drawing of the fluid flow profile through
the mixer depicting entrained and crossflow paths.

and other design parameters for the microturbine mixer, and
the Banki turbine, are provided in Table 1 for comparison.

Banki water turbines are designed to have a cross-flow
water pattern. Upon entering the turbine, water is deflected
by the first blade and flows across the turbine. It is again
deflected by the second blade as the rotor turns and moves it
into the same position. However, under certain conditions,*
such as very high flow rates, an alternative entrained flow
pattern can occur. When the flow pattern is entrained, the
fluid is dragged along within the blades and is flung out
tangentially at the outlet (Fig. 1).

To simplify fabrication, bearings were omitted from the
microturbine design, which increases stiction during startup
and friction between the rotor and stator during operation.
To address this and improve mixer performance,
modifications were made to the Banki water turbine design
(Table 2). The presented design consists of a rotor with a 207
pm radius of curvature and 18 blades, chosen to maximize
the surface area available for momentum transfer while
allowing sufficient spacing between blades for high
throughput fluidic flow without increasing resistance. While
too few blades can lead to pulsating motion, an excessive
number of blades can cause significant friction losses.*!
Given that the system already experiences increased friction
due to the absence of bearings, the number of blades was
reduced from 21 to 18. The diameter of the fluidic inlet
nozzle was selected to be 50 pm, which is equivalent to the
narrowest space between rotor blades as opposed to the
calculated 85 pm for a Banki water turbine. The input angle
tangent to the point of contact to the rotor (Fig. 1) was
increased to 21° from the Banki design angle of 16° to

Table 1 Parameter values for microturbine shown in Fig. 1 compared to
those ideal for a Banki turbine

Description Banki Microturbine
Ratio of blade length to rotor radius (r,/r;)  0.66 0.5

Blade radius of curvature (R,) 155 um 207 pm

Jet width (¢) 85 um 50 um

Jet angle () 16° 21°

Number of blades (N) 21 18

This journal is © The Royal Society of Chemistry 2025
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Table 2 Microchannel dimensions. Height = DRIE etch depths

Feature Width (um) Height (um)
Nozzle 50 170
Rotor 950 270
Stator 1100 280

increase yield in the fabrication process with minimal loss
in mechanical efficiency (emax = 82.7% Vversus €max = 87.8%
respectively). The stator height is 280 um and the total rotor
height (base + blades) is 270 pm, to create a 10 um
clearance between the rotor-stator assembly and glass top
which encloses theturbine. COMSOL simulations were run
to assess the improvement in microturbine performance
using these modifications to the Banki design. The
simulation results show an increase in rotational velocity of
42% (36500 RPM to 63000 RPM) and 39% increase in
entrained flow for the microturbine over Banki (ESIt). This
leads to increased mixing speed due to eddy currents
between rotor blades.

2.1.1 Fabrication. The microturbine mixers were batch
fabricated (21 devices/wafer) using established silicon
micromachining processes. Fig. 2 illustrates, in cross-section,
the sequence of wafer level process steps employed. To start,
a single-side polished silicon wafer with a diameter of 100
mm and a thickness of 500 pm was thermally oxidized, to
yield an oxide thickness >0.6 pum (Fig. 2a). The oxidized
polished surface was then photolithographically patterned to
define the rotor blades and driving nozzle. The photoresist
pattern served as a mask during etching of the underlying
oxide using buffered hydrofluoric acid (HF) (Fig. 2b).
Subsequently, after resist stripping, the same surface was
patterned using thick photoresist (Megaposit SPR 220-7.0) to
define the rotor base diameter, the stator, and the fluidic
channels (two inlets and one outlet). Next, an initial DRIE to
a depth of 110 um was performed, followed by removal of the
thick photoresist and a second DRIE of 170 pum, using the
patterned oxide as etch mask (Fig. 2c-f). The opposite,
unpolished side of the wafer was next coated with thick
photoresist, and patterned using back-to-front alignment
(Suss MA-6), to define the fluidic inlets and outlet of each
device and the opening for releasing the rotors after a third
DRIE of 225-230 pum (Fig. 2g-i). Prior to this final DRIE step,
the polished side of the wafer was attached to a handle wafer,
using a thermally conductive paste (COOL-GREASE
CGR7016). An extra 5-10 um of DRIE was performed to thin
the rotor, ensuring that it would clear the top glass surface
when sitting inside the turbine well (Fig. 2j). The handle
wafer was removed by dissolving the cool grease in acetone,
freeing the rotors, which were collected and stripped of
photoresist (Fig. 2k). Any remaining oxide was removed from
the substrate wafer using HF, and all parts were cleaned
using a 3:1 H,SO,:H,0, solution, followed by rinsing with
deionized water (Fig. 21).

