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Facile microfluidic synthesis of monodispersed
size-controllable quantum dot (QD) microbeads
using custom developed QD photoresistf
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Fluorescent microbeads (MBs) are widely used as next-generation biosensors for the detection of target
chemicals at highly sensitive concentrations, and for imaging and tracking in vitro and in vivo. However,
most known methods for producing fluorescent MBs require complicated multistep processes that result
in low production rates. In this study, we report a method for fabricating micrometer-sized quantum dot
microbeads (QD-MBs) using a microfluidic chip and specially designed QD photoresist (QD-PR). This on-
demand lab-on-a-chip method yielded monodispersed QD-MBs ranging from 1.89 to 33 pm with a
coefficient of variation of less than 10%. The size distribution of the fabricated QD-MBs was Gaussian with
a peak around the mean diameter and a spread of sizes around the peak. Compared with nanoscale QDs,
the fabricated QD-MBs showed no emission loss. The full-width at half-maximum of the emission peak
of the QD-MBs was smaller than that of the colloidal QDs, indicating a more uniform distribution and a
higher density of QDs within the MB structure. In addition, we investigated the microfluidic flow regime
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that yielded the most uniform and controllable QD-MB. The MBs in the dripping regime were spherical
and monodisperse, with an excellent particle size distribution. In this study, we present a simple and
effective strategy for producing QD-MBs with controllable sizes, which can be crucial in diverse fields
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Introduction

Biosensors have revolutionized the diagnosis and monitoring
of diseases, enabling onsite, rapid, and accurate detection of
biomarkers.'™ Recently, fluorescent microbeads (MBs) have
emerged as an emerging tool for various biosensing appli-
cations, such as detection of nucleic acids,* proteins,” bac-
teria,’ circulating tumor cells,”® and point-of-care testing
(POCT).>'° Fluorescent MBs have a large surface-to-volume
ratio, which allows for a simple and efficient method of probe
immobilization, resulting in sensitive detection, which is
widely used in POCT.”'! Moreover, fluorescent MBs also
enable multiplex detection, allowing simultaneous detection
of multiple analytes. These fluorescent MBs can be manufac-
tured from a variety of materials, such as polymers'?> and
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such as biosensing, drug delivery, and imaging.

silica,’®* with different sizes, shapes, and surface
functionalizations."*™'® Organic dyes are the most widely used
fluorescent materials for the fabrication of fluorescent
MBs.'”"° Fluorescent organic dyes are inexpensive and have
high quantum yield, but they suffer from photobleaching,
spectral overlap, and require multiple excitation sources.
Quantum dots (QDs), on the other hand, overcome these limit-
ations of organic dyes and have high photostability, narrow
and tunable emission spectra, and multiple QDs can be
excited with a single wavelength.>*">

There are three main strategies for the preparation of fluo-
rescent MBs: encapsulation, decoration, and in situ embedding
of fluorescent materials.'®***> In the encapsulation method,
fluorescent materials such as organic dyes or QDs are
embedded in a polymer matrix such as polystyrene.?® The fluo-
rescent nanoparticles inside the MBs are encapsulated by
diffusion permeation based on solvent concentration gradi-
ents, resulting in swelling of the MBs. Encapsulation can
protect fluorescent materials from environmental factors such
as pH and temperature, but it can also reduce their quantum
yield (QY) and brightness.”” To prevent aggregation and
ensure successful encapsulation, it is also important to ensure
that the nanoparticles introduced into the MBs are compatible
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with the solvent used and have a size that matches the pores
of the MBs. Although this method enables one-pot synthesis
of fluorescent MBs, it is challenging to control the morphology
and size of the MB produced.’® In the decoration method,
fluorescent materials are attached to the surface of the MBs
using a layer-by-layer method. Charged fluorescent nano-
particles and oppositely charged polyelectrolytes are applied in
alternating layers.>>*° By controlling the number of layers
applied, the resulting fluorescent MBs could have a uniform
coating of nanoparticles and different fluorescence intensities.
Decoration can increase the fluorescence intensity and stabi-
lity of MBs but can also lead to nonspecific binding and aggre-
gation. In addition, this method is time-consuming and labor-
intensive because each step requires multiple washes of the
nanoparticles and polyelectrolytes, and there is a possibility
that fluorescent nanoparticles may leak from the surface of the
MBs."® In in situ embedding, fluorescent materials are incor-
porated during the synthesis of MBs by polymerization or
emulsification and solvent evaporation.>** In these methods,
the size of the fluorescent MBs can be tuned by adjusting the
concentration of the precursor and the mixing rate.>* However,
complex synthesis conditions and purification steps may also
be required. In addition, the MBs produced by these tech-
niques are highly polydisperse, which affects the efficiency and
reliability of bioassays.>*

