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An Innovative Data Processing Method for Studying Nanoparticle Formation

in Droplet Microfluidics using X-rays Scattering

Dimitri Radajewski*?, Liam Hunter?, Xuefeng He?, Ouassef Nahi?, Johanna M. Galloway?

and Fiona C. Meldrum*?

X-ray scattering techniques provide a powerful means of characterizing the formation of
nanoparticles in solution. Coupling these techniques to segmented-flow microfluidic devices
that offer well-defined environments gives access to in situ time-resolved analysis, excellent
reproducibility, and eliminates potential radiation damage. However, analysis of the resulting
datasets can be extremely time-consuming, where these comprise frames corresponding to
the droplets alone, the continuous phase alone, and to both at their interface. We here
describe a robust, low-cost, and versatile droplet microfluidics device and use it to study the
formation of magnetite nanoparticles with simultaneous synchrotron SAXS and WAXS.
Lateral outlet capillaries facilitate the X-ray analysis and reaction times of between a few
seconds and minutes can be accommodated. A two-step data processing method is then
described that exploits the unique WAXS signatures of the droplets, continuous phase, and
interfacial region to identify the frames corresponding to the droplets. These are then sorted,
and the background scattering is subtracted using an automated frame-by-frame approach,
allowing the signal from the nanoparticles to be isolated from the raw data. Modeling these
data gives quantitative information about the evolution of the sizes and structures of the
nanoparticles, in agreement with TEM observations. This versatile platform can be readily

employed to study a wide range of dynamic processes in heterogeneous systems.



1. Introduction

X-ray scattering techniques are used extensively to investigate the structures of hard and soft
matter systems.' Small Angle X-ray Scattering (SAXS) can provide information including
molecular interactions* and weights,> structural conformations,®’ the folding dynamics of
proteins in solution,® and the formation of nanoparticles®, while Wide Angle X-ray Scattering
(WAXS) reveals the crystal structures of both organic and inorganic materials. Simultaneous
SAXS/WAXS provides a particularly powerful means of studying dynamic processes such as
nanoparticle nucleation and growth.’®* Many of these applications require that large
parameter spaces are screened, that analyses are conducted with small quantities of sample,
and that data is recorded at short time-scales with excellent time resolution. Microfluidic
devices provide an attractive means of meeting these demands, and their small sizes make
them well-suited to the sample environments available at many synchrotron beamlines. The
continuous flow through these devices also constantly renews the sample such that radiation
damage that can arise from extended exposure to high energy X-rays is virtually eliminated.*®
A range of microfluidic devices have been constructed to facilitate on-chip X-ray analysis.®
The simplest designs allow mixing of reagents, and analysis is conducted by focusing the beam
on an X-ray transparent capillary positioned at the exit of the device.?>?! Chips can also be
constructed with microfluidics channels sealed with X-ray transparent films such as Kapton or
Mylar, creating an observation window.??23  Different positions along the channels
correspond to different reaction times, thereby facilitating time-resolved investigations. Such
devices have been operated with continuous flows to study dynamic processes such as
protein folding,?* the behavior of lipidic mesophases?® and the assembly of surfactants?® and

intermediate filaments,?” as well as the nucleation and growth of inorganic



nanoparticles.?82°2230 However, continuous flow systems often suffer from clogging, where
this can be particularly significant in crystallization processes.3! This can be avoided using
segmented-flow microfluidic systems in which the droplets behave as independent
microreactors and the continuous phase lubricates the microchannels, reducing the likelihood
of clogging. With the creation of numerous, identical droplets these systems also deliver
statistically reliable data.3?

