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Abstract

Understanding nanoparticles’ formation process is of utmost importance to improve their design
and production. This especially holds true for self-assembled nanoparticles whose formation
processes has been largely overlooked. Here we present a new technology that integrates a
microfluidic-based nanoparticle synthesis method and Forster resonance energy transfer (FRET)
microscopy imaging to visualize nanoparticle self-assembly in real time. Applied to different
nanoparticle systems, i.e., nanoemulsions, drug-loaded block-copolymer micelles, and
nanocrystal-core reconstituted high-density lipoproteins, we have shown the approach’s unique
ability to investigate key parameters affecting nanoparticle formation.
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We have developed a new technology that combines microfluidic-based nanoparticle synthesis and
Forster resonance energy transfer (FRET) microscopy imaging to visualize na-noparticle self-
assembly in real time.
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Self-assembled nanoparticles (SANP), including lipid-based nanoparticles, nanoemulsions,
and polymeric nanoparticles, have been studied for a wide range of biomedical
applications.[!! Particularly, the use of SANPs for imaging and drug delivery has yielded
numerous modalities for improved disease diagnosis and treatment.[21 SANP formation
through self-assembly is a bottom-up process in which the molecular components associate
and self-organize into well-defined nanoparticles under controllable conditions.[3] In the last
few decades, numerous examples of SANPs with different functions and different
formulation methods have been developed. Conventionally, the evaluation of SANP
formation is based on the characteristics of the final product, but real-time feedback of the
self-assembly process itself is highly desired. An improved understanding of this formation
process facilitates improving nanomaterial design and preparation methods.

Recently developed microfluidic technologies allow SANP formulation in a well-controlled,
reproducible and high-throughput manner.[4l Additionally, microfluidic-based nanoparticle
self-assembly provides an excellent platform to study SANP formation, in which a time-
dependent process is transformed into a spatial distribution that facilitates imaging and
analysis. Previously, we have reported the use of FRET as a sensitive and semi-quantitative
tool to probe or image SANPs’ dissociation kinetics both 77 vitrd® and in vivo.l8] Similarly,
FRET can also be applied to investigate nanoparticle formation.
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Here, we have developed a new platform that combines FRET microscopy and
microfluidics, enabling visualizing the SANP formation process in real-time. In our design,
SANPs were formed in the microfluidic device through continuous flow. Simultaneously,
FRET microscopy imaging was applied to the device. To validate this concept and test its
general applicability, we investigated the formation of three widely used SANP platforms,
i.e., nanoemulsions,[”] polymeric micelles(®®: &l and reconstituted high-density lipoprotein
(HDL),[¥] at a variety of synthetic conditions and material compositions (see TEM images in
Supporting Information, S, Figure S1). Moreover, for each system we also introduced
different donor-acceptor FRET pairs and investigated several parameters affecting SANP
synthesis.

We first investigated the formation of nanoemulsions. Typically, they are formed through
top-down approaches such as high energy input ultrasonication,[19] high-pressure
homogenization,[*1] or low energy input methods involving phase inversions.[12] Here, we
show that nanoemulsions can also be synthesized through a self-assembly bottom-up
approach,[4d] and in this method, the occurrence of FRET can indicate the instant formation
of the nanoemulsion. Specifically, an ethanol solution containing oils and a mixture of
phospholipids and cholesterol is mixed with an aqueous solution (at a volume ratio of 1:4)
inside a Herringbone mixer microfluidic device.[X3] Upon mixing, the changes in solvent
polarity lead to oil aggregation and lipid self-assembly, giving rise to the formation of a
nanoemulsion (Figure 1a). To monitor this process, a pair of lipophilic dyes, DiO and Dil
were added in the organic phase. Upon nanoemulsion formation, the FRET pair was
spontaneously incorporated into the oil core, triggering energy transfer due to the close
proximity of the dye molecules.[*4] As a result, the donor (DiO) peak’s intensity decreased
while that of the FRET peak (DiO excited, Dil emission observed) increased (Figure 1b).
The FRET/DIO intensity ratio is linearly related with the Dil/DiO concentration ratio
(Figure 1c) and thus can be used as a measure of nanoemulsion formation progress.
Moreover, when the total dye concentration in the oil droplet is increased, the FRET/DiO
intensity ratio increases as a result of a higher FRET efficiency due to the closer donor-
acceptor distance (S, Figure S2).