In recent years, microfluidic techniques have been used to
produce MBs with a smaller size distribution and greater
stability.*>*® In microfluidic methods, droplets are produced
by the controlled flow of two immiscible fluids (such as oil
and water) through a microfluidic channel with a narrow con-
striction or junction.’” The flow rate and channel geometry
can be precisely controlled to produce droplets with a narrow
size distribution and accuracy and can be easily integrated
with other technologies such as sensors, detectors, and
imaging systems.**™*! This integration allows real-time moni-
toring and analysis. Several recent reports have demonstrated
the microfluidic synthesis of QD microbeads (QD-MBs).**™**
However, the fabrication methods used in these studies are
complex and involve multistep processes that limit scalability,
reproducibility, and cost-effectiveness. For example, Liu et al.
proposed a microfluidic strategy for the fabrication of mono-
disperse fluorescent QD-embedded alginate barcodes.*’
However, researchers were only able to fabricate QD-MBs of a
single size (46 pm). Kim et al. fabricated QD-MBs capable of
single-peak laser emission in a microfluidic glass chip using
an oil-in-water emulsion.”®> However, after fabricating the
QD-MBs, crosslinking was performed by ligand exchange,
which is a complex, multistep process that requires a special-
ist. In addition, the diameter of the QD microdroplets in the
oil phase decreased by 72% after drying, which made it
difficult to accurately control the on-demand production of
QD-MBs of different sizes.

In this study, we describe a simple on-demand method for
fabricating uniform and size-controllable QD-MBs using a
specially designed QD photoresist (QD-PR) and microfluidic
devices. These QD-MBs were fabricated and cured in a single
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step in a microfluidic chip using a specially designed photo-
resist, that is, the supercoater. The size of the QD-MBs was
effectively controlled by adjusting the flow rates of the continu-
ous and dispersed phases during the fabrication. The QD-MBs
were characterized by fluorescence microscopy, and their size
distribution and full-width at half-maximum (FWHM) were
analyzed. In addition, we analyzed the microfluidic droplet
regime suitable for the preparation of QD-MBs with uniform
and controllable sizes. The proposed technology combines
QDs with microfluidics, and offers excellent optical properties
and potential for biosensing applications.

Experimental section
Preparation of the QD photoresist

In this study, a custom-made photocurable ceramer composite
called QD-PR, which is a composite of QDs and a specially
developed super-coater, was used to fabricate QD-MBs (see
Fig. 1a and b).*® The super-coater consists of several functional
components: (1) inorganic dispersant: colloidal silica serves as
an inorganic dispersant and prevents interactions between the
added QDs. (2) Surface passivator: 3-methacryloxypropyl-
trimethoxysilane (A-174), a monofunctional acrylate, acts as
the surface passivator. It binds the heterogeneous insulator
(colloidal silica) and improves its compatibility with other
alkoxy acrylates. (3) Photocuring resins: this category includes
several polyfunctional alkoxy acrylates, namely dipentaerythri-
tol penta/hexa acrylate (DPPA/DPHA), pentaerythritol tri-
acrylate (PETA), and 4-acryloylmorpholine (ACMO), and (4) a
photoinitiator, namely 1-hydroxycyclohexylphenyl ketone.

