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ABSTRACT: Micrometer-scale monodisperse droplets are produced to generate nano-
walled supramolecular microcapsules using microfluidics for high reproducibility and high-
throughput manipulation, efficient material consumption, and control over hierarchical
structure, shape, and size. In this study, an optimized microfluidic droplet generation
technique and a unique liquid−liquid interfacial polymerization method were applied to
fabricate the monodisperse polyrotaxane−based supramolecular microcapsules in a fast and
simple way. To minimize the uncertainty due to droplet volume variation, the inlet
pressures were supplied from the same source while lowering the interfacial tension and the
main channel hydrodynamic resistance, which are critical for high monodispersity. The
target polyrotaxane network (PN) was simply formed at the interface of the water and oil
phases in ultra-monodisperse microdroplets via the cucurbit[6]uril (CB6)-catalyzed azide−
alkyne cycloaddition (CB6-AAC) reaction between azido- and alkyne-functionalized
tetraphenylporphyrin monomers (TPP-4AZ and TPP-4AL). The thickness of the
interfacially assembled PN microcapsules was 20 nm as analyzed by cross-sectional
TEM and TEM-EDX techniques. The resultant water-in-oil PN microcapsules were highly monodisperse in size and able to retain
target molecules. Here, rhodamine 6G (Rh6G)-loaded PN microcapsules were fabricated, and the release rate of the Rh6G cargo
was investigated over time for controlled drug release applications.

KEYWORDS: microfluidics, nanowalled microcapsules, monodispersity, supramolecules, 2D polyrotaxane network,
interfacial polymerization, drug release

1. INTRODUCTION

Considerable attention has been devoted to the development
of free-standing two-dimensional (2D) supramolecular assem-
blies as thin films for diverse applications such as biosensing
and optoelectronics due to their unique properties and well-
designed structures. Recently, liquid-to-liquid interfacial
polymerization served as an efficient method that accom-
modates large-area, continuous, and free-standing 2D films at
the interface of two liquid phases.1,2 In comparison to planar
interfaces, the spherical surface of these supramolecular
assemblies in the form of microdroplets offers improved
interaction with the surrounding environment for many
applications.3

Porphyrin derivatives are one of the most attractive
components for the fabrication of 2D supramolecular
assemblies due to their synthetic versatility, facile modification,
chemical stability and flexibility, planar structure, and rigidity
as well as outstanding photo- and electrochemical properties.
Owing to these unique properties, porphyrins have been
widely used in the construction of rotaxane-based assemblies
with cucurbit[n]urils,4−7 in which the CB[n] macrocycle is
threaded onto an axle-like component through noncovalent
interactions. These engineered rotaxane assemblies offer many

interesting properties and extensive applications especially in
construction of stimuli-responsive materials.8−16

CB[n]s are a family of macrocyclic compounds composed of
glycoluril units connected by methylene bridges. They offer
strong host−guest chemistry owing to their rigid hydrophobic
cavity and two identical hydrophilic carbonyl portals. They can
be found in various sizes depending on the number of glycol
units present in their structure.13 CBs have become important
building blocks of supramolecular assemblies because of their
interesting structural features, which can provide rich host−
guest chemistry as well as displaying outstanding properties
such as nontoxicity, high biocompatibility, and thermal and
chemical stability.12,14−24 Among CBs, CB6 with six glycol
units is unique due to its ability to catalyze 1,3-dipolar
cycloaddition between properly substituted alkyne and azide
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substrates by forming 1,4-disubstituted triazoles. This feature
was extensively explored in the synthesis of rotaxanes and
polyrotaxanes.1,6,9,22,23

Thanks to their capability of encapsulation, adaptive
dynamic, high specific surface area, and low effective density,
microcapsules have favorable applications such as the
production of artificial organelles, self-healing concrete,
cosmetics, biomedical diagnostics, transport of vaccines,
regenerative biomedicines, microreactor-targeted drug delivery,
tissue engineering, adhesives, paints, pesticides, living cell-
integrated assays, and magnetic devices and materials.25−30 In
this context, the hierarchically ordered supramolecular frame-
works that are formed by the self-assembly of appropriate
molecular building blocks could be applied to form self-
adjusting microcapsules with stimuli responsiveness, tunable
porosity, and stability.
Microfluidics is a powerful tool for the production of

monodisperse microdroplets that can result in microcapsules
with high-throughput generation, effective consumption of
material, and high reproducibility along with precise control
over hierarchical structure, shape, and size.31 Microfluidic
techniques applied for the generation of microcapsules have
addressed issues such as the restricted efficiency of
encapsulation and multiple steps of synthesis.32 First, micro-
fluidic microcapsule generation was demonstrated by Weitz et
al.33 Then, several techniques have been developed to achieve
the microdroplet-based production of microcapsules.29,33−35