Device assembly was accomplished by manually inserting
the free rotors into the turbine stator. To fluidically seal

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Abbreviated fabrication process for microturbine mixer.

the device, a 500 pm thick glass wafer (Pyrex 7740,
Corning) was anodically bonded to the polished side of the
silicon substrate at 395 C and 1000 V (Fig. 2m and n).
Oxide was intentionally left on the rotor top surface to
prevent bonding to the glass and to serve as a protective
coating on the blades during operation. Bonded wafers

Lab Chip, 2025, 25, 4071-4080 | 4073
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were then mechanically diced to separate the microfluidic
chips.

2.1.2 Fluidic connections. Flanged Tefzel tubing (IDEX
Health and Science, 1/8 OD” x 0.093"” ID) was used in
conjunction with a nitrile butadiene rubber gasket, clamped
in a pressure-sealed jig, to form fluidic input and outlet
connections (Fig. 3). PEEK flangeless fittings (IDEX Health
and Science, XP-335) and ETFE female to female Luer
adapters (IDEX Health and Science, P-678) were used to make
fluidic Luer lock connections to 25 mL gastight syringes
(Hamilton, 1025 TLL) for the inlets. These connections were
essential for operating at drive pressures up to 60 psi and
maximum flow rates. Samples were collected from the outlet
tube.

2.2 Mixer characterization

2.2.1 Rotational velocity of rotors. The steady-state
rotational rotor velocity (RPM) was experimentally
determined. DI water was supplied to each inlet at the same
flow rate, for a total flow rate of 4-8 mL min ", controlled by
a dual syringe pump (Harvard Apparatus PhD 2000). A 532
nm diode-pumped solid-state laser (LaserGlow, LRS-0532-
PFM-00100-03), with a beam diameter of 2 mm, was focused
using a 25.4 mm diameter, 100 mm focal length, plano-
convex lens (Newport, KPX094) onto the top surface of an
individual rotor blade at a 45° angle of incidence (Fig. 4). The
light reflected by the rotor blade was collected by a 50 um
core diameter fiber optic cable (ThorLabs AFS50/125Y) that
directed the light to a photomultiplier tube (PMT12-OP,
Correlator.com, Bridgewater, NJ) operating in single photon
counting mode. The setup shown in Fig. 4 was enclosed in a
light-tight box to reduce background noise from stray light.
The signal oscillated between maximum and minimum
intensity with the passing of each blade as the rotor turned.
The oscillation period was multiplied by the number of
blades (18) to obtain the time of one rotation. In this way,
the rotational velocity of the turbine was obtained as a
function of the input flow rate.

' Screw—

PMMA
(Upper Jig)

Microfluidic device
Rubber gasket—

AlSI 304— Ty,
(Bottom jig)

Flanged fluidic
tubing

Fig. 3 Connections to the microfluidic device using a pressure-sealed
Jig.
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Fig. 4 Diagram of rotational velocity measurement set-up.

2.2.2 Fluorescent flow profiles. The flow profile and
mixing efficiency were experimentally determined using
fluorescence image analysis. Aqueous solutions of
Rhodamine B (Sigma) and Fluorescein (Sigma) were delivered
to fluidic inlet 1 and fluidic inlet 2, respectively (Fig. 1). The
solution of rhodamine B was excited using a 532 nm diode-
pumped solid-state laser set to a power of 2 mW and the
emitted fluorescence was filtered with a 610 nm (FWHM 75
nm) bandpass filter. The fluorescein solution was excited
using a 405 nm laser (Thorlabs, CPS405) with a power of 4
mW and the emitted fluorescence was isolated with a 470 nm
(FWHM 40 nm) bandpass filter. The laser beam power was
measured with a photodiode power sensor (ThorLabs
$120VC). In order to account for the low excitation efficiency
of fluorescein at 405 nm, a relatively high concentration of 1
mM was used, compared to 0.1 mM of rhodamine B. Both
excitation beams were focused with a lens onto the desired
region of the micromixer. The image acquisition setup
consisted of an Edgertronic High-Speed Video camera
equipped with an AFP Nikkor 18-55 mm lens, and an
additional 10x macro lens (Vivitar series 1) to achieve a
resolution of approximately 3.6 pm per pixel. Videos were
collected at a frame rate of 993 fps and an ISO of 1400. The
total flow rate through the device during fluorescence
imaging was 7 mL min™".