The supercoater was prepared by heating and stirring
8 wt% DPPA/DPHA, 56 wt% PETA, 16 wt% colloidal silica,
10 wt% A-174, and 10 wt% ACMO. The mixture was vacuum-
distilled at 52 + 2 °C. for 2 h to remove most of the water/
methanol solution and obtain the super-coater. DPPA/DPHA
was purchased from Sigma-Aldrich (Massachusetts, USA), PETA
stabilized with 300-400 ppm 4-methoxyphenol, A-174 from Alfa
Aesar (Massachusetts, USA), ACMO stabilized with MEHQ, and
1-hydroxycyclohexyl phenyl ketone from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). Core-shell CdSe/ZnS QDs
(5 mg mL") with an emission peak at 625 nm were purchased
from Dong-A Carbon Tech (Chilgok, Republic of Korea).

Using QD-PR, MBs were fabricated using microfluidic
technology. This process involves the direct exposure and
curing of the fabricated QD-MBs. During exposure, the photo-
active compound in the supercoater emits free electrons from
the exposed area, initiating the bonding and curing of the acry-
lates. As the QDs were dispersed in the supercoater, they were
enclosed by the cured supercoater, resulting in the formation
of solidified QD-MBs.

In our study, we specifically used a custom photoresist for-
mulation to prepare the QD-MB. Commercially available
photoresists are used in various fabrication processes. If com-
mercially available photoresists are used, it is necessary to
investigate factors such as the compatibility of QDs and their

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr03544a

Published on 17 Here 2023. Downloaded on 2026-03-14 23:42:07.

Nanoscale

View Article Online

Paper

filling stage
b :

-

L1

(Continuous phase)

Oil + Surfactant
(Continuous phase)

Oii + Surfactant

QD Microbeads
e C )

i L filling stage

T

UV light

I -
[ 1
! QD i
i I ;
5’2 h stirring at 50 °C, solvent evaporation' + i
| 1
i A-174 . b o |
ot o, ;
L H DPPA ojv‘ ©)H‘O>O PEA
| HO o;-PH ! PETA | Photoinitiator 1!
i Colloidal @ (1-hydroxycyclol:
E silica in oi/ B/\ hex;eytlg:s)nyl i
i(b) vater DPHA ACMO  Meemeemeee A

HO, o7

o
o
O

HO

o o

iii t']ecking stage
@ 71 N
R| H
Q%W [
' Wo/
R\ = @
o
R=.\o)~“

in-situ 1 UV-curing

o-Si

A iv ldetachm'ent
(|>\ @ y

stage

___g (J |

o

Fig. 1

(a) Schematic representation of QD-PR, which is the final blend of CdSe/ZnS QD and supercoater. (b) Schematic representation of the

material composition for the synthesis of the specially designed UV curable creamer composite, supercoater (c) schematic representation of the
proposed lab-on-a-chip microfluidic technology for QD-MB generation and UV exposure zone with serpentine channel for curing QD-MBs. (d)
Sequential snapshots of the droplet formation stages—filling stage (i and ii), necking stage (iii), and detachment stage (iv)—of droplet generation in a

microfluidic chip.

ability to adequately encapsulate them. Additionally, because
we employed a microfluidic method to fabricate the QD-MBs,
the viscosity of the photoresist also plays a crucial role in
achieving uniform QD-MBs. Furthermore, the chemical com-
position of the photoresist and curing mechanism must pre-
serve the properties and dispersion of QDs.

In contrast to commercially available photoresists, our
super-coater consists of colloidal silica, which serves as an in-
organic dispersant, and various alkoxy photocuring acrylates.
Colloidal silica not only has insulating properties but also pre-
vents electronic interactions between the added QDs and pro-
vides geometric separation. In addition, the viscosity of the
super-coater can be precisely adjusted by controlling the rela-
tive proportions of the three alkoxy acrylates (DPPA, DPHA,
and PETA), each with different lengths and shapes of alkoxyl
chains. The customized properties of our supercoater offer
advantages that make it ideal for the production of highly dis-
persed uniform QD-MBs using microfluidics.