Encapsulation is usually accomplished by single- or double-
microdroplet emulsion generation. Subsequently, these micro-
droplets, which involve biopolymers, synthetic polymers,
amphiphiles or lipids, endure the solidification of skin via
polymerization, evaporation of solvent, or dewetting. To
ensure the monodispersity of the generated microcapsules, it
is essential to ensure that the volume variation of the primary
droplets, which serve as microcapsule precursors, is minimized.
To provide ultra-monodisperse droplet generation, internal
and external factors that disturb monodispersity and the
system dynamics should be investigated as we have shown in
our previous work.27,30,35−38

During the past few years, limited studies have been
reported on microcapsule generation via the combination of
microfluidic techniques and CB-based supramolecular archi-
tectures. These microcapsules are primarily fabricated through
the CBs’ host−guest interactions using three methods:
interfacial condensation-driven assembly, electrostatic inter-
action-driven assembly, and colloidal particle-driven assem-
bly.3,31,39−41 Combining the advantages of microfluidic

droplets and supramolecular chemistry, the fabrication of
stable CB-based supramolecular microcapsules in an efficient
and simple process is still challenging.
Recently, we have reported the synthesis of a catalytically

self-threaded 2D polyrotaxane network (PN) through a facile
water−oil interfacial polymerization method between tetra-
azide- and tetra-alkyne-functionalized porphyrins, in which
CB6 catalyzed the azide−alkyne cycloaddition reaction (CB6-
AAC) between two porphyrin monomers, and therefore, the
polymerization and rotaxane formation occurred simultane-
ously at the interface.1 PN film was successfully utilized as an
efficient photosensitizer for antibacterial photodynamic
therapy.1 In this work, we demonstrate the versatility and
adaptability of this approach in the direct construction of ultra-
monodisperse and stable PN microcapsules in a single step
using an optimized microfluidic droplet generation technique.
PN as the microdroplet shell was formed through the
interfacial polymerization between the aqueous and the oil
phases containing TPP-4AZ, CB6, and TPP-4AL, respectively.
Here, CB6 fosters the catalytic self-assembly of two function-
alized porphyrin monomers at the interface of water and oil in
ultra-monodisperse droplets. To the best of our knowledge,
this is the first example of catalytically self-threaded
polyrotaxane network microcapsules fabricated through CB6-
promoted click chemistry.

2. EXPERIMENTAL SECTION
2.1. Materials and Instrumentation. All chemicals and reagents

used in this work were of analytical grade and purchased from Sigma-
Aldrich. Ultrapure deionized water (R ≥ 18 MΩ cm−1) from a Milli-Q
plus (Millipore, Bedford, MA, USA) water purification system was
used to prepare all aqueous solutions. CB6, the porphyrin monomers
(TPP-4AZ and TPP-4AL), and the target PN were synthesized and
fully characterized according to the procedures presented in our
earlier paper.1

Scanning electron microscopy (SEM) images were captured by a
SEM-FIB instrument (FEI NovaLab 600i). Focused ion beam (FIB)
milling was used to obtain the cross-sectional images of PN
microcapsules as well as to prepare a thin film of PN microcapsule
layers for TEM cross-sectional inspections. The area of interest was
protected with the deposition of 1 μm of platinum before etching.
Transmission electron microscopy (TEM) images and energy-
dispersive X-ray spectroscopy (EDX) analysis were acquired by FEI
Tecnai G2 F30 TEM. Confocal laser scanning microscopy (CLSM)
images were taken by Leica TCS SP8 X multiphoton system in
fluorescence mode with the excitation laser at 490 nm, intensity of
80%, and emission range of 608−749 nm. Transmission and
fluorescence images of the microcapsules were obtained using a