Confocal microscopy imaging through different filter channels on different sections of the
microfluidic chamber allowed studying the precise time and location where self-assembly
occurred. As shown in Figure 2, the DiO channel represents the emission from the donor dye
in the organic phase. The FRET channel represents mainly the FRET signal from the formed
nanoemulsion in the mixed phase, but it also contains some spillover from the DiO emission.
The FRET/DiO image is the result of the calculated intensity ratio. This ratio is not affected
by the channel spill-over, it is also independent of the local dye concentration, and thus
measures more accurately the location and degree of nanoemulsion formation.[60] Video
recordings of the dynamic process of the solutions’ confluence are included in the SI (Movie
S1-2). Snapshots of the initial section of the chamber showing steady flow conditions are
displayed in Figure 2a. A rim of high FRET intensity can be clearly discerned at the
interface of organic and aqueous phases indicating that the self-assembly process takes place
immediately after the two solutions mix. For detailed analysis, emission spectra at each
image pixel were also recorded. Spectra from the three regions of interest (ROI) delineated
in Figure 2a are shown in Figure 2b: ROI 1 corresponds to the organic phase, ROI 2 lies at
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the periphery of the solutions’ mixing area, where only incipient FRET signal was observed,
and the ROI 3 corresponds to the central mixing area, where FRET was clearly registered
(Figure 2b). The shape of the spectra thus accurately indicated the extent of nanoemulsion
formation. (Images from the middle section of the chamber are included in Sl, Figure S3)

This real-time imaging provides instant feedback on nanoparticle formation in the
microfluidic system and facilitates optimization of the synthesis. As an example, the effect
of flow rate on nanoemulsion formation was investigated. Dynamic light scattering (DLS)
measurements revealed a smaller particle size and lower polydispersity at higher flow rates
(SI, Figure S4). Images taken at the end section of the microfluidic chamber (Figure 2c—€)
revealed that the progress of nanoemulsion formation was strongly dependent on the flow
rate. As shown in Figure 2c—e (Movies S3-5), by increasing the rate from 5 to 15 ml/min,
the remaining organic phase was greatly reduced and the volume of mixed phase was
expanded correspondingly, indicative of a more complete nanoemulsion formation.
Therefore, the larger particle size and wider size distribution produced at slower flow rate
are due to the large amount of remaining organic phase, which is mixed uncontrolledly after
leaving the microfluidic chamber.

Subsequently, we used the same FRET imaging method to visualize the assembly and model
drug loading process of polymeric nanoparticles based on PLGA-b-PEG block copolymers,
one of most extensively studied platforms for therapeutic purposes.[*®l As illustrated in
Figure 3a,d, the polymeric core is labeled with the donor dye Cy3.5 that are conjugated to
the distal end of PLGA chains, while the model drugs are Cy5 dye derivatives (see Sl,
Figure S5 for chemical structures). FRET will only occur when the Cy5 model drugs are
integrated in the Cy3.5-labeled PLGA-PEG nanoparticle, causing the FRET/Cy3.5 intensity
ratio to increase (Sl, Figure S6). We infused and mixed an acetonitrile solution containing
PLGA-b-PEG block copolymer, PLGA-Cy3.5, and the corresponding model drug in a
microfluidic chip, along with PBS. When the hydrophobic model drug Cy5-OLA (log D=
6.7 at pH= 7.4) was used, microscopy data revealed that as soon as the two phases got in
contact, the resulting nanoparticles were instantaneously loaded with the model drug
(similar to the nanoemulsion formation). At the end section of the chamber (Figure 3b),
although some heterogeneity can be observed, the high FRET/Cy3.5 intensity ratio
dominated the flow, indicating successful loading of Cy5-OLA onto the nanoparticles. This
was confirmed by detailed ROI spectral analyses: in ROl 2 and ROI 3, the more intense
FRET peak was consistent with the characteristic spectrum of drug-loaded nanoparticles (SI,
Figure S7). On the contrary, when a water-soluble model drug, sulfo-Cy5 (log OD=-5.5 at
pH= 7.4) was used, the results were very different (Figure 3e). No elevated FRET/Cy3.5
intensity ratio was observed within the entire chamber (Figure 3f). In addition, FRET peaks
were absent or very weak from the emission spectra from all three ROIs. All these
observations indicated that the sulfo-Cy5 was not loaded onto the nanoparticle after the
microfluidic synthesis.

