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An imaging scheme to study the flow dynamics of
co-flow regimes in microfluidics: implications for
nhanoprecipitationy

Wali Inam, @2 Anton Vladyka, ©°¢ Joanna W. Pylvanainen, ©9 Junel Solis, ©°
Dado Tokic, Pasi Kankaanpaa® and Hongbo Zhang @ *2°

Co-flow microfluidics, in addition to its applications in droplet generation, has gained popularity for use
with miscible solvent systems (continuous microfluidics). By leveraging the short diffusional distances in
miniature devices, processes like nanomaterial synthesis can be precisely tailored for high-throughput
production. In this context, the manipulation of flow regimes—from laminar to vortex formation, as well as
the generation of turbulent and turbulent jet flows—plays a significant role in optimizing these processes.
Therefore, a detailed understanding of fluid interactions within microchannels is crucial. Imaging with tracer
particles is a commonly used approach to study fluid behavior. Alternatively, label-free imaging
methodologies are rarely employed for studying fluid dynamics. In this pursuit, we present a new imaging-
based scheme to explore fluid interactions in various co-flow regimes through optical flow analysis,
specifically using Gaussian window mean squared error (MSE). By examining fluid flow characteristics such
as flow intensities (caused by fluctuations) and the projected movement of fluid spots, we characterize
slow vortexing and chaotic flow behaviors in co-flow regimes. Consequently, we use imaging data to
illustrate the influence of co-flow regimes on particle synthesis. This new tool provides the scientific
community with an innovative method to study fluid interactions, which can be further explored to develop
a more effective understanding of fluid mixing and optimize fluid manipulation in microfluidic devices.

microfluidics."’ In a typical nanoprecipitation, upon the
controlled introduction of a polymer solution into a non-
state-of-the-art

In the recently developed
technologies,"” microfluidics has emerged at the forefront of
continuing advancements in diagnostics, nanomedicine and
drug discovery.*™ The benefits offered by microfluidics and
miniature devices, such as smaller-scale dimensions, larger
surface area, quick heat dissipation and high diffusion rates,
add versatility that distinguishes microfluidics from the
conventional techniques for bulk processing.®”

In the field of nanomaterials, microfluidics has shown
tremendous growth as a platform for nanoparticle synthesis.
Among many approaches to synthesize nanoparticles, such as
self-assembly,® solvent displacement,” and ion exchange,"
nanoprecipitation is the most widely explored technique in
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solvent, particles are formed through nucleation under
supersaturated conditions, followed by diffusion-limited
growth."”"'® The process of nanoprecipitation is thus influenced
by many factors, including the solvent system,'®® polymer
properties,'® mixing conditions'” and device geometry.'®

In microfluidics devices for particle synthesis, co-flow—
comprising two coaxially aligned channels for propelling
fluids in the same direction—is a simple and extensively used
geometry." By configuring the flow ratio (FR) of the co-axially
propelled fluids, different flow regimes can be managed
through alteration of the Reynolds number (ratio of inertial
flow vs. viscous flow).”° At one extreme (Re < 2000), the fluid
behavior is in the laminar regime, in which molecular
diffusion serves as the main mechanism for fluid mixing. The
minimum mixing time (T'min) for the laminar stream is thus
expressed as Tmin ~ Wi/4D (where “D” is the diffusivity of the
solvent, and “w¢” is the width of the focused stream).'**!
Whereas at the other extreme, the flow adopts the turbulent
regime (Re > 2000) as inertial forces start to overcome the
viscous effect of the fluids. However, before fully turbulent
flow is developed, chaotic flow is observed as the laminar
flows become unstable and transition to chaos. The flow

This journal is © The Royal Society of Chemistry 2024
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instabilities caused in the fluid flow lead to the formation of
vortices and other coherent complex structures.”

Studying the dynamics of chaotic or complex turbulent flow
is a challenging proposition. In this regard, imaging techniques
have been well explored, including velocimeter-based techniques
such as micro particle imaging velocimetry (uPIV)** and laser
doppler velocimeters.> These techniques are expensive to
operate, often rely on the imaging of tracer particles/molecules,
and lack the propensity to give accurate measurements in a
continuous flow dynamics.> To eliminate the need for labeled
particles and reduce instrumentation costs, an alternative
approach could be developed based on optical image analysis to
study fluid flow regimes in co-flow microfluidics. Therefore,
there is a clear need to explore image analysis methods to
understand fluid flow mechanisms in these microfluidic
systems.

Therefore, we have developed an imaging scheme to study
the interaction of fluids in co-flow through a high-speed
digital microscopy and scheme for sequential image analysis
involving: (1) drift correction (DC, rectify the vibrational
influence from the environment); (2) a Gaussian window
MSE algorithm function (for the detection and visualization
of flow instabilities); (3) data extraction (data matrix); and (4)
data analysis. Finally, nanoparticle synthesis was performed
(model polymer) using the co-flow regime in microfluidics at
different polymer concentrations (0.5 mg mL™" to 5 mg
mL™). From our imaging data, we observed slow oscillatory
vortexing at a slow outer flow rate (Q, = 166.7 uL min™*) and
consistent flow intensities in more chaotic flow regimes (Q, =
666.7 uL min~"). Consequently, we illustrate the implications
of the studied co-fluid regimes on particle size, particle size
customization, and polydispersity. Therefore, we have laid
out a systematic imaging scheme to study the interaction of
fluids in a co-flow regime to understand fluid mixing and
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Fig. 1 The imaging scheme used to study chaotic flow consisted of
three steps: drift correction, Gaussian window MSE application, and
data extraction by TrackMate. Our data analysis based on the data
extracted using TrackMate was performed on total flow intensity (TFI),
clustering of fluid spots based on an intensity-weighted density map,
and fluid projection analysis based on the trajectory angle of the fluid
spot and fluid blob analysis.
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process optimization. Fig. 1 presents a systematic description
of the methodology.

