Research Article
www.acsami.org

Assembly-Controlled Permeability of Layer-by-Layer Polymeric
Microcapsules Using a Tapered Fluidized Bed
Ka Fung Noi,† Ali Roozmand,† Mattias Björnmalm,† Joseph J. Richardson,†,‡ George V. Franks,§
and Frank Caruso*,†
†

Australian Research Council (ARC) Centre of Excellence in Convergent Bio-Nano Science and Technology, and the Department of
Chemical and Biomolecular Engineering, The University of Melbourne, Parkville, Victoria 3010, Australia
§
Department of Chemical and Biomolecular Engineering, The University of Melbourne, Parkville, Victoria 3010, Australia
S Supporting Information
*

ABSTRACT: Nano- and microcapsules engineered through
layer-by-layer (LbL) assembly are ﬁnding an increasingly large
number of applications as catalysts, electrochemical biosensors,
bioreactors, artiﬁcial cells and drug delivery vehicles. While
centrifugation-based LbL assembly is the most common
method for coating template particles and preparing capsules,
it is a batch process and requires frequent intervention that
renders the system challenging to automate and scale up. Here,
we report the use of a tapered ﬂuidized bed (TFB) for the
preparation of multilayered polymer capsules. This is a
signiﬁcant improvement over our recent approach of ﬂuidizing
particles in cylindrical ﬂuidized beds (CFB) for LbL assembly. We demonstrate that TFB is compatible with particles <3 μm in
diameter (an order-of-magnitude improvement compared with CFB), which can be ﬂuidized with minimal entrainment.
Additionally, layering materials were expanded to include both electrostatic and hydrogen-bonding polymer pairs (e.g.,
poly(allylamine hydrochloride) (PAH) and poly(styrenesulfonate) (PSS), and thiol-modiﬁed poly(methacrylic acid) (PMASH)
and poly(N-vinylpyrrolidone) (PVPON), respectively). Finally, diﬀerences between capsules prepared via centrifugation-based
and TFB LbL assembly were investigated. The obtained TFB microcapsules demonstrate increased ﬁlm thickness and roughness
compared with those prepared using centrifugation-based LbL assembly. Furthermore, PMASH microcapsules exhibit lower
swelling and permeability when prepared via TFB LbL assembly compared with centrifugation-based LbL assembly due to
enhanced multilayer deposition, entanglement, and cross-linking. Therefore, polymeric capsules fabricated via TFB LbL assembly
may be useful for encapsulation and retention of relatively low molecular weight (∼20 kDa) hydrophilic biomacromolecules to
passively or responsively release the payload for drug delivery applications.
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■

INTRODUCTION

applicable materials and particles that can be employed,
introduce complex and specialized equipment, or reduce the
potential for scaling up production.2
Recently, we reported the concept of ﬂuidizing particle
templates in a cylindrical ﬂuidized bed (CFB) for rapid and
versatile layering.17 While the fabrication of 30−50 μm
microcapsules in relatively large quantities was successful,
ﬂuidizing smaller-sized particles (∼5 μm) was diﬃcult due to
entrainment at relatively high ﬂow rates. Herein, we report the
use of a tapered ﬂuidized bed (TFB) for layering ﬂuidized
smaller particle templates and fabricating polymer capsules with
controlled properties. TFBs have been widely applied in many
industrial processes such as particle segregation,18 combustion,19 wastewater treatment,20 and bioreactors.21 Similar to a