These multiphasic systems have been used to screen conditions for crystallizing proteins,33:34
to measure nucleation kinetics of organic molecules®>3® and inorganic salts,>”*® and to
synthesize inorganic nanoparticles.3°*?> Combining droplet-based microfluidics with X-ray
analysis remains challenging, however, due in part to the complexity of extracting data from
flowing droplets. During analysis, the X-ray detector collects frames at a rate that exceeds
the frequency of passing droplets such that frames are collected from the aqueous droplets,
the continuous oil phase, and the interface between these. Two fundamentally different
approaches can be used to create datasets corresponding to the droplets alone, where
selection is achieved either (i) at the point of data collection or (ii) after. The former is
conducted using on-line image analysis to detect droplets close to the beam position, which
triggers the shutter to open and data acquisition to begin. Frames are only collected from the
droplets and all can be used in the analysis. This method has been used to study protein
structures and interactions using SAXS.2%2!  The second method is experimentally
straightforward, but then requires the droplet frames to be isolated. This can be achieved by
identifying characteristic features in the frames. This technique has been used to investigate
the crystallization of calcium carbonate in flowing droplets using WAXS.2>  Droplet

microfluidics and SAXS have also been combined to investigate the formation of liquid



crystal®® and gold nanoparticles® but the methods used to process the data were not

described in detail.
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Figure 1. Summary of the two-step data processing technique based on simultaneous SAXS

and WAXS acquisition from droplets flowing through a capillary.

In this work, a two-steps data processing technique based on simultaneous SAXS and WAXS
acquisition from droplets is used and summarized in Figure 1. Data are recorded as a

continuous sequence of snapshots. Features present in the WAXS patterns allow the



unwanted oil and interface frames to be discarded, and the SAXS frames then allow those
from the droplets to be sorted between nanoparticle-rich and solution-only frames.

Subsequent frame-to-frame subtraction gives data from the nanoparticles alone.

2. Materials and Methods
2.1 Magnetite Synthesis

Magnetite (Fes04) is a mixed-valence (Fe(ll)Fe(ll1)204) magnetic iron oxide with an inverse
spinel structure whose ferromagnetic properties are used in many technological
applications*#>. It also occurs in geology and as a biomineral,*® and is used in organisms such
as bacteria for magnetotaxis.*’ In the current experiments, magnetite nanoparticles were
synthesized using a co-precipitation method.*®* It is noted that small magnetite
nanoparticles rapidly oxidize to maghemite (y-Fe,03) and that magnetite and maghemite are
indistinguishable by electron diffraction®°. We can therefore not conclusively state whether
the particles synthesized were magnetite or maghemite. A solution containing Fe?* and Fe3*
precursors was mixed with sodium hydroxide solution at room temperature, according to the

following equation:

2Fe3* + Fe?*+80H~ - Fe;0,+ H,0 Eq.1

Coprecipitation is cheap and experimentally straightforward, and flow systems have been
explored to achieve greater control over the product nanoparticles.”! The potential of using
segmented-flow microfluidic devices has also been investigated, where Frenz et al. initiated

intra-droplet precipitation by merging pairs of droplets carrying Fe(ll)/Fe(lll) and NH40H.>?



Stock solutions of 100 mM iron(ll), 100 mM iron(lll), and 1M NaOH were prepared by
dissolving the corresponding solids (FeCls.7H.0, FeCl;.4H,0, NaOH, Sigma-Aldrich) in anoxic
Milli-Q water that was deoxygenated by sparging with N for at least 2 hours, and a stream of
N2 was bubbled through all solutions once made up to minimize areal oxidation. Preliminary
experiments in bulk solution were performed to identify suitable reaction conditions for the
on-chip synthesis and showed that magnetite formed within 2 mins on combining the stock
solutions with water under continuous stirring to give concentrations of [Fe?*] = [Fe3'] = 25
mM and [NaOH] = 250 mM. The resulting nanoparticles were black and were attracted to a
magnet. Nanoparticles were collected on a Transmission Electron Microscopy (TEM) grid
(formvar and carbon-coated copper 200 mesh, EMS, USA) and were imaged on a FEI Tecnai
TF20 FEGTEM at 200 keV using a Gatan Orius SC600A CCD camera. Selected Area Electron
Diffraction (SAED) was fitted using AMCSD file #7766 for magnetite. Image analysis was
performed with the software Imagel to determine the sizes of the nanoparticles from the

TEM image.