Figure 1. Schematic representation of the microfluidic system using (a) the conventional method, where the droplet generator driven by two ports
on the pressure supply, and (b) the proposed single source method, where the droplet generator driven by connecting to a single port of the
pressure supply.
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Zeiss Axio fluorescence microscope coupled with a digital Zeiss
AxioCam MR Camera.
2.2. Fabrication of PN Microcapsules. A hydrophobic T-

junction PDMS/glass microfluidic chip was used in this work to
generate monodisperse water-in-oil microdroplets. The width and
height of all channels were 150 and 80 μm, respectively. The length of
the continuous phase, dispersed phase, and main channel were 1, 18,
and 3 cm, respectively. Aqueous droplets were formed inside the
hydrophobic oil phase using a pressure controller. Using a single-
pressure source and bifurcation, microchannel inlet pressures for both
continuous and dispersed phases were set as identical at 60 mbar. The
single-pressure source configuration is schematically shown in Figure
1. Here, the oil and aqueous phases were prepared using the same
methods reported in our previous paper.1 Briefly, the oil phase was
obtained by dissolving TPP-4AL (2.2 mg, 2.5 μmol) in 10 mL of
chloroform. The aqueous phase was prepared by separately dissolving
TPP-4AZ (2.5 mg, 2.5 μmol) and CB6 (10 mg, 10 μmol) in 5 mL of
1 M HCl followed by mixing of the two solutions for 5 min to obtain
10 mL of the homogeneous aqueous solution. The continuous phase
was prepared by diluting the oil phase with hexadecane (1:4 v/v)
followed by dissolving 2% Span80 surfactant. The dispersed phase was
obtained by diluting the aqueous phase with water (1:4 v/v). Both the
continuous and dispersed phases were then sonicated for 5 min at RT
(room temperature) using the ultrasonic bath. Initially, the
continuous oil phase was pumped into the microfluidic device to
wet the microchannels. The aqueous dispersed phase was then
injected through the other input channel of the T-junction device
with the same applied pressure as the continuous phase. Microdroplet
formation was achieved in the dripping phase, and the resultant
droplets were collected in a Petri dish for further investigation using a
tubing attached to the outlet. The monodisperse supramolecular
microcapsules were capable of encapsulating the desired macro-
molecular cargos.
2.3. Encapsulation of Rhodamine 6G (Rh6G) Dye as a Cargo

Molecule. Rh6G-loaded PN microcapsules were fabricated as
follows: First, the aqueous and the oil phases were prepared as
described in Section 2.2. Then, the dispersed phase was obtained by
diluting the aqueous phase (TPP-4AZ and CB6 in HCl 1 M) with 200
ppm aqueous solution of Rh6G dye (1:4 v/v). The continuous phase
was also prepared by diluting the oil phase (TPP-4AL in chloroform)
with hexadecane (1:4 v/v) followed by adding 2% Span80 surfactant.
Both the dispersed and continuous phases were sonicated for 5 min at
RT using the ultrasonic bath, and then they were injected into the T-
junction microfluidic chip through the same source of a pressure-
control system using the optimized microfluidic droplet generation

technique and the same microfluidic configuration. The resulting
extra-monodisperse Rh6G-loaded PN microdroplets at the junction
were carried to the Petri dish substrate through flexible tubing to
study the releasing behavior of the Rh6G dye serving as a cargo
molecule inside the PN microcapsules.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Characterizations of PN Micro-

capsules. In this study, an optimized microfluidic droplet
generation technique in combination with the interfacial
polymerization to synthesize the catalytically self-threading
polyrotaxane network (PN) was applied for direct generation
of the monodisperse water-in-oil PN microdroplets. To
minimize the external and internal fluctuations in the droplet
generation process, a highly engineered channel network
design and flow source configuration were applied to produce
the ultra-monodisperse droplets with CVs of less than 0.2%.
Supplying the inlet pressures from the same source along with
similar hydrodynamic resistances of the inlet channel allow for
minimum pressure difference between the two solutions at the
junction. Low interfacial tension and low hydrodynamic
resistance of the main channel are also applied to achieve
ultrahigh monodispersity. The single-pressure source config-
uration in comparison with the traditional microfluidic system
is shown in Figure 1. Unlike the traditional method in which
two separate pressure sources/channels are used to supply the
immiscible phases in the inlet channels, here, only one pressure
source is used to supply the solutions. A T-shaped bifurcation
is used to divide the air flow from a single air supply into two
branches, and each of the branches is then used to drive one of
the two immiscible phases. Also, the hydrodynamic resistances
of the inlet channels are adjusted to be identical, and the
interfacial tension is lowered using a surfactant. These design
factors diminish the pressure difference at the junction
between the two solutions. Furthermore, the hydrodynamic
resistance of the main channel is decreased by using a shorter
outlet channel. The flow rates of dispersed and continuous
phases can be adjusted by inlet channel hydrodynamic
resistances.35