Layer-by-layer (LbL) assembly has drawn growing scientiﬁc
interest over the past two decades as a versatile approach to
assemble functional polymeric nanoﬁlms on a wide range of
templates.1,2 While centrifugation-based LbL assembly has a
broad toolkit with regard to choice of templates (e.g., gold,3
silica,4 emulsions5) and materials (e.g., polymers,6 biomolecules,7 DNA,8 colloids9), it generally requires numerous cycles
of (nonﬂow) adsorption/centrifugation/wash steps to remove
excess materials. This inherently limits centrifugation-based
LbL assembly, as it is labor-intensive and time-consuming, and
the use of small templates can lead to aggregation issues under
high-speed centrifugation. To address these limitations, a
variety of LbL assembly techniques have been developed,
including immersive assembly,1 membrane ﬁltration,10 spray
assembly,11 spin assembly,12 atomization,13 immobilization,14
microﬂuidic assembly,15 and electrophoretic assembly.16
However, these techniques can reduce the diversity of
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CFB, an upward ﬂow of ﬂuid is used to ﬂuidize particle
templates. Whereas CFBs have a constant cross-sectional
column, TFBs are in the form of a cone with small, crosssectional entrance and a gradual expansion of cross-sectional
area along the bed height from the bottom to the top (Figure
1). Therefore, there is a velocity gradient where the velocity of

electrostatic and hydrogen bonding complementary polymers,
and the ﬁlm properties were shown to be diﬀerent from those
prepared by centrifugation-based LbL assembly. Hence, TFB
LbL assembly possesses the capability to (i) operate over a
wide range of ﬂuid velocities, (ii) ﬂuidize microparticles (∼3
μm) at high ﬂow rates with minimal entrainment, (iii) facilitate
the layering of polymers through electrostatic forces and
hydrogen bonding, and (iv) manipulate material properties
such as ﬁlm roughness, degree of swelling, and permeability.
TFB LbL assembly therefore addresses key challenges
associated with CFB LbL assembly, while retaining advantages
such as ease-of-use, high amenability to automation, and
potential for scale-up.

■

EXPERIMENTAL SECTION

Fluidization of Template Particles. Ultrapure water with a
resistivity greater than 18 MΩ·cm, from an inline Millipore RiOs/
Origin puriﬁcation system, was used. 500 μL of particles (7 μm silica, 5
wt %) from Microparticles GmbH was added into the ﬂuid bed
column (1 cm in diameter NAP-5 column from GE Healthcare Life
Sciences), and the pump (PHD2000 from Harvard Apparatus) ﬂow
rate was set to 1000 μL min−1.
Experiments were performed with a tapered column, 10 mm in
length, and an overall taper angle of 45°. The column size increased
from 10 mm at the bottom to 30 mm at the top (Figure S1).
Preparation of Thiol-Functionalized Poly(methacrylic acid)
(PMASH). Poly(methacrylic acid) with 12 mol % thiol modiﬁcation was
synthesized from PMA and 2-(pyridylthio)-ethylamine hydrochloride
via carbodiimide coupling, as described previously.23
Fluidized Bed Layer-by-Layer Capsule Assembly. The ﬂuidization of 25 mg of template particles was achieved using a ﬂow rate of
1000 μL min−1 with ultrapure water. A six-port valve (IDEX Health
and Science) was used for injecting the polymers (poly(sodium 4styrenesulfonate) (PSS, MW 70 kDa) and poly(allylamine hydrochloride) (PAH, MW 58 kDa), or PMASH (MW 15k Da) and poly(Nvinylpyrrolidone) (PVPON, MW 10 kDa)) into the ﬂuidized bed
without disrupting the ﬂow rate of water. A polyether ether ketone
tube with dimensions of 115 cm in length and 1.02 mm in inner
diameter (∼1 mL volume) was used for loading the polymer solutions.
PAH and PSS were prepared in 0.5 M NaCl, pH 7, with a polymer
concentration of 1.0 mg mL−1.