2.2 Microfluidic Design

The microfluidic design used is shown in Figure 2 and comprises two parts. The first is a classic
Y-junction where the Fe(ll)/Fe(lll) solution, the NaOH solution, and water are mixed with
respective flowrates of 2, 2 and 4 uL/min, to give final concentrations of [Fe?*] = [Fe3*] = 25
mM and [NaOH] = 250mM. This aqueous stream is periodically split into droplets by an
immiscible fluorinated oil (FC-40, Fluorinert, 3M) containing a biocompatible PEG-PFPE
amphiphilic block copolymer that was synthesized in-house, and which stabilizes droplet
generation and controls the wetting properties. The water flow positioned between the

Fe(ll)/Fe(lll) and NaOH solutions is used to delay the contact between the iron and base



solutions. This prevents adventitious precipitation at the junction that can cause clogging and

ensures that the nanoparticles only form within the droplets.

The second section of the microfluidic device is a serpentine channel of length 46 cm whose
purpose is to increase the residence time of the droplets on the chip. Kapton-coated fused
silica capillaries are positioned along the channel such that they lie perpendicular to the long
axis of the device. These can be individually opened to divert the flow of droplets, and the X-
ray beam is focused on the active capillary. Each capillary corresponds to a different reaction
time, where residence times between a few seconds and a few minutes can be achieved
according to the flowrates of the incoming stock solutions. Droplets were collected from the
first and last capillaries and were placed on TEM grids. The grid was then washed by adding
10 plL ethanol, blotting, and adding 10 uL deoxygenated water, and blotting dry. This process

was repeated twice more to eliminate the carrier oil.

2.3 Microfluidic Fabrication

Microfluidic devices with rectangular channels of cross-section 300 x 300 um? were prepared
from polydimethylsiloxane (PDMS) on a glass slide using standard soft lithography and cast
moulding techniques.”® Briefly, a permanent epoxy negative photoresist (SU-8 2100,
MicroChem, USA) was spin-coated onto a silicon wafer (Inseto, UK) to give a uniform 300 um
thick resist layer. The design shown in Figure 2a was patterned on the resist by UV exposure
through an emulsion mask and structures were obtained after development of the non-
exposed resist. Liquid PDMS obtained from an elastomer kit (Sylgard 184, Dow Corning, USA)
was poured onto the master SU-8 structure and oven-cured before being gently peeled off.

The obtained PDMS stamp and a glass slide were both plasma-activated in a plasma cleaner



(Diener Electronic, Germany) before bonding to seal the microchannels. Holes for the
different inlets were made in the PDMS with microfluidic biopsy punchers (Kai Medical, Japan)
corresponding to the size of the tubing (ID 350um, OD 380um, Portex, Smiths Medical, US)
used to flow the solutions from the neMESYS syringe pumps (Cetoni, Germany) to the chip.
Fused-silica capillaries coated with polyimide (ID 250um, OD 350um, Polymicro Technologies,
USA) that are known to resist X-rays and exhibit low scattering are glued with an epoxy resin
to the lateral exits of the chip and direct the output droplets past the beam (Figure 2b)Error!

Reference source not found..
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Figure 2. (a) Droplet-based microfluidic design used for the synthesis of magnetite
nanoparticles. The width of the channels is 300 um. The iron and base solutions are mixed at

a Y junction and oil separates the flow into droplets. (b) Schematic of the experimental set-



up used on beamline ID22 at Diamond with the microfluidic chip positioned in a chip-holder
such that the lateral capillaries are situated in front of the X-ray beam. The platform is
translated horizontally such that the desired capillary is positioned in front of the beam.