The molecular structures of the monomers and the target
PN as well as the hydrophobic microfluidic T-junction chip to

Figure 2. Schematic representation of the formation of PN microcapsules using a hydrophobic T-junction microfluidic chip through the CB6-AAC
reaction between TPP-4AL in chloroform/hexadecane and TPP-4AZ, CB6 in aqueous HCl.
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construct PN microcapsules are shown in Figure 2. Target PN
and its monomers (TPP-4AL, TPP-4AZ, and CB6) were
synthesized and characterized according to the procedures
reported in our previous paper.1,6 The oil phase containing
TPP-4AL (1 equimolar) and the aqueous phase containing
TPP-4AZ (1 equimolar) and CB6 (4 equimolar) were
prepared following the procedures1 described in Section 2.2.
The solution of 1:4 v/v TPP-4AL in chloroform and
hexadecane was injected to one inlet to be used as the
continuous phase, while the aqueous solution of 1:4 v/v TPP-
4AZ and CB6 in 1 M HCl and water was used as the dispersed
phase. Both continuous and dispersed phases were injected
into the microfluidic chip through a pressure-controlled
system. Microdroplets were generated at the junction and
with the aid of flexible tubing; they were transferred to the
Petri dish where the formation of PN was completed at the
surface of the droplet,s and the microcapsules were obtained.
The target PN was self-assembled through the water−oil
interfacial polymerization between the oil and aqueous phases
containing functionalized porphyrin monomers and CB6.
Here, CB6 accelerates the 1,3-dipolar azide−alkyne cyclo-
addition reaction (CB6-AAC)1,6,9,23 between TPP-4AZ and
TPP-4AL to yield triazoles, which are encapsulated in the
cavity of CB6 and, after cycloaddition CB6, remains as a part
of the polyrotaxane network (PN).
The resulting spherical PN microcapsules exhibited a high

level of monodispersity with a mean diameter of approximately
100 μm upon collecting them on the Petri dish substrate (t = 0
min). Figure 3a−d shows the optical and confocal laser

scanning microscopy (CLSM) images of the fresh PN
microcapsules captured 5 min after generation, which
demonstrate that PN microcapsules have smooth spherical
surfaces with a mean diameter of 65−70 μm (at t = 5 min).
The changes of the PN microcapsules over time was studied

using fluorescence microscopy, and the results were presented
in Figure 4. By evaporation of the inner aqueous phase of the
microdroplets at room temperature during the first 15 min,
their diameter continuously decreased with a slight distortion
in the spherical shape. This is due to the weakening of the
bonds in the interface, which form the stable microdroplet
shell. Further evaporation led to the wrinkling of the flexible
shell until the droplet was unable to support the microcapsule
shell and subsequently resulted in complete collapse of the
shell on the base substrate once it was dry.

Figure 5 compares the fluorescence microscopy images
(rhodamine filter) of fresh and air-dried PN microcapsules.

The imaging revealed that the porphyrin-induced fluorescent
red color was uniformly distributed all over the fresh droplets;
however, with the gradual evaporation of the water inside the
microdroplets, the red color was primarily observed on the
surface of the microcapsules instead of the total volume of the
droplets. This clearly confirmed that the interfacial polymer-
ization of the oil and aqueous phases containing porphyrin
monomers and CB6 to produce PN microcapsules was
successful.
Microdroplets formed using the same conditions but in the

absence of CB6 led to the formation of unstable microcapsules
that collapsed as they merged, and then they gradually
disappeared (Figure S1). This control experiment exclusively
demonstrated the important role of CB6 to form the interfacial
PN assembly because TPP-4AL and TPP-4AZ were no longer
polymerized at the microdroplet surface in the absence of CB6.
PN formation will also not take place in the presence of CB7
and CB8 because they are not capable of catalyzing 1,3-dipolar
cycloaddition to form triazole by joining the monomers TPP-
4AL and TPP-4AZ together.1,9