Figure 1. Schematic view (not to scale) of (a) cylindrical and (b)
tapered ﬂuidized beds for the continuous LbL deposition of polymers
for the generation of core−shell particles and polymer capsules.

the ﬂuid is relatively high at the bottom with decreasing velocity
at the top, preventing the entrainment of small particles.22 This
velocity gradient circumvents the entrainment issue experienced when layering smaller particles using CFB, while also
maintaining continuous layering and eliminating the need for
centrifugation and washing steps common to centrifugationbased LbL assembly (Figure 2). Additionally, the material
choice for ﬂuidized bed layering was expanded by utilizing both

Figure 2. Core−shell particles prepared via centrifugation-based (a) and tapered ﬂuidized bed (b) LbL assembly. Centrifugation-based LbL assembly
is a batch-wise process involving multiple centrifugation−wash steps and long incubation times, whereas TFB LbL assembly is an upward ﬂow
process with fewer steps to achieve bilayer deposition, which eliminates the need for centrifugation−wash steps.
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The polymer solution was injected into the loading tube using a
syringe with the six-way valve set to “load”, isolating the polymer
solution from the ﬂow of water. Two mL of polymer solution was
loaded through the 1 mL tube to minimize dilution of polymer
solution. The valve was then set to “inject”, diverting the ﬂowing water
through the polymer loading tube. The loaded polymer solution was
then part of the ﬂow stream and ﬂowed through the ﬂuidized bed. An
additional 3 mL of ultrapure water was allowed to ﬂow through the
loading tube and ﬂuidized bed to ensure that both were suﬃciently
washed before the valve was reset to “load” for the second polymer
and the process was repeated until eight layers were deposited.
Modiﬁed Reaction Parameters. The experimental conditions
were the same as the standard conditions mentioned above except for
the diﬀerences speciﬁcally mentioned below. Low polymer injection f low
rate: The ﬂow rate was decreased from 1000 μL min−1 to 100 μL
min−1, increasing the polymer−particle contact time from 1 to 10 min.
High polymer concentration: The polymer solution concentration was
increased from 1 to 4 mg mL−1. High polymer injection volume: The
volume of polymer solution injected was increased from 1 to 2 mL,
doubling the residence time of the polymer. High washing volume: The
washing volume injected was increased from 3 to 5 mL to ensure
overﬂow of polymer solution and removal of free polymers.
Cross-linking of PMASH Core−Shell Particles. To stabilize the
(PVPON/PMASH)4/PVPON multilayers, the coated particles were
exposed to a 2.75 mM solution of chloramine T (CaT) for 10 min, as
described previously.23
Core Removal. The layered particles were collected into 1.7 mL
microcentrifuge tubes and centrifuged, and the supernatant was
removed. 500 μL of hydroﬂuoric acid (5 M HF) was added to the
layered particles, and incubated for 5 min to remove the silica.
[Caution! HF is highly toxic. Extreme care should be taken when handling
HF solution.] The capsules were pelleted at 2000g for 3 min, the
supernatant was removed, and the capsules were washed with
ultrapure water three times to ensure that the HF was fully removed.
Additional experimental details are available in the Supporting
Information.

Figure 3. Comparison between cylindrical (dashed line) and tapered
ﬂuidized bed (dashed and solid line) of theoretical ﬂuidization ranges
for silica particles of diﬀerent diameters. See Table S1 in the
Supporting Information for values.

Figure 4. Percentage of particle (7 μm SiO2) entrainment using CFB
(blue) and TFB (red) at 200, 400, and 600 μL min−1 after a minimum
of 15 min of ﬂuidization.

■

RESULTS AND DISCUSSION
Fluidization Performance of CFB and TFB. First, we
investigated the performance diﬀerence between CFB and TFB
systems. The minimum ﬂuidizing velocity (UMF) is the
minimum velocity at which a settled bed of particles can be
ﬂuidized, and the terminal velocity (UT) is the maximum
velocity of a particle before it is lost from the ﬂuidized bed due
to entrainment. These velocities were calculated according to
Richardson et al.17 These values were converted to minimum
(V̇ MF) and maximum volumetric ﬂow rates (V̇ T) for the ﬂuid
bed and used as the basis of comparison and provided a
guideline on expected ﬂow rates, which are compatible with
diﬀerent particle sizes (Figure 3). To determine whether the V̇ T
values were experimentally valid, 25 mg (500 μL) of 7 μm SiO2
particles was ﬂuidized at 200, 400, and 600 μL min−1 for CFB
and TFB systems. After ﬂuidizing the particles for a minimum
of 15 min, it was observed that the CFB system had a
signiﬁcant amount of particle loss whereas particles in the TFB
had minimal entrainment (Figure 4). This matches closely with
the calculated V̇ T values of 174 μL min−1 and 1270 μL min−1
for CFB and TFB, respectively, suggesting an accurate
maximum ﬂow rate for ﬂuidization. The results demonstrate
that TFB, with its increasing cross-sectional area, provides a
greater operation volumetric ﬂow rate while maintaining
minimum particle entrainment. Figure 5 shows the threedimensional (3D) spatial distribution of 7 μm SiO2 particles
under diﬀerent ﬂow rates. It can be seen that most particles are
concentrated near the vertical section of the ﬂuidized bed with