Methods

Microfluidics chip construction

Microfluidics chips were assembled with a narrow borosilicate
glass capillary possessing an internal diameter of 580 um (Sutter
Instrument Co.) and a wider borosilicate glass capillary with an
internal diameter of 1100 pum (Sutter Instrument Co.). The
narrow glass capillary (580 pm) was first elongated with a puller
(Model PN-31) to form a tapered end. The closed end of tapered
capillary was gently rubbed with sandpaper to obtain an
opening of approximately 130 um. Thereafter, three segments of
wider outer capillary were made with help of a glass cutter, and
the tapered-end capillary (inner capillary) was inserted into the
segmented outer capillary. The inner and outer capillary combo
was placed on a glass slide (75 x 25 mm, J. Melvin freed brand)
and a hypodermic needle (20 g Pk 12 SN-20) was fixed on the
junction between the segment of the outer glass capillary. Metal
connectors were inserted in the two open ends of the outer
capillary. Lastly, devcon-5 minute epoxy was poured to seal the
chip. The chip was left overnight to complete the process of
sealing.

Rheology of fluids

Prior to fluid flow imaging, rheology measurements of the
fluids were performed to determine the fluid viscosity and fluid
deformation to characterize Newtonian or non-Newtonian
behaviour. In the current study, rheology experiments were
performed using an organic polymer solution (SpAcDEX) and
aqueous Poloxamer 407 solution in the inner and outer
capillary of co-flow microfluidics device, respectively.

The rheological properties of the fluids were evaluated using
a HAAKE™ MARS™ 40 advanced modular rheometer system
(version 4.87.001, Thermo Scientific, Karlsruhe, Germany). The
setup included a rotor plate (P35/Ti, 35 mm diameter) and a
lower plate (TMP 35). The zero point was set at 0.485 mm, and
the temperature was controlled at 23 ©C. Prior to each
measurement, the samples were sonicated and vortexed for 20
to 30 seconds. After a 60 second equilibration period, the
measurements were conducted with a shear rate ramp ranging
from 0.01 to 1000 s™* and lasting 350 seconds, with data being
collected every 8 seconds. The HAAKE™ RheoWin job manager
software recorded the measurements, and the data were
analyzed using the HAAKE™ RheoWin data manager (version
4.87.001). Each sample was measured twice, and a third
measurement was only performed if discrepancies were noted
between the initial two runs.

Setting up flow regimes

The microfluidics setup consisted of the co-flow device, two
Harvard pumps (PHD 2000, Harvard Apparatus, USA) and a
high-speed digital microscope (Meros). The connector leading to
the inner tapered-end capillary and the one opening to the outer
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capillary were connected to ethanol- and water-filled syringes
fixed onto the pump, respectively. The high-speed digital
microscope was used to image the flow. To generate different
co-flow regimes, the inner flow (Q;) was kept constant at 33.3 pL
min~" and the outer flow (Q,) was sequentially set to 166.7 uL
min~, 333.3 pyL min™, 666.7 pL min*, and 1666.7 pL min .
The flow regimes were designated as F1 (Qo; 166.7 puL min "), F2
(Qo; 333.3 uL min?), F3 (Q,; 666.7 uL min ™) and F4 (Q; 1666.7
uL min™"). Control experiments were performed by capturing
mono-flow with ethanol at 33.3 puL min™" in the inner capillary
and water in the outer capillary at 166.7 pL min", 333.3 uL
min~, 666.7 uL min* and 1666.7 pL min .

Fluid flow imaging

To image the flow behavior, the high-speed digital
microscope (Meros) was set to the lowest magnification (0.5x)
to obtain a better view of the microfluidics channels, and
mitos flow control center (version 3.1.42) software was used
to adjust the image quality and related settings, and to
initiate the process of capturing videos. Videography was
performed at 30 fps, restricted to 500 frames for a time
length of 16 s. For flow regime F2, 1500 frames of video were
captured until for a duration of 48 s to obtain a more stable
flow. Video was recaptured if any discrepancy was found.
Both the co-flow regimes and mono-flow (controls) were
imaged the using same protocol.

Drift correction and fluid flow analysis

Video encompassing 500 to 1500 stacked images of each flow
was captured. To rectify motion resulting from the vibrations
caused by pump operation, a drift correction was applied to
the recorded video using NanoJ-Core.>® Subsequently, the
optic flow was estimated for the stack of images using the
Gaussian Window MSE operation function in Fiji.*”

The Gaussian window MSE method for optic flow detects
motion by comparing pixel intensities between two consecutive
images. A Gaussian window applies weighted smoothing over a
local region, giving more importance to central pixels. The
algorithm calculates the mean squared error (MSE) between
pixel intensities in the two images and finds the displacement
(motion vector) that minimizes this error within the Gaussian
window. The magnitude of this displacement is then used to
assign intensity values, creating an optic flow image that
visualizes the motion between frames.