Microfluidic devices

The microfluidic device used to fabricate the QD-MBs consists
of two parts, as shown in Fig. 1c. A nozzle was used to disperse
the QD-PR droplets and ultraviolet (UV) light exposure part of
the in situ photopolymerization to cure the MBs.
Polycarbonate microfluidic chips with hydrophobic surfaces
were purchased from Microfluidic ChipShop (Jena, Germany).

This journal is © The Royal Society of Chemistry 2023

The beads were generated by pouring a dispersed phase
(QD-PR) into the central channel and pumping a continuous
phase (oil solution) into both channels at a constant flow rate
to generate a shear force (Fig. 1c). Fig. 1d illustrates the succes-
sive stages—the filling stage (Fig. 1d(i and ii)), necking stage
(Fig. 1d(iii)), and detachment stage (Fig. 1d(iv))—of droplet
generation in a microfluidic chip. The microfluidic channel
had a height and width of 10 pm.

Preparation of the QD microbeads

Inlet “D” was used to introduce the dispersed phase into the
microfluidic device, while inlet “C” was used to inject the con-
tinuous phase with a syringe pump. The dispersed and con-
tinuous phases were introduced into the microfluidic device
through a Tygon tube (inner diameter 1.59 mm), and the flow
rates were controlled using syringe pumps (NE-1000, New Era
Pump Systems, Inc., NY, USA). The size of QD-MBs can be
tuned by adjusting the flow rate. The flow rate of the dispersed
phase was varied from 0.3 to 0.9 uL h™". Silicone oil (KF-96,
3000 cs, Shin-Etsu Chemical Co. Ltd, Tokyo, Japan) with 4 wt%
of a mixture of surfactants (Span 80 and Tween 80; Samchun
Chemical Co., Ltd, Seoul, Republic of Korea) was used for the
outer continuous phase. A combination of Span 80 and Tween
80 surfactants was used to achieve the desired balance
between hydrophilicity and lipophilicity (HLB). Monodisperse
QD-MBs were prepared by photopolymerization of QD-PR
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in situ for less than 1 s using a UV lamp (365 nm, M365L2,
Thorlabs) (Fig. 1c). A high-speed camera (VC-3MC, Vieworks)
was used to monitor the MBs during the process. After the for-
mation of the QD-MBs, they were collected in a reservoir and
dispersed in oil. The oil was removed by centrifugation, fol-
lowed by the removal of all liquids except the QD-MBs using a
pipette. To ensure the complete removal of the oil, the cured
QD-MBs were washed several times with deionized water
before further use.

Characterization

Fluorescence images of QD-MBs were acquired using a fluo-
rescence microscope (TCM400, Labomed, Fisher Scientific, KS,
U.S.A.) and a digital color camera (PAXcam2+, PAX-it, IL, U.S.
A.). The average size and coefficient of variation (CV) of the
MBs were determined by analyzing at least 200 particles in
each image using image analysis software (Image]2)."” The
coefficient of variation (CV) was calculated using the following
equation.
Standard deviation

CV(%) = - - x 100 1
(%) Mean QD microbead diameter (1)

The fluorescence spectra of the QD-MBs were analyzed
using a confocal spectrofluorometer (ACRON, UniNanoTech,
Yongin, Republic of Korea).

Results and discussion

The aim of this study is to develop a simple and efficient
method for producing uniform and size-controllable QD-MBs.

(@) '33.03 + 1.14 pm
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To fabricate QD-MBs, we first embedded QDs in a photosensi-
tive material called super-coater. The super-coater was then
shaped into MBs using microfluidics and irradiated with UV
light to solidify and entrap the QDs. The photoactive com-
pound in the photoresist emits free electrons upon UV
irradiation, causing the acrylates to bind and cure. The QDs
dispersed in the photoresist are then trapped between the
cured layers of the super-coater, forming QD-MBs. The dis-
persion of QDs can also affect the stability of QD-MBs perform-
ance. If the QDs are not uniformly dispersed, they may aggre-
gate more easily and degrade QD-MBs. In our previous study,
we examined the dispersion of QDs in a super-coater used to
fabricate QD-MBs. Fluorescence microscopy and image ana-
lysis confirmed that the QDs were uniformly dispersed in
SC1320 and SC1230 super-coaters (Fig. S1, ESIt). This uniform
dispersion is critical for the uniform performance of each
QD-MB, as shown in Fig. 2(a-d). However, in this study, we
used the SC1320 supercoater because its viscosity was suitable
for producing QD beads using our microfluidic method. This
uniform dispersion is crucial for consistent performance of
each QD-MB, Fig. 2(a-d).