Figure 5. 3D visualization based on data of particle distributions in a
TFB system at (a) 200, (b) 400, (c) 600, and (d) 1000 μL min−1 for 7
μm SiO2 particles. See Supporting Methods in the Supporting
Information for the procedure used to generate 3D visualizations.

few particles near the top of the tapered column at 1000 μL
min−1.
To further verify that the calculated V̇ T values for TFB are
the upper limits of ﬂuid velocities that will retain particles
within the system, 2.78, 4.62, and 7 μm SiO2 particles were
ﬂuidized from 200 μL min−1 and were increased to their
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Figure 6. ξ-potential of reference conditions (a) and modiﬁed conditions (b) of TFB LbL assembly of PAH/PSS, where zero, odd layer numbers,
and even layer numbers correspond to bare 7 μm SiO2 particles, PAH, and PSS, respectively. Fluorescence microscopy (c), AFM (d), SEM (e), and
TEM (f) images of FITC-dextran-labeled (green) PAH/PSS capsules prepared by TFB LbL assembly.

respective V̇ T values in increments of 200 μL min−1 (Table S2).
The number of initial particles that were entrained was
recorded by bright-ﬁeld microscopy and subsequently analyzed.
Table S2 demonstrates that the V̇ T values closely match the
experimental results, where particle entrainment is evident
above the terminal velocity of the ﬂuid ﬂow rate for all sizes of
SiO2 particles.
TFB LbL-Assembled PAH/PSS Multilayers. The initial
layering conditions of (PAH/PSS)4 were performed in
accordance with Richardson et al.:17 high Mw PAH (58 kDa)
and PSS (70 kDa), polymer concentrations of 1 mg mL−1, and
a ﬂow rate of 1000 μL min−1. DIC microscopy images show
dispersed core−shell particles and no visible polymer
complexes. However, after HF treatment, a low number of
capsules remained (Figure S2a). Zeta (ξ)-potential analysis of
the layered particles, conducted in water, showed that the mean
ξ-potential did not alternate between negative and positive with
each additional layer, indicating incomplete layer and/or
nonuniform deposition (Figure 6a). To improve layering,
four parameters, (i) polymer injection ﬂow rate, (ii) polymer
concentration, (iii) injected polymer volume, and (iv) injected
washing volume, were optimized. Layering was improved by
using a higher polymer concentration (from 1 to 4 mg mL−1),
resulting in the formation of some capsules, with polymer
complexes, fragmented capsules, and aggregation also present
(Figure S2b). By decreasing the polymer injection ﬂow rate
(from 1000 to 100 μL min−1), which increases polymer−
particle contact time (from 1 to 10 min), some deformed
capsules and a large number of polymer complexes were
formed (Figure S2c). As both lower polymer injection ﬂow rate
and higher polymer concentration showed improvements, we
examined the synergistic eﬀect of the combination of the two,
which resulted in a vast improvement in the yield and quality of
the capsules formed (Figure S2d). However, free polymer
complexes could still be observed, which was attributed to an