Based on this algorithm, we could track the fluid motion
resulting from flow fluctuations or vortex formation leading
to formation of vortices in different flow regimes. Image
processing of both co-flow regimes and mono-flow (controls)
were done using the same protocol.

Data extraction and image analysis

The data extraction after the application of the Gaussian
window MSE function was performed using TrackMate.>® The
label image detector identifies and tags different fluid spots
and enumerates parameters for each spot, such as flow
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intensity, flow trajectory (), and area, along with shape
indicators such as ellipse, perimeter, circularity, and solidity.
Thus, data was collected for each image using label image
detection. Therefore, a complex data matrix was generated,
which was later used for in-depth analysis by examining the
total intensity as a function of time, flow distribution in
clusters and shape analysis of fluid blobs.

Fluid blob analysis

Fluid blobs are single fluid spots or groups of fluid spots that
represent a cohesive region of fluid that exhibits irregular
motion and has a defined boundary and geometry. The shape
transformation and stretching of fluid bobs was studied to
determine the flow pattern, mixing regions and impact of the
stresses induced by the environment. Fluid blobs were
marked by performing thresholding (50-250) using Fiji. After
thresholding, FeretX (length of the pattern in the x
dimension) and FeretY (length of the pattern in the y
dimension) were measured to perform shape analysis.

Nanoparticle synthesis

Four polymer solutions were prepared by dissolving 1 mg, 2
mg, 5 mg, and 10 mg of spermine-modified acetylated dextran
(SpAcDEX) in 2 mL of ethanol to obtain final concentrations of
0.5 mg mL™", 1 mg mL ™", 2.5 mg mL ™", and 5 mg mL"". Each
concentration was treated in the following manner.

Polymer solution and non-solvent 0.1% Poloxamer 407
(Pluronic F127, mol. weight 12500 Daltons, pH 7.4 + 0.2)
solution were infused in the inner and outer capillary of the co-
flow microfluidics, respectively, with the aid of Harvard
Apparatus (PHD 2000, USA). The flow rate of the polymer
solution was at kept at 33.3 puL min™", whereas flow rate of the
aqueous solution (0.1% F127, pH 7.4 + 0.2) was set to 166.7 uL
min ', 333.3 pL min ', 666.7 pL min ' and 1666.7 uL min .
The produced particles were collected in a glass vial and
centrifuged (13 000 rpm) for 10 minutes to collect white pellets.
The particles were washed once with distilled water (pH 8) by
sonication and vortex mixing, and then centrifuged. Each
synthesis experiment was performed in triplicate.

Dynamic light scattering (DLS)

Colloidal parameters such as hydrodynamic particle diameter
and polydispersity index (PDI) were characterized via the DLS
technique using a Zetasizer Nano ZS instrument (Malvern
Panalytical Ltd., Malvern, UK). Sample preparation for all
samples was performed in an identical manner; a dilution of
the nanoparticles collected from the co-flow microfluidics device
was prepared by dispersing 200 pL of the nanoparticle
dispersion in 10 mL of distilled water. The diluted nanoparticle
suspensions (1 mL) were transferred to disposable cuvettes
(Malvern Panalytical Ltd.) and placed in the sample holder of
the instrument to perform size measurements. Zetasizer
measurements were performed in general purpose mode.
Measurement runs were set to automatic mode with maximum
allowed runs of 100, while repeated cycles of runs for each

This journal is © The Royal Society of Chemistry 2024
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measurement were fixed to 3; we comprehensively discuss the
reporting of DLS in our latest review.>’

To measure the electrophoretic mobility, nanoparticle
dilutions were prepared in 25 mM HEPES buffer (pH 7.2 +
0.2), which was filled carefully into the folded capillary cells
(DTS1070) with the help of a dropper to avoid bubble
entrapment. The electrophoretic mobility cell was placed in
the sample holder and three sets of measurements were
recorded. Zeta potential values were calculated from the
electrophoretic mobility values using the Henry equation.****

Results

Ethanol and water were flown through the tapered-end inner
capillary and wider outer capillary, respectively, in a co-flow
microfluidics device. Four flow regimes were generated by
setting the outer flow rate (Q,) to 166.7 uL min™" (F1), 333.3
uL min™" (F2), 666.7 uL min~" (F3) and 1666.7 puL min™"' (F4)
respectively, while keeping the inner flow rate (Q;) constant at
33.3 pL min . All flow regimes were produced with Re
numbers ranging from 27 to 273. The detailed parameters of
the co-flows generated are given in Table 1.