2.4 Beamline Experiment Set-up

This device was used on beamline ID22 at Diamond and SAXS/WAXS patterns were recorded
simultaneously. The device mounted on the beamline as shown in Figure 2b, where the exit
capillaries were positioned at the same height as the beam. Horizontal translation of the
device enabled the different capillaries — which correspond to different residence times — to
be positioned in front of the beam. In a standard experiment, droplets were sent to the first
capillary to investigate a short reaction time of 10 sec. A micro-focused X-ray beam of size 40
um x 40 um was employed to collect data such that it fitted within a single droplet. A dataset
consisting of 1000, 20 ms snapshots was recorded for a total of 20 sec. With the flowrates
mentionned before, a single droplet takes 110ms to entirely pass in front of the beam,
therefore, the 20 ms acquisition time is short enough to record five snapshots from an
individual droplet, and an average of 100 droplets flowed past the beam over 20 sec.
Simultaneous SAXS and WAXS patterns were collected using the two beamline detectors,
Pilatus P3-2M (SAXS) and Pilatus P3-2M-DLS-L (WAXS) positionned 9m and 17cm away from
sample respectively. After collection of a dataset, the capillary was closed and the droplets
were then sent to the second capillary which corresponds to a reaction time of 30 sec. Further

horizontal translation of the platform gives access to longer reaction times.

3. Results and Discussion

3.1 TEM Characterization of Nanoparticles



TEM imaging was performed on three different samples: one from the bulk synthesis after 2
minutes and two from the microfluidic synthesis for residence times of 10 sec and 130 sec.

As illustrated in

RS T E— s ™ "
Figure 3, nanoparticles with diameters ~ 8.3nm formed in the bulk control experiments.

Analysis of the particles using selected area electron diffraction (SAED) yielded well-defined
diffraction rings, patterns consistent with highly crystalline magnetite/maghemite, although
their black color is consistent with magnetite. Early reaction times were accessed using the
microfluidic device. Poorly crystalline particles showing only 2 weak, diffuse rings in SAED
were observed after 10 sec. Well-crystalline particles with diameters of ~ 5,4 nm were
observed after a residence time of 130 sec, where the SAED intense rings, similar to those
obtain with the bulk experiment were consistent with magnetite/maghemite. The sizes of the
bulk and microfluidics nanoparticles are obtained from image analysis, the results are
available in Supplementary Information. These data also demonstrate a phase transition from
poorly crystalline material to well-crystalline particles as the reaction progresses. That the
particles formed on-chip are smaller, and have a narrower size distribution than those
produced in bulk solution can be attributed to better mixing in the flowing droplets. These
results underline the feasibility of magnetite synthesis on-chip and the benefits of studying

the crystallization process using this approach.
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Figure 3. TEM characterization of the bulk and microfluidic synthesis. Both approaches
resulted in magnetite formation with a crystallinity that increases as a function of the
residence time in the microfluidic chip. The size of the nanoparticles is slightly smaller and

their distribution narrower for the microfluidic synthesis.
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3.2 Analysis of X-ray Scattering Data

A large volume of data was collected in these experiments that has to be processed before it
can be further analyzed. Each dataset comprised 1000 snapshots, where these corresponded
to frames from the aqueous droplets, the continuous oil phase, and the interfacial region
between the oil and water. To obtain a signal from the nanoparticles alone, it was, therefore,
necessary to isolate the frames from the aqueous droplets and then subtract the background

arising from scattering from the capillary and the solution.

3.2.1 Creation of a Dataset of Droplet Frames

An example of the SAXS and WAXS data recorded over four consecutive frames is presented
in Figure 4. This highlights the differences in scattering from the oil and aqueous phases, and
the necessity to discard the unwanted frames before further analysis. The WAXS patterns
collected from the droplets, the interface region, and the oil were each distinctive and can
therefore be used to build a selection criterion that can automatically identify the origin of

each frame.

While the WAXS pattern of an oil or interface frame exhibited a maximum intensity at a
scattering vector of 1.2A1, a droplet frame instead presented a broader “bump” around 1.5A-
1. Comparison of the scattered intensities at 1.5A1 and 1.2A"! therefore, enabled the frames

to be sorted. Let us define the selection criterion as R:

_I(g =15471)
~I(q = 1.241)
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Figure 4. SAXS and WAXS intensities as a function of scattering vector for four consecutive
frames in a dataset corresponding to continuous generation of droplets in oil. Two different
kinds of frames appeared, with an average higher signal for the oil in SAXS and different

structural features in WAXS.