The QD-MBs were characterized using fluorescence
microscopy, and their size distribution and FWHM were ana-
lyzed. Fig. 2(a-d) shows the fluorescence microscopy images of
QD-MBs of different sizes (33.03-2.11 pm) obtained by varying
the flow rates. The images were converted to 8-bit black-and-
white images, and the MB size was automatically measured
using Image]2. The results in Fig. 2(a-d) show the successful
fabrication of QD-MBs of different sizes with a uniform and
spherical shape and uniform emission. The size distribution
of the fabricated QD-MBs in Fig. 2(a-d) and the FWHM, which
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Fig. 2 Fluorescence micrographs and size distribution of QD-MBs of different sizes, depending on the flow rate. (a—d) Micrographs of QD-MBs
with average diameters of 33.03 um, 16.55 um, 7.75 pm, and 2.11 pm, respectively. (e—h) Corresponding size distribution histograms of the QD-MBs.
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is a measure of the particle distribution of the QD-MBs, are
shown in Fig. 2(e-h). The size distribution curves in Fig. 2(e-h)
appear to be Gaussian, with a peak around the mean diameter
and a spread of sizes around this peak. The dotted line in each
panel corresponds to a Gaussian distribution curve that best
fits the size-distribution data. In Fig. 2(a-c), the CV is less than
10%, demonstrating the production of homogeneous QD-MBs.
The CV value was minimum (3.5%) for the largest (33.03 pm)
QD-MBs and maximum (17.5%) for the smallest (2.11 pm)
QD-MBs. The smallest QD-MB has a higher CV because these
are preliminary results obtained without optimizing the dis-
persed and continuous phase speeds, and microfluidic chips
with different channel diameters were used for the smallest
QD-MBs.

Fig. 3(a) shows a comparison between the fluorescence
emission spectra of the QD-MBs and colloidal QDs. Fig. 3b
and ¢ show the photographs of the colloidal QD and QD-MB
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Fig. 3 (a) Comparison of the normalized fluorescence intensities of
colloidal QDs and QD-MBs. Photographs of (b) colloidal QD and (c)
QD-MB samples.
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samples, respectively. The FWHM of the emission peak of
QD-MB (21.2 nm) was smaller than that of the colloidal QDs
(22.9 nm). The narrower FWHM of the QD-MBs indicates a
more uniform distribution and higher density of QDs within
the MB structure compared with the colloidal form of QDs.
This observation is consistent with previous studies that have
shown that the size and packing of QDs in a polymer matrix
can significantly affect their optical properties such as fluo-
rescence emission.*® In addition, the improved uniformity and
packing of QDs within the MB structure can improve the stabi-
lity and reproducibility of the optical properties of QD-MB.
This is because a more uniform distribution and higher
density of QDs within the MBs could reduce the likelihood of
aggregation or clustering of QDs, which are known to affect
their optical properties. The potential relationship between the
QD dispersion in QD-MBs and their QY could be due to the
complicated phenomena of energy transfer and reabsorption.
However, the exact relationship between the QD dispersion
and QY in QD-MBs is complicated and requires further investi-
gation. Although we did not directly investigate this relation-
ship, we recognize its importance. In addition, in our previous
research, we explored the effects of the QD concentration and
super-coater film on the optical properties of QDs. We found
that the QDs in the super-coater had a QY of 59.19%, which
means that their optical properties were maintained even after
the super-coater was cured.*®