Pearson's correlation coefficient (PCC) was calculated to
measure the pixel-by-pixel covariance in the signal levels of
the individual fluorescein and rhodamine fluorescent
images.*®

PCC = ——! (1)

\/Z(Fi—ﬁf < S (R-R)’

where F; and R; refer to the normalized intensity values of the
fluorescein and rhodamine channels, respectively, of the
pixel i, and F and R refer to the mean intensities of the
fluorescein and rhodamine channels, respectively,
throughout the defined region of an image.

This journal is © The Royal Society of Chemistry 2025
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The fractional overlap of the two fluorescent probes were
determined using the Mander's co-localization coefficient
(MCC),*® in order to gain insights into the trajectories of each
inlet fluid in the mixing process, independent of the relative
intensity  difference between fluorophores. Mander's
coefficients are divided into two variables, M1 and M2, where
M1 quantifies the fraction of the first fluorescence signal
(e.g., thodamine) that overlaps with the second fluorescence
signal (e.g., fluorescein), and M2 quantifies the inverse.

ZRi,colocal
M=+ 2
1 SR (2)
i
Z F; colocal
My=-+—— 3
2 Z F; ( )
i

Values for Mander's coefficients range from 0 to 1, where
0 indicates no pixel overlap and 1 indicates full pixel overlap.

2.2.3 COMSOL modeling. COMSOL modeling was used to
further evaluate the flow profiles and mixing efficiencies in
the turbine. Unless otherwise stated, all simulations were
conducted using the physical properties of water at standard
temperature and pressure for the fluid domain with no slip
wall conditions and silicon for the solid surfaces. A 2D finite
element model was used to simplify and speed up the
analysis, with the third dimension specified for equations
requiring a z component. The fluid dynamic analysis was
modeled using the k-w turbulence shear stress transport
(SST) model which combines the k-o model of Wilcox near
walls and k- model in the free stream.?”*®

The angular acceleration of the rotor was determined
using the solid mechanics interface and setting the boundary
load condition, S-n, to be:

Sn=-PAn (4)

where S is the stress vector acting on the blade surface, 4,
with a normal vector, n, resulting from the inlet fluid
pressure, P.

2.3 Silver nanoparticle synthesis

Deionized (DI) water (R = 18 MQ) was used throughout all
nanoparticle syntheses. All inlet solutions were filtered
through a 0.22 pum filter to remove any particulates that could
interfere with nanoparticle synthesis or characterization. All
chemicals used were of analytical grade. AgNP reactions were
carried out through the reduction of AgNO; (Acros) with
NaBH, (Sigma). For all syntheses results presented here, 3
mM NaBH, was injected into inlet 1, while 0.5 mM of AgNO;
was injected into inlet 2 (Fig. 1). The flow rates into each
inlet were equal in all experiments. For instance, a total flow
rate of 8 mL min ™" consisted of each reagent flowing at a rate
of 4 mL min~'. Reacted samples were capped with 0.6 mM
tri-sodium citrate (Sigma) off-chip immediately after

This journal is © The Royal Society of Chemistry 2025
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collection. Devices were rigorously cleaned between each
synthesis run to remove any trapped particles or residual
reagents. Trapped material was readily cleared away using
the appropriate solvents, including strong oxidizers which do
not attack silicon or glass.

2.3.1 Nanoparticle characterization. The mean particle size
and size distribution of AgNPs were measured using a
Malvern Zetasizer dynamic light scattering (DLS) instrument.
Transmission electron microscopy (TEM) measurements were
carried out by drop casting capped AgNP samples onto 400
mesh, lacy carbon grids with a 3 nm carbon support film.
The grid was placed in a single tilt sample holder and
inserted into a 120 kV JEOL 1230 TEM for imaging.
Quantitative analysis of particle size and size distribution
from the TEM images was conducted wusing Image]
processing software.