Finally, we studied the formation of HDL nanoparticles with a nanocrystalline core. During
the past decade, these nature-derived nanoparticles have been developed for targeted drug-
delivery and molecular imaging purposes.[18] Previously, we have reported a microfluidic-
based method for the synthesis of reconstituted HDL containing a quantum dot (QD) core,
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which involves fusing apolipoprotein A1 (APOAL) into a previously formed phospholipid-
coated QD (PL-QDs).[4P] Here, using the FRET from a 600 nm emitting PL-QDs and Cy5-
labeled APOA1 (APOA1-Cy5), we were able to monitor the formation of QD-HDL
nanoparticles (Figure 4a).[] (See the emission spectra of QD-HDL with varying amount of
APOAL-Cy5 attached on QDs in Sl, Figure 5) Both APOA1-Cy5 and PL-QDs were
dispersed in PBS, and infused into the microfluidic chamber for mixing (at a volume ratio of
1:1). Interestingly, although a higher flow rate (15 ml/min) produced better solution
homogeneity at the end of the chip (Figure 4b), the lack of a clear FRET signal suggested
incomplete incorporation of the APOA1. We found the QD-HDL formation was a relatively
slow dynamic process (compared to the nanoemulsion or polymeric micelle formation),
possibly due to low PL-QDs and APOAL diffusion and protein folding rates (See the QD
and APOA1-Cy5 combination dynamics in Sl, Figure S8). To observe the gradual QD-HDL
formation, we subjected the solution from the mixing chip to an extended loop with an
adjustable length, and finally to another observation chip used for imaging purposes (Figure
4c). This setup allowed us to image a time-dependent dynamic process in a space-dependent
setting in a steady state condition. We found indeed that with increasing loop length, the
FRET/QD intensity ratio gradually increased and the FRET peak in the corresponding
spectra became more intense (Figure 4d), indicating the incorporation of the APOAL1 into the
PL-QD structure with the concomitant formation of QD-HDL. From the emission spectra,
we can also obtain semi-quantitative information about the progress of QD-HDL formation.
Based on the relation between the number of APOA1 loaded on QDs and the corresponding
FRET/QD intensity ratio (S, Figure S7b), we estimated that after passing through a 1, 75,
and 600 cm loop, the APOA1/QD binding ratios are 0.02, 0.09 and 0.29, respectively. These
results demonstrate that QD-HDL formation upon mixing of the two components is not
instantaneous (as for the nanoemulsions and polymeric nanoparticles), but a process that
takes seconds to minutes.

In summary, we here presented a novel approach to visualize the self-assembly process of
three different types of nanoparticles in real time through the combination of a microfluidic-
based synthesis approach and FRET imaging. We envision that the presented methodology
can be used to gain deeper insight into multiple nanoparticle synthesis aspects, their
formation mechanism, and their functionalization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Real-time nanoemulsion formation monitoring using a fluorescence microscope on a
microfluidics device. (a) Schematic illustration of the setup and FRET mechanism. (b)
Emission spectra of nanoemulsions containing different Dil/DiO concentration ratios,
excited at 458 nm. (c) Correlation between the FRET/DiO peak intensity ratio and the
Dil/DiO concentration ratio.
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Figure 2. Confocal microscopy images of the nanoemulsion formation
(a) Images taken at the initial section of the microfluidic chamber. White arrows indicate the

flow directions of PBS and ethanol phases. (b) Emission spectra at indicated ROIs in a
obtained from spectral imaging. Colored regions indicate the emission filters used for the
images in a. (c) Images taken at the end section of the microfluidic chamber. The
dimensions of all the images are 1.6x0.8 mm.
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Figure 3. Real-time monitoring of PLGA-b-PEG polymer nanoparticle formation and
spontaneous drug loading

(a, b, ¢) Hydrophobic Cy5-OLA model drug. (d, e, f) Hydrophilic sulfo-Cy5 model drug. (a,
d) Schematic illustration of drug loading and FRET mechanism. (b, €) Images of FRET/
Cy3.5 intensity ratio taken at the end section of the microfluidic cham-ber. The dimensions
of the images are 1.6x0.8 mm. (c, f) Emission spectra recorded at ROIs indicated in b, e.
Colored regions indicate emission filters used for images in b, e
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Figure 4. Real-time monitoring of QD core HDL formation
(a) Schematic illustration of the HDL assembly and establishment of FRET. (b) Confocal

imaging of the end section of the microfluidic chamber during the assembly of HDL at flow
rate of 15 ml/min. The dimensions of the images are 1.6x0.8 mm. (c) Schematic of the
microfluidic device and FRET imaging setup. (d) Images of FRET/Cy3.5 intensity ratio at
the observation chip with indicated loop length, and the corrisponding emission spectra.
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