For a given frame, if the value of R is greater than 1, the intensity at 1.5A is higher than that
at 1.2A1 meaning that this is an oil or an interface frame. In contrast, if R is less than 1, no

maximum is observed at 1.5A, and the frame derived from a droplet. The application of this

13



criterion to an entire dataset consisting of 1000 consecutive frames is shown in Error!
Reference source not found.a. The high magnification view highlights the stability of the
droplet generation as well as the robustness of the selection criterion. A Python script was
written to open all of the frames from a dataset, sort them according to this parameter, and
remove the oil and interface frames. This offers a simple and rapid means of creating a new

dataset comprising the droplet frames alone that can then be used for further analysis.

3.2.2 Identification of Nanoparticle-Rich Frames and Background Subtraction

After generating a dataset containing droplet frames only, it was necessary to combine these
frames to generate a representative signal from a large array of droplets, and then to subtract
the background corresponding to scattering from the capillary, solution, and surrounding air.
These two steps would be straightforward if the droplets were all completely homogeneous.
However, our experiments demonstrate that the nanoparticles are not uniformly dispersed
throughout the droplets. An average of five frames was recorded from each droplet, of which
the first two usually corresponded to aqueous solution only, and the last two derived from
the nanoparticles. At least one intermediate frame corresponding to low-density
nanoparticles was usually recorded from the middle of a droplet. The nanoparticles therefore
accumulate at the back of the droplets due to their motion. This is illustrated in Error!
Reference source not found.b, which shows the consecutive SAXS frames recorded from a

single droplet.
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Figure 5. (a) Evolution of the selection criterion as a function of the frame number for an
entire dataset derived from flowing droplets. The magnified inset demonstrates the stability
of the droplet generation and the robustness of this parameter. (b) Consecutive SAXS frames
within a dataset of flowing droplets. Three kinds of frames are obtained corresponding to

solution only, nanoparticles-rich volume, or a low density of nanoparticles.
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As the focus of this work is on the evolution of the magnetite nanoparticles, only the frames
with the highest intensity are of interest. Assuming that the background contributions were
identical in all droplet frames, the signal from the nanoparticles can be isolated by a frame-
to-frame subtraction of the “empty” droplet frames from the “nanoparticle” frames. A
Python script was once again written to automate this process, where it averaged the highest
intensity frames, then the lowest intensity frames, and subtracted one from the other,
delivering a scattering pattern from the nanoparticles alone. This sophisticated approach is
significantly faster and delivers a much more reliable background subtraction than standard
approaches in which a background would be obtained by operating the device with “empty”
aqueous droplets. The entire experiment would then have to be stopped and repeated with
the nanoparticle synthesis, leading to potential changes of the position of the device in the

beam, and solution composition.

3.3 Collection of Time-Resolved Data

In these experiments, devices were employed in which seven different capillaries were
positioned along the serpentine channel, giving different reaction times of between 10 and
130 sec (Table 1). These times were fine-tuned by adjusting the flow-rate. Three datasets
comprising 1000 snapshots were recorded for each capillary, and the frames were processed
as described above. This yielded the seven time-resolved SAXS and WAXS patterns for the
formation of magnetite nanoparticles that are presented in Error! Reference source not
found.. The SAXS evolution presented a Guinier plateau with an overall increase in the
scattered intensity as a function of time and a slope that is more pronounced at medium

scattering angles. These features are discussed in Section 3.4. The WAXS signal appears quite
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flat at early times (30 sec), with diffraction peaks emerging after 50 sec and being quite
pronounced by 90 sec.
Capillary 1 2 3 4 5 6 7