Image analysis scheme

Video of each flow regime was recorded as described in the
methodology section, and the imaging scheme was applied
(drift correction (DC) > Gaussian window MSE > TrackMate).
The Gaussian Window MSE used for optic flow visualization
compares pixel intensities between two sequential images for
tracking motion. The algorithm computes the mean squared
error (MSE) between pixel intensities in both images and
determines the shift (motion vector). The magnitude of this
displacement is then used to assign intensity values, resulting
in an optic flow image that captures the movement between
the frames. Data extraction was performed using TrackMate
and the following important parameters were studied further:
(i) fluid spots, single data points that represent groups of pixels
(sharing closely associated magnitude and vector quantities) in
close vicinity. ii) Fluid blobs, which are single fluid spots or
groups of fluid spots representing a cohesive region of fluid
that exhibits irregular motion, and has a defined boundary and
geometry. iii) Flow intensity, which refers to the magnitude of
the intensity of the fluid exhibiting fluctuations due to non-
laminar flow, which was graded on the grayscale values of the
pixels (0-255). ii) Flow trajectory, which is measurement of the
angle at which each fluid spot is headed in a given space and

Table 1 Flow regime parameters, inner flow ratio (ethanol), outer fluid
ratio (water), Reynolds number (Re)

Flow regime Inner FR Outer FR FR Re

F1 33.3 uL min™" 166.7 pL min " 0.2 27
F2 33.3 uL min* 333.3 uL min* 0.1 54
F3 33.3 uL min~* 666.7 uL min " 0.05 108
F4 33.3 uL min* 1666.7 uL min™* 0.02 273

Inner FR (ethanol), outer FR (water), Re (Reynolds number).

This journal is © The Royal Society of Chemistry 2024
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time. The direction values were graded and adjusted for the
grayscale values (0 to 255).

Flow regime imaging analysis

High-speed digital microscopy imaging showed that upon
increasing Q, from 166.7 pL min™" to 1666.7 pL min~", the
length of the laminar stream increased. At the highest Q, of
1666.7 uL min~" (F4), the flow becomes completely laminar,
with the ethanol stream flowing in middle of the outer
capillary (Fig. 2m). However, the laminar ethanol stream
expands into a conical tail in the F1, F2 and F3 flow regimes
(Fig. 2d, g and j). Some vortices were observed in the conical
trail region, which were further analysed using the Gaussian
window MSE function.

Images of all four flow regimes (F1. F2, F3 and F4) and
the controls (mono-flow setup, ethanol Q; (33.3 pL min ",
water Q, 166.7 uL min™") were computed based on the
average intensity of the fluid spots (Fig. 2). Flow intensity is
illustrated by the white spots against the black background,
whereas the brightness of spot correlates with the magnitude
of flow intensity. In the F1 flow regime, weak flow intensity
was observed around a semi-circular path with a diminished
core (Fig. 2e), indicating the formation of vortices.

Similarly, flow intensity in the F2 flow regime is also
detected around a semi-circular path (Fig. 2h), indicating the
formation of vortices. However, the relatively high flow rate
intensity observed indicated stronger interaction between the
fluids. The computed image for the F3 regime showed a claw-

a)

E
- |

E-
g
-E“ _

Fig. 2 Gaussian-transformed images of the controls: a) only ethanol
flowing through the inner capillary, or only water flowing through the
outer capillary at ¢) Q, 166.7 uL min™%, f) Q, 333.3 uL. min, i) Q, 666.7
puL min? and 1) Q, 1666.7 uL min™t. b) Photograph of the co-flow
device. Digital high-speed microscopy imaging of the four co-flow
regimes (water in the inner capillary and ethanol in the outer capillary):
d) F1 flow regime, g) F2 flow regime, j) F3 flow regime and m) F4 flow
regime. Images computed based on the average flow intensity from all
fluid spots over the period of time for all co-flow regimes after
application of Gaussian window MSE: e) F1 flow regime, h) F2 flow
regime, k) F3 flow regime and n) F4 flow regime. The bright spots
indicate intensity generated by the fluctuating flow with inner and
outer fluid interaction during co-flow.
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shaped flow intensity spread over a much larger area (500 pm)
at the interface of the outer and inner fluid (Fig. 2k). The fact
that no intensity was observed in the F4 flow regime (Fig. 2n)
illustrates that once complete laminar flow is achieved, fluid
interaction and flow fluctuations are minimized. Similarly, no
flow intensity was observed in the controls (Fig. 2). Hence,
these results verify that flow intensity is only observed due to
flow fluctuation and the interaction of fluids.

Analysing flow in clusters

To analyse the distribution of flow intensity around the area
of fluctuating flow, we mapped fluid spots in an intensity-
weighted density plot. The data showed that the fluid spots
form clusters with dense cores corresponding to a high
number of fluid spots (Fig. 3a). These clusters are likely the
contact points of high chaos as the two meet when vortices
are produced. For example, clusters 0 and 2 in the F1 flow
regime and clusters 1 and 4 in the F2 flow regime are
situated in close proximity to the outer fluid and show high
density as compared to the other clusters in the respective
flow regimes (Fig. 2a and b). In the F3 flow regime, clusters 0
and 1 have significant size and density, corresponding to a
high degree of chaos (Fig. 3c) Thus, analysis of the fluid
clusters gives information about the distribution of flow
intensity around vortices as well as points of high chaos.