3 Results and discussion
3.1 Rotational velocity measurements

The experimental measurement of the angular velocity of the
microturbine with the inlet flow rate rotational velocity
measurement of the rotor provided valuable insights for the
control of mixing time. Fig. 5 plots the rotational speed of
the rotor versus total inlet flow rate. The results are
reproducible at flow rates ranging from 4.5 mL min™" to 7.5
mL min~', corresponding to an increase in rotational speed
from 20000 rpm to 60000 rpm. The overall reduction in
rotational speed obtained experimentally versus that
predicted by simulation is attributed to the frictional forces
between the rotor and the stator, which were not accounted
for in the COMSOL model. Friction is expected to have a
more pronounced affect at lower flow rates, as was observed
experimentally. When the rotational speed falls below 20 000
rpm, the rotor would frequently stall.

4
g 310, : : : : : : :

-e— Experimental

~
T

-e- Simulated

(o]

Rotational Veloctiy (rpm)
(6]

I (S0 DU U0 JOU UL OO O O

45 5 55 6 6.5 7 7.5 8 8.5 9
Total Flow Rate (mL/min)

Fig. 5 Experimentally and computationally determined (COMSOL
Multiphysics) rotational velocities as a function of flow rate.
Experimental data is plotted as average velocity of 5 runs: error bars
represent range of values.
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When the spin speeds exceeds 60000 rpm, the rate of
increase in rotational speed with flow rate decreases. This
phenomenon has been supported by previous studies,*
which reveal that as the turbine's angular velocity increases,
a greater portion of the fluid volume becomes entrained
(Fig. 1). This flow mode is less efficient than the crossflow at
energy extraction. Both the experimental outcomes and
simulation data reveal a consistent trend of reduced
momentum transfer efficiency at these elevated flow rates.
Moreover, at these heightened flow rates, there is a
significant increase in the standard deviation of the
measurements. This variability is likely due to cavitation
resulting from the pressure inside the microturbine dropping
below the vapor pressure of water,” creating vibrations that
affect rotational velocity and reproducibility. This is
supported by COMSOL modeling of the pressure inside the
microturbine, which drops sufficiently at such high flow rates
to allow fluid phase transitions (ESL} S2).

3.2 Co-localization analysis of mixing

To analyze mixing efficiency, co-localization fluorescence
imaging was applied to analyze the spatial distribution of two
fluorescent dyes within a defined volume as they exited the
rotor. The Pearson correlation coefficient (PCC) was
determined within the region of interest (ROI), defined to be
within a distance of 0 to 800 pm from the fluid point of exit
at the edge of the turbine down the outlet channel (Fig. 6). At
the turbine outlet (0 um), the PCC was 0.78, resulting from
the different flow patterns: fluorescein mostly follows a
crossflow pattern, while rhodamine is mostly entrained flow,
which becomes distributed across the channel as it exits.
This is confirmed by the Mander's M2 coefficient at this
point, which is 0.55, showing that rhodamine is present in
nearly twice the volume of the channel as fluorescein. Mixing
improves rapidly as the fluid travels down the outlet channel.
PCC increases to 0.90 at a distance of 100-200 pm and
reaches 0.93 between 200-300 um, indicating nearly
complete, homogeneous mixing. In comparison, at low flow
velocities (stationary rotor) a laminated flow profile is
obtained (Fig. 6a) with a PCC of only 0.02 at 800 pm down

a)
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the outlet channel, as mixing is only by molecular diffusion.
With the rotor spinning, a reduced velocity zone forms at 400
pum down the outlet channel, which according to the
Mander's coefficient, is predominantly populated by
Rhodamine, as shown in Fig. 6c. This is where rhodamine is
concentrated before the rotor starts to spin, and becomes
entrapped when the rotor is spinning. However, beyond 500
um, the PCC values stabilize, to values comparable to those
at 100 um from the outlet. These findings are in good
agreement with mixing profiles obtained using COMSOL
Multiphysics simulations, shown in Fig. 6b and d. In the
simulation (Fig. 6d), the low velocity zone has a
concentration of 0 mM, since the entire device's initial fluid
concentration was set to 0 mM in the model, instead of the
laminated concentration profile obtained in experiment.

This in-depth understanding of the fluid flow pattern
within the microturbine mixer was key to optimizing the
experimental protocol for ultra-small silver nanoparticles
(AgNPs) synthesis (section 3.4).