insuﬃcient volume of washing ﬂuid to remove free polymer
from the TFB. Finally, to determine if layering could be further
improved, high polymer injection volume (from 1 to 2 mL) and
washing buﬀer volume (from 3 to 5 mL) were employed in
conjunction with high polymer concentration and low polymer
injection ﬂow rate (Figure S2e), which produced capsules
closely resembling those assembled through centrifugationbased LbL assembly (Figure S2f). Multilayered particles
assembled with the modiﬁed TFB LbL assembly displayed
characteristic alternating ξ-potentials after each successive
layering of PAH and PSS (Figure 6b). The ﬂuidized bed
assembly provides a means of more rapidly depositing layers of
polymer on particle templates, and it is approximately three
times quicker than centrifugation-based LbL assembly (10 min
versus ∼30 min per layer and wash).
Hydrogen-Bonding Facilitated TFB LbL-Assembled
Multilayers. After optimizing the layering conditions, we
explored the versatility of TFB LbL assembly for depositing
polymers through hydrogen bonding interactions. Commonly
used hydrogen donor and acceptor polymers for LbL assembly
include thiol-modiﬁed poly(methacrylic acid) (PMASH) and
poly(N-vinylpyrrolidone) (PVPON), respectively.24−26 This
system is attractive, as it is stable at physiological pH (disulﬁde
cross-linking), shows pH-responsive and tunable swelling, and
has permeability and degradability properties that are dependent on the choice of cross-linker. PMASH capsules are obtained
by the sequential deposition of PMASH and PVPON at
moderately acidic solutions (pH 4), followed by the oxidation
of thiol groups to form disulﬁde linkages, and removal of the
silica core particles by hydroﬂuoric acid (HF).27 Layering of
(PVPON/PMASH)4/PVPON on 7 μm SiO2 particles by TFB
was conducted under the optimized conditions for PAH/PSS;
this yielded PMASH capsules with no visible polymer complexation after formation of disulﬁde linkages, removal of PVPON,
and dissolution of the silica templates (Figures S3a and S4a).
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Surface Morphology of TFB LbL Capsules. TFB LbLassembled PAH/PSS capsules were characterized by ﬂuorescence microscopy, AFM, SEM, and TEM (Figure 6c−f,
respectively). Under bright-ﬁeld and ﬂuorescence microscopy,
the morphology of the PAH/PSS and PMASH capsules
assembled by TFB LbL and centrifugation-based LbL displayed
typical polymer shell and hollow core characteristics.1,2
However, on closer examination by TEM and SEM, the
diﬀerences in morphology between TFB LbL assembly and
centrifugation-based LbL assembly were evident (Figures S3
and S4). TEM and SEM demonstrated that air-dried TFB LbLassembled capsules did not fold and form the same type of
creases that are typical for capsules fabricated by centrifugationbased LbL assembly. Moreover, the ﬁlm morphology exhibited
nonuniform, clustered polymer complexes resulting in a
“grainy” surface. The surface morphology of air-dried polymer
capsules was further studied by AFM in tapping mode (Figure
7).

Table 1. Size, Thickness, and Roughness of PAH/PSS and
PMASH Capsules Assembled by Centrifugation-Based LbL
and TFB LbL Assembly
Capsules

Sizea (μm)

Thicknessb
(nm)

Roughnessb
(nm)

PAH/PSS (Centrifugationbased)
PAH/PSS (TFB)
PMASH (Centrifugationbased)
PMASH (TFB)

7.1 ± 0.3

52.4 ± 5.2

22.5 ± 3.4

7.0 ± 0.2
10.3 ± 0.3

−
50.6 ± 5.9

40.3 ± 10.1
3.7 ± 0.4

8.2 ± 0.4

57.7 ± 9.5

44.5 ± 7.7

c

Size of capsules determined by ﬂuorescence microscopy at pH 7.4.
b
Thickness and roughness of capsules, determined by AFM. cPAH/
PSS (TFB) capsules did not collapse, and ﬁlm thickness could
therefore not be determined.
a