Total intensity as a function of time

The fluctuations and instabilities caused by the interaction
of ethanol as the inner fluid and water as the outer fluid
are altered with changes in Q,. Therefore, the total intensity
was studied as a function of time. The results showed that
at the lowest flow rate of Q, = 166.7 uL min™' (F1 flow
regime), the total intensity exhibits oscillations, forming
three zones. Each zone comprised five to six peaks. The first
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Fig. 3 Intensity-weighted density map. Co-flow regimes with ethanol
as the inner flow and water as the outer flow: a) F1 flow regime, b) F2
flow regime and c) F3 flow regime. Clusters shown as dense spots are
marked with numbers. Colour mapping indicates the density of the
spots estimated based on the flow intensity. The highest density
corresponds to the red areas.
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set of oscillations was observed between ¢t = 2.5 s and ¢ =
5.5 s, corresponding to frames 81-171. The second set of
oscillations was found between ¢ = 8 s and ¢ = 11.5 s
corresponding to frames 261-271. The third zone extended
from t = 13 s to ¢ = 16 s (corresponding to frame numbers
405 to 494) (Fig. 4a). To investigate the oscillatory nature of
the F1 flow regime, we performed Fourier analysis on the
total intensity data of each cluster. Interestingly, we found
that cluster 1 exhibited first, second and third harmonic
frequencies of 2.7 Hz, 5.4 Hz and 8.1 Hz, respectively (ESIt
Fig. S1). Cluster 2 oscillated at the first and second
harmonic frequencies (2.7 Hz and 5.4 Hz), and cluster 3
exhibited the first and third harmonic frequencies (Fig. S1,
ESIt). This harmonic fluid flow intensity indicates rhythmic
interaction between the two miscible fluids and displays the
generation of slow vortexing behaviour in the F1 flow
regime that could influence fluid mixing.

Upon increasing the Q, to 333.3 uL min™' (F2 flow
regime), the total oscillation intensity decreased, and two
zones of high intensity were observed. Zone 1 extended
between frames 440 and 900 and persisted for 20 s,
while the shorter zone 2 existed between frames 1120
and 1500 and lasted for 16 s, (Fig. 4b). The total
intensity values were significantly higher than in the F1
flow regime (correlating well with the cluster analysis)
due to the rapid rate of interaction between the two
miscible fluids. This fast fluid flow fluctuation led to
fast vortexing.

The total intensity data showed that when Q, is increased
two-fold to 666.7 puL min~', the rate and strength of
interaction further increase, generating continuous and high
flow intensity. The total intensity values were significantly
higher than in the F2 and F1 flow regimes, showing vigorous
flow fluctuations (Fig. 4c).
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Fig. 4 Total intensity as a function of time. Total intensity is calculated
by summing the mean intensities of all the fluid spots for a unit of
time. Co-flow regimes with ethanol as the inner flow and water as the
outer flow: a) F1 flow regime, b) F2 flow regime and c) F3 flow regime.
Oscillating zones are marked in gray.
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Fluid projection analysis

Analysis of the movement and trajectory of fluids is critical
for understanding chaos in a system.*> Rather than the
commonly employed traceable particles used to predict and
track fluid movement,*”* here, we have used the angle of
trajectory angle (0) data of the fluid spots derived with
Gaussian window MSE to estimate the movement of the fluid
in each flow regime. The angle of trajectory () for each fluid
was estimated per unit time (scaled 0-255).

Rapidly changing flow trajectory is one of the
characteristic features of a chaotic or turbulent system.*®
Therefore, to analyse the chaos in the flow regimes, we
studied the intensity weighted direction vs. intensity heat
map (Fig. 5). For the sake of simplicity, the directions based
on trajectory angle directions were classified as upward,
downward, backward and forward. Based on the heat map
analysis, the fluid spots in the F3 flow regime showed the
broadest distribution of fluid spots along the direction axis,
with the fluid spots showing a bimodal distribution in the
forward and backward direction. The F4 flow regime, in
contrast, was thinly populated with fluid spots narrowly
distributed along the distance axis. The fluid spots in the F2
flow regime showed a broader distribution along the
direction axis compared to the F1 flow regime.

Fluid blob analysis

The coherent structures generated during fluid mixing
elucidated by tracer particles are characteristic features of
flow regimes.>® The Gaussian Window MSE operation
function, in addition to tracking fluid motion through the
intensity and angle of trajectory, also computes the shape
and dimensions of force fields termed as fluid blobs (Fig. S2,
ESIT). By studying how the dimensions of the fluid blobs
change in different flow regimes, we aim to understand the
fluid flow pattern. For the sake of simplicity, we focused on
three regions, the SP1 region parallel and close to the top
wall of the outer capillary, the S2 region in the middle and
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ethanol as the inner flow and water as the outer flow: a) F1 flow
regime, b) F2 flow regime, c) F3 flow regime and d) F4 flow regime.
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close to the tapered-end capillary and the S3 area close and
parallel to the lower wall of the outer capillary (Fig. 6).

Analysis and comparison of S1 region

We compared the movement of fluids in the S1 region of the
F1, F2 and F3 flow regimes. A comparison of relative
percentage frequency of fluid blob lengths along the x axis as
measured by FeretX shows that fluid blobs in the F1 and F2
flow regimes mostly stretch 10 pum horizontally (~40%)
(Fig. 6). In comparison, the fluid blobs in the F3 flow regime
extend from 200 to 400 um. The fluid blobs in the F3 flow
regime have longer horizontal extension in comparison to
the other flow regimes.

FeretY was studied to evaluate the vertical extension of the
fluid blobs. The vertical extension of the fluid blobs (FeretY)
ranged from 10 to 30 um (56%, F1 flow regime), 30 to 70 pm
(76%, F2 flow regime) and 70 to 130 um (66%, F3 flow
regime) (Fig. 6). The FeretY analysis shows that the vertical
extension of the fluid blobs increases as the flow rate is
increased from 33.3 uL min™* to 1666.7 pL min " as the flow
regime transitions from F1 to F2.