Next, we showed that the size of the QD-MBs can be pre-
cisely controlled by regulating the flow rates of the continuous
and dispersed phases during production. The relationship
between the QD-MB diameter and the flow rates for the dis-
persed flow rates between 0.3-0.9 pL h™" is shown in Fig. 4. To
investigate how the two flow rates affected the QD-MB size, we
fixed the dispersed phase flow rate and changed the continu-
ous flow rate. Our results show that both flow rates signifi-
cantly affect the size of the QD-MBs. With a fixed value for the
dispersed phase, an increase in the continuous flow rate

Dispersed phase flow rate
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Fig. 4 Relationship between QD-MB diameter and continuous flow rates. The dispersed flow rate was set at 0.9 uL h™* (a), 0.7 pL h™* (b), 0.5 pL h™*
(c), and 0.3 pL h™ (d). Increasing the continuous flow rate led to a decrease in the average diameter of QD-MBs. The coefficient of variance for the

size distribution was less than 10%.
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resulted in a decrease in QD-MB size. This could be because
increasing the flow rate of the continuous phase (oil solution)
results in smaller QD-MBs because of the high shear forces
that break larger droplets into smaller ones.**>
Simultaneously, the size of the QD-MBs decreased as the flow
rate of the dispersed phase decreased. At a continuous flow
rate of 12 uL h™", the sizes of QD-MB at dispersed phase flow
rates of 0.9 pL. h™, 0.7 pL h™, 0.5 pL. h™", and 0.3 pL h™" were
approximately 6.1 pm, 4.2 pm, 2.9 pm, and 2.1 pm, respect-
ively. The CV was less than 10%, indicating the production of
monodisperse beads. Decreasing the flow rate of the dispersed
phase resulted in smaller QD-MBs because the volume of the
photoresist in each droplet was smaller. In short, increasing
the continuous flow rate results in a decrease in the size of the
QD-MBs, whereas increasing the flow rate of the dispersed
phase results in an increase in the size of the QD-MBs. Thus,
to produce the smallest possible QD-MBs, a high continuous
flow rate of the oil solution and low dispersed flow rate of the
QD-PR are required. If the continuous flow rate is too high or
the dispersed flow rate is too low, droplet formation is hin-
dered, resulting in reflux without droplet formation. Therefore,
a minimum dispersed flow rate of 0.3 pL, h™" was used in this
study.

Furthermore, different flow rates resulted in different flow
regimes and average bead-size distributions (Fig. 5). However,
not all flow rates are proportional or inversely proportional to
the size. If the flow rate is too low or too high, it results in a
different flow regime. Four major flow regimes were observed
during the experiment: dripping, jetting, elongation, and
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reflux. Among these, the dripping regime proved to be the best
for the formation of stable beads. In the jetting and elongation
regimes, unstable beads can form, and in the reflux regime,
the fluid flows into the other channels because the flow rate
on one side is too high.

In a T-junction microfluidic system, the dispersed phase
enters the main channel and meets the continuous phase flow
through the side channel. As a result, a pressure gradient
forms across the developing droplet owing to the interaction
between the viscous stresses and capillary pressure. When the
pressure exceeds that within the tip of the dispersed phase,
the interface between the two phases deforms and forms a
neck. The neck eventually thins and breaks, leading to droplet
formation (Fig. 5b(i)). The dripping regime is a shear-domi-
nated process in which droplets form because of the local
shear stresses. The dispersed fluid occupies only a part of the
main channel diameter and is completely enclosed by the con-
tinuous phase.