The rehydration of the air-dried PN microcapsule was also
studied at room temperature. The fluorescence microscopy
images showing the rehydration behavior of PN microcapsules
over time were displayed in Figure 6. For this, 20 μL of water
was injected into the Petri dish, which was then gradually
absorbed by the dry PN microcapsules, and as a result of this,
the dried microcapsules swelled gradually for the first few
minutes to about 1.5 times the size of their dried state. After
that, the PN microcapsules resumed their spherical shape, and
the wrinkles disappeared from their shell. The rehydrated PN

Figure 3. (a) Optical and (b−d) CLSM images of fresh PN
microcapsules captured 5 min after generation: (b) fluorescence
microscopy, (c) brightfield, and (d) overlaid representation.

Figure 4. Fluorescence microscopy images (brightfield filter) of the
formation of PN microcapsules as the water inside the microdroplets
evaporates over time.

Figure 5. Fluorescence microscopy images (rhodamine filter) of the
formation of PN microcapsules shells as the water inside the
microdroplets evaporates.
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microcapsules were stable until the evaporation of the inner
water phase of the microdroplets.
The surface morphology of the PN microcapsule samples

was examined using the SEM. At first, a drop of the
microcapsule dispersion was placed on a silicon wafer, dried
in RT, and then sputtered with a 10 nm Au/Pd layer. Figure
7a,b shows the SEM images of dry PN microcapsules having

creases and folds on the flexible PN surface. To observe the
internal structure of the PN microcapsule, a selected sample
was FIB-milled to expose the microcapsule interior. Before
milling, a 1 μm Pt layer was deposited on the surface of the
samples. Figure 7c exhibits the cross-sectional FIB-SEM image
of the dry PN microcapsule where the core-shell structure of
these microcapsules was clearly observed.
To measure the shell thickness of the PN microcapsules,

TEM imaging was used. First, a strip containing PN
microcapsule layers (with a thickness of around 1.5 μm) was
obtained by FIB milling. This strip was then transferred to a 3
mm TEM Cu grid using an Omniprobe micromanipulator.
After attaching the sample using Pt deposition, the Omniprobe
was detached from the strip. Figure 8 exhibits the cross-
sectional TEM image of the resulting strip, which was
composed of a 20 nm PN shell layer, a 10 nm Au layer, and
a 1 μm Pt layer as well as the core.
The detailed compositional profiling of the same strip was

investigated through TEM-EDX analysis. EDX analysis was
used in line scan mode across the selected core-shell area of the
PN strip as indicated by a red line in the corresponding cross-
sectional HAADF STEM image (Figure 9a). Based on the
elemental profiles displayed in Figure 9b and the correspond-
ing atomic percentages of the elements (Table S1, ESI), the
shell layer with a thickness of 20 nm comprising 78.80% C,
20.54% O, and 0.64% N, showed a distinct promotion of N
and O content in the direction from core to shell. These
observations clearly confirmed the successful formation of the

interfacial PN assembly at the microcapsule shell through the
interfacial polymerization between the aqueous and oil phases.