The overall comparison of the fluid blob extension in the
x and y dimensions in the SP1 region of the F1, F3 and F2
flow regimes shows that fluid blobs occupying the S1 region
in the F1 regime are small and spherical in shape (with
approximately equal x and y extensions). In the F2 regime,
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Fig. 6 Line graphs illustrating the percentage relative frequency of
the S1 and S3 region fluid blobs in the co-flow regimes: F1, F2, and
F3. The co-flow regimes are generated with ethanol as the inner flow
and water as the outer flow. The extensions of the fluid blobs plotted
along x and y axes were measured using FeretX and FeretY,
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applying thresholding (50-255) in Fiji.
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the fluid blobs are elliptical in shape and oriented vertically.
In contrast, the fluid blobs are large, elongated and stretched
horizontally in the F3 regime. The elliptical fluid blobs and
extended horizontal structures indicate enhanced stretching
of the material lines along the length of the capillary.

Analysis and comparison of the SP2 region

Comparison of the SP2 region shows that the F1 regime has
two populations of fluid blobs horizontally extending to
FeretX lengths of 10 um (35%) and 90 pum (16%), (Fig. 6). In
the F3 regime, the fluid blobs have a FeretX length of 90 pm
(20%, Fig. 6).

Analysis of the vertical dimensions of the fluid blobs
shows no significant difference between the F1 and F3 flow
regimes. In the SP2 region, the fluid blobs appear small and
spherical with no significant extension in the horizontal or
vertical direction.

Analysis and comparison of the S3 region

The analysis of the S3 region of the F1 and F2 regimes shows
smaller fluid blobs (sub-100 pm) in both regimes, whereas
fluid blobs with sizes greater than 200 nm are found in the
S3 region of F1 regime (Fig. 6). In comparison, the fluid blobs
in the F2 and F3 flow regimes compared across vertical
extension have a FeretY value of 75 um (83% and 57%
respectively) (Fig. 6). Based on the comparison of the FeretX
and FeretY analyses, the fluid blobs in the F1 regimen are
smaller and exhibit a spherical shape.

In the F2 flow regime, the fluid blobs extend vertically,
forming an elliptical shape. In the F3 flow regime, the fluid
blobs are oriented horizontally, parallel to the length of the
outer capillary wall (Fig. 6).

Implications of co-flow regimes on nanoprecipitation

Characterizing fluid rheology. Fluid rheology significantly
influences fluid flow behaviour, especially in the confined
space of miniature channels. The change in viscosity in
relation to the rate of shear is an important aspect of fluid
rheology, which determines whether a fluid has Newtonian
or non-Newtonian characteristics. To determine the
rheological nature of the fluids (SpAcDEX and Poloxamer 407
solution) used in our experimental step, we used a HAAKE™
MARS™ 40 advanced modular rheometer system (version
4.87.001, Thermo Scientific, Karlsruhe, Germany) with a
cone-plate geometry (35 mm) at 23 °C. The inner solution of
SpACcDEX (0.5 mg mL ™, 1 mg mL ™, 1 mg mL ™, 2.5 mg mL™*
and 5 mg mL™") and outer solution of 0.1% Poloxamer 407
(pH 7.4 + 0.2) showed relatively constant viscosity over shear
rates ranging from 10 to 1000 1/s, which also shows that the
polymer (SpAcDEX) and surfactant (Poloxamer) do not alter
the rheological properties of the solvents. Thus, the fluid
behaviour studied by imaging data could be correlated and
compared to illustrate nanoprecipitation (Fig. 7).

Microfluidics-assisted SpAcDEX particle synthesis. To
understand the implication of the imaging data analysis,
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Fig. 7 Fluid rheology characterized using a HAAKE™ MARS™ 40
advanced modular rheometer system (version 4.87.001, Thermo
Scientific, Karlsruhe, Germany). A viscosity (5, Pac) vs. shear rate (y, 1/s)
scatter graph was plotted for the inner solution of SpAcDEX in ethanol
(05gmLY 1mgmL? 25gmL?and 5 mg mL™) and outer solution
0.1% poloxamer 407 polymer, while ethanol and water were used for
comparison.

SpAcDEX particles were synthesized using the co-flow
microfluidics device. The polymer solution was flown
through the inner tapered-end capillary, and 0.1%
Poloxamer 407 solution (pH 7.4 + 0.2) was infused directly
into the outer capillary. Particles were synthesized using
the co-flow regimes F1, F2, F3 and F4 described earlier
and polymer concentrations ranging from 0.5 mg mL™" to
5 mg mL". The hydrodynamic particle diameters of the
produced nanoparticles were characterized using dynamic
light scattering, and the electrokinetic stability of the
particles was studied by measuring their electrophoretic
mobility and calculating of their zeta potential using a
Zetasizer Nano ZS (Malvern Panalytical Ltd.).