In the jetting regime, a continuous jet of the dispersed
phase forms at the junction (Fig. 5b(ii)). This occurs when the
equilibrium between the viscous stresses and capillary
pressure at high flow rates of both the continuous and dis-
persed phases favors jet formation over droplet formation.
Typically, the droplets produced are smaller than the channel
dimensions. However, because they are produced in the form
of long droplets, when cured in this state, they cannot be
rapidly discharged from the channel, resulting in clogging. In
addition, the long droplet shape is unsuitable for bio-labeling
because of its increased surface area.
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Elongation occurs when the dispersed phase forms long fila-
ments or slugs instead of droplets or jets (Fig. 5b(iii)). When the
high flow rate of the dispersed phase meets the low flow rate of
the continuous phase, the shear force is not sufficient to break
the dispersed phase; therefore, the droplet along the micro-
channel becomes a long cylindrical filament. These elongated
filamentary liquids of the dispersed phase can cause clogging
in the microchannels owing to their easy curing and long dur-
ation. Reflux occurs when the dispersed phase flows back into
the inlet channel, instead of forming droplets or jets. This can
occur if the continuous flow rate is remarkably high compared
with the dispersed flow rate. The dripping method can be used
to produce small beads. In contrast, the jetting and elongation
methods, which form unstable droplets, cannot form a uniform
sphere and may cause clogging in the channel, making them
unsuitable for QD-MB production.

The transition from one regime to the other depends on
the dimensionless capillary number (C,.), which is the ratio of
viscous force to capillary force—expressed as Cy. = p.U.ly, and
the ratio of flow rates Qq4/Q., where U, is the characteristic vel-
ocity, p. is the density, y is the interfacial tension, and y is the
viscosity of the fluid in the continuous phase, and Q. and Qg
are the flow rates of the continuous phase and disperse phase,
respectively.”! Since the continuous phase was not changed in
this study, the capillary number remained constant, and the
size of the MB was only affected by the ratio between the con-
tinuous and dispersed flow rates. For example, when the flow
rate of the dispersed phase is too low, the lower limit of the flow
rate of the continuous phase decreases to reach the same dia-
meter as the QD-MBs. However, at higher continuous flow vel-
ocities, the flow pattern changed from dripping to reflux.
However, if the flow rate of the dispersed phase is too high, the
flow pattern changes from elongation to jetting and is not suit-
able for the production of QD-MBs. These observations show
that the flow pattern can affect the size of the beads; however,
the best method for producing stable monodisperse beads is
dripping. This method produces homogeneous spherical beads
that can be controlled by adjusting the flow rate.

QD-MBs have great potential for use in various biosensing,
imaging, and drug delivery applications.>'”**? In particular,
QD-MBs can be functionalized with specific ligands or anti-
bodies that enable precise binding to biological targets, facili-
tating their application in biosensing and diagnostics.'®>*>*
In addition, the inherent porosity of MBs enables the encapsu-
lation and controlled release of drugs or other therapeutic
agents, making them potential candidates for advanced drug
delivery systems.”® This study presents a facile method to fabri-
cate monodispersed QD-MBs of various sizes, with potential
importance in important fields such as biomedicine and
materials science.

Conclusions

In conclusion, we developed a simple microfluidic method for
the synthesis of monodisperse QD-MBs with controllable sizes

This journal is © The Royal Society of Chemistry 2023
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using a specially designed QD-PR. The QD-MBs were character-
ized using fluorescence microscopy, and their size distribution
and FWHM were analyzed. We demonstrated that the QD-MBs
have a uniform and spherical shape with uniform emission,
and that their size can be easily controlled by adjusting the
flow rates of the continuous and dispersed phases during fab-
rication. Moreover, the QD-MBs exhibited a narrower FWHM
than their colloidal QD counterparts, showing a more uniform
distribution and higher density of QDs within the MB struc-
ture. In previous studies, we showed a uniform distribution of
QDs in a cured super-coater, suggesting that this uniformity
could be maintained in QD-MBs with the same material. We
aimed to develop a simple and effective method for fabricating
monodisperse and uniform QD-MBs using microfluidics. We
also investigated numerous factors affecting the fabrication
process and optimized them accordingly. However, further
studies are needed to clarify the exact interplay between the
QD dispersion and QY in QD-MBs. Overall, the method pre-
sented in this study provides a simple and efficient approach
for the fabrication of size-controllable QD-MBs, which could
be important for many applications, such as biosensing, drug
delivery, and imaging. Further optimization of the method
could lead to the fabrication of QD-MBs with even narrower
size distributions and improved optical properties, as well as
the incorporation of other functional materials into MBs for
more diverse applications.
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