3.3 Determination of mixing time

For such a complex mixing profile, some assumptions were
made in order to estimate the time required to achieve >90%
mixing. The mixer was divided into three sections, each of
which contributes to mixing. The first section is where the
two fluids initially meet within the driving nozzle. The
second section is within the turbine, and the final section is
the initial 100 pm of outlet channel, where 90% mixing is
achieved according to the co-localization analysis (Fig. 7).
Residence times in each section were calculated based on
flow rate. The nozzle residence time is simply the nozzle fluid
volume divided by flow rate. The rotor residence time is
determined by the crossflow fluid volume, calculated with
COMSOL Multiphysics (ESLj Fig. S3-S5). Simulation results
show that the entrained flow becomes fully mixed before
exiting the rotor by means of fluidic vortices generated
between the blades. Therefore, the crossflow residence time
is deemed to be the limiting factor. The time required to
travel 100 pm down the outlet channel is the volume of that
outlet channel section divided by flow rate. Fig. 8 plots the

Crossflow d)

s

Entrained Fully
flow 4«mixed

b

Low velocity
zone

Entrained
flow

Low velocity
zone

Fig. 6 Mixing profiles of (a) experimental and (b) simulated fluids, showing lamination for stationary rotor. (c) Merged channels of steady state
flow (7 mL min* total, rotor spinning) and (d) simulated. The fluorescence image resolution is approximately 3.6 um per pixel.
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Fig. 7 PCC and MCC of fluorescence image of mixing in the
microturbine at steady state. ROl down the outlet channel is depicted
within the inset where each box represents a 100 um analysis area.
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Fig. 8 Contributions to mixing time from different regions in the
microturbine for >90% mixing as a function of flow rate.

mixing times for each region of the mixer as a function of
flow rate. For a total inlet flow rate between 4-9 ml min?,
the calculated time to achieve >=90% mixing is 0.580-0.290
ms, respectively. This is comparable to mixing times reported
for some other high-speed microfluidic mixers that also
report achieving >90% mixing across the full width of the
fluidic channel.”*** A few report mixing times <50 us, but as
a consequence of their requisite small dimensions, they have

an order of magnitude lower throughput than the
microturbine. Throughput is potentially a significant
advantage for the synthesis of products where large

quantities are needed.

It should be noted that the methods used to analyze
mixing in these other mixers are prone to measurement
limitations that will underestimate the actual mixing time.
The two most commonly used methods for analyzing mixing
efficiency are dilution and fluorescence quenching. The
dilution method mixes a liquid containing a dye with a
transparent liquid, while the fluorescence quenching method
mixes fluorescent molecules with a quencher. With both
methods, the mixing process is visualized by imaging optical

This journal is © The Royal Society of Chemistry 2025
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intensity or color, and mixing is considered complete when
the image intensity becomes uniform throughout the channel
(i.e., pixel intensities flatline). But, relying solely on stable
pixel intensities to indicate complete mixing is subject to
many sources of error such as saturation, photobleaching,
and detector sensitivity, which can lead to inaccurate
assessments of mixing time and efficiency.

In the co-localization method, two fluorescent probes are
used to obtain a quantitative assessment of flow profiles and
mixing by applying the Pearson's correlation coefficient
(PCC) and Mander's correlation coefficient (MCC). The PCC
quantitatively measures the linear relationship between the
two components in the mixture, providing insight into the
overall uniformity of the fluids. Additionally, MCC enables
the quantification of spatial overlap between two reagents,
allowing the evaluation of homogeneity between the two
fluorescent probes within the fluidic channel. For
comparison, the dilution method was applied to the
microturbine, by measuring the fluorescence intensity of
each mixing dye as it exited the rotor. The intensity flattens
within 25 pm of the rotor edge, and provides none of the
detail obtained by the co-localization method.

3.4 Silver nanoparticle synthesis

To achieve a size-controllable synthesis of ultra-small AgNPs,
we considered both chemical and fluidic experimental
parameters. The chemical reagents and concentrations
specified earlier were chosen based on previous optimization
experiments.** Further optimization of the synthesis protocol
involved careful attention to the flow patterns throughout the
mixer. As mentioned earlier, a low velocity zone is produced
in the outlet channel. The fluid that predominantly resides in
that zone is from inlet 1, due to the laminar flow, which
precedes the point at which the fluid force on the rotor
blades overcomes the frictional force between the rotor and
stator and rotation starts (Fig. 1 and 6). Introducing AgNO;
into inlet 1 would result in the presence of unreacted Ag ions
in this region, which can diffuse into the mixed volume,
resulting in an increase in both size and distribution of
AgNPs, as was observed experimentally (ESLj Fig. S6). By
introducing NaBH, into inlet 1, the fluid in this region will
not contribute to the size distribution of the AgNPs, which
critically depends on the mixing time and homogeneity.
Additionally, since NaBH, serves the dual purpose of being
both a reducing agent and a capping agent, it will enhance
the stability of the AgNPs that encounter this fluid interface.
Having established the optimal inlet assignment for each
reagent, the influence of flow rate on AgNP size and
distributions was investigated. As shown in Fig. 9, a low flow
rate of 4 mL min ', where frictional forces between stator
and rotor interfere with the optimal rotational mechanics of
the turbine, resulted in a higher variability in AgNP sizes,
likely due to fluctuations in the rotor's rotational speed
between experiments. This affects the mixing time, shown in
Fig. 5, the bulk of which is determined by the rotational
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Fig. 9 (Top) AgNP volume distributions for particles synthesized