Impact of co flow regime on the particle size. The
hydrodynamic diameter of the nanoparticles studied by DLS
showed a decline in particle size with increasing Q, (Fig. 8b).
This trend in particle size was consistent across polymer
concentrations of 0.5 mg mL™" to 2.5 mg mL™, (Fig. S4,
ESIf). DLS characterization of particles synthesized at
concentrations of 0.5 mg mL ™", 1 mg mL™" and 2.5 mg mL™"
showed respective hydrodynamic particle diameters of 210 +
20 nm, 220 + 20 nm, 260 + 10 nm at the lowest Q, 166.7 pl
min™" (F1 flow regime), whereas the hydrodynamic particle
diameter was reduced to 153 + 14 nm, 180 + 10 nm, and 192
+ 5 nm at concentrations 0.5 mg mL™", 1 mg mL™" and 2.5
mg mL™", respectively, at the highest Q, of 1666.7 uL min™
(F4 flow regime) (Fig. 8b). The results show that the F4
laminar flow regime favours the synthesis of small particles.

Impact of co flow regime on particle size customization.
Next, we were interested in examining the particle size
customization potential of each flow regime. To do so, we
studied the increase in the hydrodynamic particle diameter as
the polymer concentration was raised to the next-highest
concentration. The increase in the hydrodynamic particle
diameter of the SpAcDEX particles was studied between
concentrations of 1 mg to 0.5 mg (Con 1-0.5), 2.5 mg to 1 mg
(Con 2.5-1), 5 mg to 2.5 mg (Con 5-2.5), and 5 mg to 0.5 mg

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 a) Hydrodynamic particle diameter (HD) and minimum mixing
time (T'min) plotted against flow ratio. b) Hydrodynamic particle size
plotted against polymer concentration for the four flow regimes. c) The
size customization of the SpAcDEX particles was studied by the
measuring difference in particle size between the lower and next-highest
concentration for each flow regime for polymer concentrations of 0.5
mg mL™ to 5 mg mL™. Conc 1-0.5, Con 2.5-5, and Con 5-2.5 represent
the increment in particle size as the concentration is increased from 0.5
to 1 mg, 1 mg to 2.5 mg, and 2.5 mg to 5 mg, respectively for the flow
ratios (FR) 0.2 (F1), 0.1 (F2), 0.05 (F3), and 0.02 (F4). d) Polydispersity index
(PDI) of the particles plotted against polymer concentration (0.5 mg mL™
to 5 mg mL™) for all flow regimes.

(Con 5-0.5). Our analysis showed that for the concertation range
5-0.5 mg (Con 5-0.5), highest increase in hydrodynamic particle
diameter of 218 + 22 nm and 186 + 44 nm was shown by the F2
(FR 0.1) and F3 (FR 0.05) flow regimes (Fig. 8c). Whereas an
increment of 147 + 5 nm and 47 + 6 nm was exhibited by the F4
(FR 0.02) and F1 (FR 0.1) flow regimes, respectively (Fig. 8c).
Thus our result suggests that F2 and F3 flow regimes provide
more flexible control over the particle size, which correlates well
with the polymer concentration, allowing more room for particle
size customization.

Impact of co flow regime on particle size uniformity. The
polydispersity index (PDI) is an important parameter and an
indicator of particle size uniformity.*’” To understand the
impact of the co-flow regimes on the uniformity of the
SpAcDEX particles, we studied the polydispersity (PDI) of the
particles produced by different flow regimes using a Zetasizer
Nano ZS. It is noteworthy that there is no clear cut off value
of PDI that marks particle size uniformity and monodisperse
formulation synthesis. However, it is generally agreed that
the lower the PDI values, the better the uniformity and the
less polydisperse the formulation.*

The results show that the polydispersity of the particles is
highly influenced by the Q,, flow regime adopted and
concentration of polymer. Therefore, optimum conditions are
required to obtain uniformity in the particle size. When
comparing PDI  values Dbetween different polymer
concentrations across different flow regimes, it was found that
F2 and F3 flow regimes exhibited the lowest PDI values of
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0.118 and 0.094 at a 2.5 mg mL ™" concentration, respectively
(Fig. 8d). In comparison, the F1 and F4 regimes showed high
PDI values, indicating high polydispersity (Fig. 8d). Therefore
in addition to more flexible particle size growth F2 and F3 flow
regime also favour uniform particle synthesis.

Discussion

To explore the dynamics of fluid flow in co-flow microfluidics,
four flow regimes were generated by varying Q, from 166.7 to
1666.7 uL min ™" (FR 0.2-0.01) in the low Reynolds number (27~
273) range. After capturing each flow regime using high-speed
digital microscopy, an image processing scheme was followed to
compute and study the fluid flow motion caused due to inertial
effects caused by interaction of two fluids. After rectifying the
noise from the vibrational effects with drift correction, Gaussian
Window MSE was applied and important parameters were
extracted, such as fluid flow intensity, angle of projection, and
distribution of fluid spots based on clustering, and the
morphology of the fluid blobs was analysed to decipher the
dynamics of each flow regime. Next, SpAcDEX particle synthesis
was examined using the co-flow regimes in terms of
hydrodynamic diameter, particle size customization and
polydispersity.

The imaging data suggests that in the F1 flow regime (FR
0.2, Q, 166.7 uL min™") the detected flow intensity exhibits
oscillation, (see Fig. 4a). The presence of oscillatory intensity
(three oscillating zones) suggests slow interaction between
the inner and outer fluids. Further, images computed based
on the average flow intensities indicate that interaction
occurs around a semi-circular path (Fig. 2e), suggesting the
formation of vortices. Interestingly, the harmonic frequencies
originating from clusters 1, 2 and 3 indicate that vortices are
formed in a rhythmic fashion (see Fig. S2, ESIf). Analysing
fluid projection using the angle of trajectory shows the
dominance of back flow (Fig. 5a), which results in slower
forward propulsion. Therefore, slow vortexing and high back
flow would lead to accumulation of polymer precipitates
resulting in larger and non uniform particle size
(Fig. 8b and d).