respective rms values obtained for centrifugation-based LbL
capsules (∼4 nm for PMASH and ∼20 nm for PAH/PSS).
Previous reports have shown that increasing the polymer
concentration of polyaniline (MW 20−25 kDa) can increase the
layer thickness and the adsorbed polymer amount with
sulfonated polystyrene (SPS, MW 70 kDa).33 Additionally, the
stretching of polymer (MW ∼ 1 to 600 kDa) in the direction of
the ﬂow34 and ﬂow-induced entanglement of the polymers35
are possible reasons for the signiﬁcant increase in ﬁlm
roughness.
pH and Swelling Response of TFB LbL Capsules. As
capsules fabricated by TFB LbL assembly exhibited diﬀerent
ﬁlm morphologies compared with those prepared by
centrifugation-based LbL assembly, we investigated whether
the material properties would diﬀer. The pH-responsiveness of
the prepared capsules was examined by exposing the capsules to
NaOAc buﬀer (pH 4) and PBS (pH 7.4) (Figure 8). The pH

Figure 7. Atomic force microscopy (AFM) images of (PMASH)4
capsules assembled by (a) TFB and (b) centrifugation-based LbL; and
(PAH/PSS)4 capsules assembled by (c) TFB and (d) centrifugationbased LbL.

The average minimum shell thickness of the ﬁlm, consisting
of eight PMASH or PAH/PSS layers, corresponding to two
superimposed capsule walls, was obtained from ﬁve capsules, as
reported by Leporatti et al.28 Table 1 shows that while three of
the systems have similar ﬁlm thicknesses, TFB LbL-assembled
capsules displayed a signiﬁcantly rougher surface morphology.
The minimum height yielded a thickness of 6.3 ± 1.5 and 7.2 ±
2.4 nm per single PMASH layer for centrifugation-based and
TFB LbL assembly, respectively, and 6.6 ± 1.3 nm per PAH/
PSS bilayer for centrifugation-based LbL assembly. An average
minimum thickness could not be determined for TFB LbL
assembled (PAH/PSS)4 capsules, as they did not exhibit creases
and folds. These values are 2- to 4-fold higher than that of
PAH/PSS29 and PMASH30 capsules reported in the literature
but still within the expected range for LbL-assembled
capsules.2,31,32 Root-mean-square (rms) roughness calculations
over a 1.5 μm × 1.5 μm area, free of folds, are shown in Table
1. Roughness measurements performed on TFB LbL-assembled
capsules showed a value of ∼40 nm. This value is larger than

Figure 8. pH responsiveness of PAH/PSS and PMASH capsules
assembled by centrifugation-based or TFB LbL. FITC-dextran-labeled
and AF647-labeled capsules were cycled through pH 4 and pH 7.4
solutions, respectively. Capsule diameters were measured from
ﬂuorescence microscopy images. Data were averaged from at least
50 capsules. Error bars show the standard deviation of capsule
diameters. Parts of the dashed red line are not visible, as they are partly
behind the solid red line.

value was changed subsequently by washing the capsules with
the respective buﬀer solutions three times before measurement.
PAH/PSS capsules assembled by centrifugation-based LbL and
TFB LbL were not pH-responsive after repeated pH cycles
from pH 4 to pH 7.4. As expected, this may be the result of the
high degree of ionization36 of PAH (pKa ∼ 8.5)37 and PSS (pKa
∼ 1.0)38,39 at both acidic and neutral pH values. Combined
with the high salt concentration (0.5 M NaCl) in solution,
27944
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the PAH/PSS system has demonstrated tunable permeability
through changes in pH,49 salt concentration,50 and solvent.51
However, PMASH capsules assembled by TFB LbL have
reduced permeability compared to centrifugation-based LbL
capsules with the molecular weight cutoﬀ point reduced from
59 to 77 kDa to 20 kDa FITC-dextran (Figure S5), which is a
critical size range for retention of therapeutic cargo, such as
insulin hexamers and lipase.52,53 As already observed in the
AFM data and swelling studies, TFB LbL-assembled PMASH
capsules have increased polymer deposition and reduced
swelling, which indicates a decrease in the mesh size of the
polymer ﬁlm. Miller and co-workers demonstrated a similar
relationship where the rejection of water-soluble sugar units
generally increases as the swelling of the polyelectrolyte ﬁlm
decreases.45 According to our data, polymer ﬁlms stabilized by
hydrogen bonding and layered under ﬂow conditions have
higher ﬁlm thickness and roughness values, exhibiting reduced
permeability toward permeation of dextrans in comparison to
PAH/PSS ﬁlms. Therefore, TFB LbL assembly addresses key
challenges associated with ﬂuidized bed LbL assembly, while
retaining advantages such as ease-of-use, high amenability to
automation, and potential for scale-up.