within a microturbine. (Bottom) DLS size distributions depicting the
influence on particle size and flow rate.

velocity of the rotor. At flow rates between 5-8 mL min™",
optimal AgNP reproducibility was achieved, reflecting the
high degree of reproducibility in rotational velocity in this
range, and confirming that the rotational velocity of the rotor
plays a significant role in the formation of AgNPs.

Dynamic light scattering (DLS) measurements confirms
that faster mixing times lead to the formation of smaller
AgNPs as rapid mixing promotes more efficient nucleation
and growth during particle formation. As mixing times
decrease, there is less time for individual Ag ions to cluster
and form larger aggregates, thus leading to more uniform
nucleation and particle growth as shown in Fig. 9, where we
observed a decrease in both particle size and polydispersion
as flow rate increased. This trend continued up to a flow rate
of 8 mL min™. This is further confirmed through TEM
measurements as shown in Fig. 10 where the average particle
size was determined to be 4.45 (+0.97) nm at a flow rate of 5
mL min~" and 1.76 (+0.70) nm at a flow rate of 7 mL min".
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Fig. 10 TEM images of AgNPs synthesized at a total flow rate of (left)
5 mL min™t and (right) 7 mL min*. Size distribution histogram for each
image are shown in insets.

At a flow rate of 9 mL min™, an increase in AgNPs size and
variance was obtained, attributed to fluctuating mixing times
resulting from instabilities in rotation velocity (Fig. 5),
possibly due to cavitation.

We were consistently able to perform >50 runs (50 ml) per
microfluidic device, for combined characterization testing
and syntheses, over a period of 6 months. Device failure
always resulted from operator error, e.g. clogging of the rotor
due to inadequate solution filtering or overtightening of the
interconnection jig, resulting in stress cracking of the
bonded glass. Cleaning of the device with strong oxidizers
restored clogged device operation, whereas cracking is not
repairable. Micro-pitting of the rotor blades was observed
after running the mixer at high flow rates (=7 mL min™),
where cavitation is likely to occur (per COMSOL simulation,
ESIt). However, the pitting did not impact the device's
mixing performance. More than 20 sequential syntheses were
performed on individual devices at the flow rate of 8 ml
min~', producing 50 ml per run (>1 liter total sample
volume). Higher sample volumes can be attained by running
multiple devices in parallel.

4 Conclusions

In conclusion, a microturbine based, high speed
microfluidic mixer was microfabricated in silicon, and its
mixing  performance analyzed. This design was
demonstrated to achieve rotational velocities of 20-60
krpm, which is >10x faster than previously reported
fluidically driven microrotors. The mixing speed of two
reagents was controlled by varying rotational velocity with
flow rate, achieving sub millisecond mixing times at rotor
rotational speeds of 20-60 krpm. Co-localization
fluorescence image analysis and COMSOL Multiphysics
simulations were performed to obtain flow profiles.
Simulations very closely matched our experimental results,
demonstrating the utility of applying co-localization
imaging to the analysis of microfluidic mixing. A low flow
velocity zone, which is inherent to turbines operating at
high rotational velocity, was identified. Applying
characterization results, the synthesis protocol for AgNPs
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was optimized by assigning the limiting (AgNO;) and excess
reactants (NaBH,) to the appropriate fluidic inlets, keeping
Ag ions out of the low recirculating zone where they could
be a source for aggregation. As evidenced by DLS
measurements and TEM imaging, faster mixing times
resulted in the synthesis of smaller nanoparticles by
promoting more uniform dispersion and reduced
agglomeration of precursor materials. Results demonstrate
the microturbine mixer to be effective in controlling
kinetically-limited systems, such as the synthesis of ultra-
small AgNPs, in a highly reproducible fashion.
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