Time (sec) 10 30 50 70 90 110 130

Table 1. Time scales investigated during magnetite synthesis in the microfluidic device.
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Figure 6. Time-resolved SAXS and WAXS patterns obtained on-chip during magnetite

synthesis. The WAXS curves have been offset for clarity.
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Figure 7. (a) Fitting of the experimental SAXS data for reaction times of 10 s and 130 s with a
narrowly dispersed sphere model. The Guinier plot shown in the inset gives the radius of
gyration of these particles. (b) The WAXS peaks obtained after 130 sec correspond to

magnetite/ maghemite.
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3.4 Modelling of SAXS and WAXS Data

In order to obtain structural information including the size of the nanoparticles and their
structures, the time-resolved SAXS data were modeled with the ATSAS package software.>*
All of the scattering patterns were successfully modeled with a narrowly dispersed sphere

model around the average radius (

a). Additional fitting of these data was also done with the software SASView, which gave

similar results.

Finally, information about the structure of the nanoparticles was obtained from the time-
resolved WAXS patterns (Error! Reference source not found.b). No diffraction peaks were
observed at early times (10-30 sec) demonstrating that the precipitates were non-crystalline,
or not enough crystalline material was present to diffract significantly. Diffraction peaks

corresponding to magnetite developed at time > 50 sec (

b). This combined SAXS/WAXS study, therefore, shows that the precipitation of magnetite
began with the presence of mostly amorphous material which later evolves to well-defined
crystalline nanoparticles. This mechanism is in agreement with the TEM observation

previously reported in this work.

This mechanism of magnetite formation is also in good agreement with recent observations
reported in the literature with similar experimental conditions at room temperature,®

underlining the effectiveness of our microfluidic synthesis and data analysis approach.
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Magnetite is rapidly formed when base is added to an oxygen-free solution of 2:1 Fe3*/ Fe?*
to give a pH of 8 to 14,°” where the size of the particles is determined by the pH and the ionic
strength.>® Baumgartner et al. observed that this is preceded by the formation of amorphous
iron oxy(hydroxide) nanoparticles that aggregate to form fractal assemblies in Cryo-TEM
studies. Nuclei of crystalline magnetite then nucleate and grow within this amorphous phase
rather than by a dissolution/ reprecipitation mechanism.*® In contrast, only magnetite was
detected at the earliest analysis time of 5s in a SAXS/WAXS study of precipitation in a flow
system at 60°C.>* As the reaction proceeds more rapidly at this elevated temperature, analysis
at earlier times would be required to determine whether iron oxy(hydroxide) nanoparticles
still form under these conditions, or whether magnetite precipitates directly. Such early times

can be readily accessed using microfluidic devices of the type described here.

Conclusions

A segmented-flow microfluidic device was designed and built to synthesize magnetite
nanoparticles in well-defined environments on-chip such that their crystallization pathway
can be studied in situ using SAXS/ WAXS. While this approach offers many advantages for
studying crystallization processes, extracting and processing the data from heterogeneous
flow systems can be laborious. Here, we demonstrate how the simultaneous acquisition of
SAXS and WAXS data from these flowing droplets can be used to establish a straightforward
and versatile approach for processing the data. WAXS patterns were used to sort the acquired
frames based on a criterion describing the unique structural features of the WAXS patterns
recorded from the oil and aqueous droplets. SAXS patterns were subsequently used to sort
the frames deriving from the aqueous droplets, where analysis of the frames in sequence

demonstrates that the nanoparticles are concentrated at the back of the droplets due to their

20



motion such that the front is free of nanoparticles. The frame recorded at the front of a
droplet can therefore be used to achieve an ideal background subtraction for the SAXS data
recorded from the nanoparticles at the rear of the droplet. Automating this frame-by-frame
subtraction strategy delivers rapid, high-quality processing of SAXS and WAXS data from
segmented flow systems. Data analysis can then be carried out using standard methods,
giving information about the crystallization pathway. With microfluidic systems now
becoming mainstream, this data-processing method will ensure that segmented-flow
microfluidic systems can be readily employed to study processes such as crystallization,
where these environments offer highly-reproducible reaction environments and give access

to very short reaction times with excellent time resolution.
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