With increasing Q, to 333.3 uL min " (F2 flow regime),
inner fluid extends as small laminar stream and immediately
disturpting into a fluctuating flow. The total flow intensity
studied as a function of time shows high intensity flow with
fewer oscillations (two oscillating zones) (see Fig. 4b). Like in
the F1 flow regime, flow intensity was detected around a
semi-circular path, showing the formation of vortices. The
randomization of fluid movement around a semi-circular
path is depicted by the broad distribution of fluid spots in
both the forward and backward direction (Fig. 5b). Based on
the flow intensity and fluid projection analysis, the vertices
formed in the F2 flow regime lead to more chaotic movement
of fluid. In the F2 flow regime, the laminar stream promoting
fluid mixing by diffusion (7, 0.009, Fig. 8a) is supplemented
by the additional mixing by chaotic vortexing that forms
smaller particles (Fig. 8b) with lower polydispersity (Fig. 8d)
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and improved particle size customization compared to the F1
flow regime (Fig. 8c).

Upon increasing Q, to 666.7 uL min~' (F3 flow regime),
the laminar flow extends further, and at the far end, flow
fluctuations are observed, resulting in high flow intensity
(Fig. 4c). The total intensity is detected to be produced
continuously over time spread over a large distance. In
addition, projection analysis shows an even broader
distribution of fluid movement, indicating the generation of
higher chaos. Further, the flow intensity is distributed more
uniformly near the tapered-end inner capillary. Fluid blob
analysis of the F3 flow regime shows that the force fields
generated are large, elongated and stretched horizontally,
indicating enhanced stretching of the material lines along
the length of the capillary near the walls of outer capillary
(Fig. 6). Therefore, in the F3 flow regime, diffusion-based
mixing by the laminar stream (7., 0.0025, Fig. 8a) is further
supplemented by chaotic-flow-based fluid mixing, leading to
a further decrease in hydrodynamic particle size (Fig. 8b),
lower polydispersity (Fig. 8d), a narrower particle size
distribution (Fig. S3, see ESIf) and significant particle size
customization (Fig. 8c).

Complete laminar flow was achieved at Q, 1666.7 pL min "
(F4 flow regime) with no flow fluctuation. Here,
nanoprecipitation is caused by mixing assisted by only
molecular diffusion across laminar flow (zyi, 4.2 % 1074, Fig. 8a).
Due to instance nucleation, under the fast laminar flow, the
particle size is further reduced (Fig. 8b), but at the expense of
lack of monodispersity (high PDI, Fig. 8d). With laminar flow,
the particle size customization is also reduced (Fig. 8c).

According to the LaMer mechanism,*® nucleation and
particle growth are two key components of nanoprecipitation.
The formation nuclei begins in an instantaneous outburst from
supersaturation; the following drop in concentration halts
nucleation and the molecular diffusion of monomeric molecules
promotes the growth of particles. Molecular diffusion in the
laminar flow is a slow process. While vortexing or turbulent flow
is known to greatly enhance mixing through folding, stretching
and re-folding mechanisms.**°

Hence, based on the above discussion, we conclude that
the F2 and F3 flow regimes provide the most optimum
conditions for nanoprecipitation. First, nucleation through
the diffusion-based mixing of the fluid constituents across
the laminar stream is achieved, while consequent exposure to
vortexing or chaotic flow aids in providing homogeneity,
smaller particle size and particles size customization by
controlling nucleation and growth to assist the
nanoprecipitation-based particle synthesis.

The imaging scheme presented in this study to examine flow
fluctuation and unstable or chaotic flows allows characterization
of different co-flow regimes; however, this methods is sensitive
to noise, which may result from measurement or environmental
factors. This effect can be minimized by applying drift
correction. Due to the lack of labelling and limitation of the
algorithm, complex flow structures cannot be accurately tracked.
Taking these limitations into account, this imaging scheme
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could be combined with other techniques, such as micro-
particle image velocimetry (uPIV), to help develop a more
comprehensive understanding of fluid behavior in microfluidic
systems.

Conclusion

In this study, we have presented an imaging-based scheme to
investigate the dynamics of co-flow regimes (F1, F2, F3 and F4)
through examination of fluid flow intensities, fluid movement
and fluid blob analysis. Based on our imaging scheme, we
characterized slow oscillatory motion (vortices) and chaotic
vortices/flow in co-flow microfluidics through analysis of fluid
flow intensity, flow tracjectory, and flow distribution (cluster
analysis). We then used the imaging data to explain the impact
of each flow regime on nanoprecipitation-based particle
synthesis. We showed that the vortices or chaotic flow generated
in the F2 and F3 flow regimes greatly aid in particle size
reduction, reduce polydispersity and provide flexible particle size
customization.

Our imaging-based scheme is cost-effective and can be
easily exploited to explore different unstable or vigorous fluid
flows in miniature devices. Thereby, it can be used to
improve the understanding of fluid flow dynamics,
manipulation and process optimization, to foster automation
in miniature devices.
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