3.2. Release of the Entrapped Rhodamine 6G (Rh6G)
Cargo Molecules from the PN Microcapsules. The
specifically prepared microcapsules can entrap molecular
guests as drug molecules for drug delivery or enzyme/
molecular catalysis to catalyze the reactions as well as acting
as a microvessel to carry out specific reactions. Here, we want
to demonstrate the proof-of-concept application for encapsu-
lating and releasing small molecules as drug substitutes. To this
end, the fluorescent Rh6G dye, as a cargo molecule, was
encapsulated inside the PN microcapsules using the procedure
described in Section 2.3. Here, the Rh6G cargo was added to
the dispersed aqueous phase, and it was entrapped inside the
microdroplets during their generation process through the
optimized microfluidic droplet generation technique as
mentioned before. The resulting extra-monodisperse micro-
droplets were then transferred to the Petri dish substrate. The
monodisperse PN microcapsules containing entrapped Rh6G
were generated after the interfacial assembly of the
polyrotaxane network at the droplet interface and monitored
over time by a fluorescence microscope under a rhodamine
filter to investigate the releasing behavior of the Rh6G cargo
from the PN microcapsule in dry medium. As shown in Figure
S2, the color of the fresh PN microcapsules was uniformly red,
whereas by gradual evaporation of the water inside of them
over time, the red-colored microcapsules turned green,
illustrating the encapsulation of the Rh6G cargo inside the
fresh PN microcapsules and its continuous release over time.
There, the size of the Rh6G-loaded PN microcapsules was
continuously decreased over time due to the evaporation of
their inner aqueous phase. To quantify the release of the Rh6G
cargo from the PN microcapsules, the captured optical images
were analyzed with ImageJ image-processing software. For this,
the mean fluorescence intensity from the interior of the
microcapsules was calculated for all images by averaging the
pixel intensity inside the microcapsule and subtracting the
background intensity (measured close to the microcapsule)
using the software. Figure S3 exhibits the release profile of the
Rh6G dye from the PN microcapsules in dry medium, in which
67% of the cargo was released over 1 h.
To study the releasing behavior of the Rh6G cargo from the

PN microcapsules in aqueous medium, the Rh6G-loaded PN
microcapsules were first generated as described in Section 2.3,
and then approximately 5 min after their generation, they were
transferred to the Petri dish substrate containing water and
tracked over time by the fluorescence microscope under a
brightfield filter. The release profile of Rh6G dye from the PN
microcapsules was obtained by analyzing 129 optical images
taken over 7 h. Figure 10a−f shows the optical images of the
Rh6G-loaded PN microcapsules taken during this study. Figure

Figure 6. Fluorescence micrographs (brightfield filter) of one PN
microcapsule: (a) air-dried and (b−d) after rehydration with water
over time.

Figure 7. (a, b) SEM images and (c) FIB-SEM cross-sectional image
of the dry PN microcapsules.

Figure 8. Cross-sectional TEM images of the PN microcapsule strip.
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10g demonstrates the corresponding long-term release profile
of the Rh6G-loaded PN microcapsules inside the water. As can
be derived from Figure 10, the Rh6G cargo was gently released
from the PN microcapsules inside the water over 7 h and no
significant change in the size and shape of the microcapsules
was observed. Here, only 28% of the Rh6G cargo released over
the first 1 h, and then it reached to 48% over 2 h and 86% after
7 h. Compared with the release experiment performed in dry
medium, the release rate of the Rh6G cargo from the PN
microcapsules in aqueous medium (Figure 10g) was much
slower than those in dry medium (Figure S3). The obtained
results ensured that the controlled cargo release lasted for the
target duration.

4. CONCLUSIONS
High-monodispersity droplet generation methodology has
been used for the first time in microcapsule synthesis,
specifically for polyrotaxane−based supramolecular micro-
capsules. Combining the distinctive liquid−liquid interfacial
polymerization method and the unique microfluidic droplet
generation technique, highly monodisperse supramolecular
microcapsules were prepared. To obtain extremely mono-
disperse droplets, only one port of pressure source was applied
to drive both inlet phases, the interfacial tension was
diminished using a surfactant, and the main-channel hydro-
dynamic resistance was designed to be low. The CB6-AAC
reaction between TPP-4AZ and TPP-4AL at the water and the
oil phase interfaces resulted in the self-assembly of the target
polyrotaxane network (PN) with a thickness of 20 nm on the
surface of the ultra-monodisperse microdroplets. The resulting

water-in-oil PN microcapsules offer high monodispersity,
ability to retain target molecules, and facilitation of release
via supramolecular cross-links. Moreover, the release rate of
the Rh6G cargo from the PN microcapsules inside the aqueous
medium was investigated over time for controlled drug release
applications. The results demonstrated the long-term cargo
release profile for the Rh6G-loaded PN microcapsules without
any significant change in the size and shape of the PN
microcapsules, in which the Rh6G was gradually released from
the PN microcapsules inside the water during 7 h. The
versatile process presented in this work can be utilized to
produce nano- or microcapsules for controlled cargo release
applications.
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