electrostatic charges between segments along the polymer are
highly screened, resulting in both polyions acquiring a random
coil, globule-like conformation,40 leading to a high degree of
ionic cross-linking, making the interpenetrating polymer
structure insensitive to swelling by pH. However, we note
that pH-sensitive swelling has been reported by Pechenkin and
co-workers under highly acidic conditions (e.g., in 2.5 M
HCl).41
The swelling behavior of PMA-based systems has been well
documented in the literature.26,42,43 Due to the carboxyl groups
on the backbone of the polymer, they undergo deprotonation
at physiological pH (pH 7.4), causing electrostatic repulsion
and resulting swelling.43 Interestingly, TFB LbL-assembled
PMASH capsules exhibited a lesser degree of swelling (∼20%)
compared with their centrifugation-based counterparts
(∼50%). As the degree of swelling is inversely related to the
degree of cross-linking density, it may be inferred that TFB
LbL-assembled PMASH capsules have a greater degree of crosslinking. The increase in ﬁlm thickness and roughness also
indicates a greater mass of polymer has been deposited through
the TFB LbL process, resulting in a higher degree of crosslinking between PMASH chains and a corresponding reduction
in ﬁlm swelling.44 Consequently, this also results in a higher
degree of polymer interpenetration and lower chain mobility.45
Permeability Properties of TFB LbL Capsules. Finally,
we investigated the permeability of the TFB LbL capsules and
compared it to those fabricated by centrifugation-based LbL
assembly. All samples were incubated with a range of
ﬂuorescein isothiocyanate-labeled dextran (FITC-dextran) at
pH 7.4 (PBS buﬀer), incubated for 30 min, and were
investigated by confocal laser scanning microscopy (CLSM)
(Figure S5). (PAH/PSS)4 capsules showed no diﬀerences in
permeability, whether they are assembled by TFB or
centrifugation-based LbL assembly (Figure 9). This is expected,

■

CONCLUSIONS
This study demonstrates that LbL capsules can be prepared by
TFB LbL assembly through the use of directional ﬂow for
depositing diﬀerent polymer coatings onto ﬂuidized template
particles for the formation of microcapsules. It was found that
theoretical V̇ MF and V̇ T values calculated based on the minimum
and maximum diameter of the tapered column design
corresponded well to the experimentally determined values.
TFB LbL assembly was capable of ﬂuidizing diﬀerent-sized
particles over a wide range of ﬂow rates, and it yields stable
capsules when layering charged and hydrogen-bonding
polymers. The shell thickness of the capsules prepared via
TFB LbL assembly is similar to those prepared by CFB LbL
assembly, which is 2- to 4-fold greater than that of
centrifugation-based LbL. Moreover, TFB LbL-assembled
capsules exhibited diﬀerent surface morphology and properties
compared to their centrifugation-based counterparts, possessing
greater ﬁlm thickness and roughness. Importantly, PMASH
capsules also exhibit less swelling at physiological pH and
reduced permeability to ﬂuorescently labeled dextrans,
improving the capacity to encapsulate small (∼20 kDa)
molecules, which may be useful for applications ranging from
biological sensing to controlled drug delivery of therapeutic
cargo such as small proteins. We also note that particulate
templates of diﬀerent composition, such as gold, and diﬀerent
shapes should be equally applicable to TFB.

Figure 9. Permeability of PAH/PSS and PMASH capsules using 4, 10,
20, 59−77, 250, and 500 kDa FITC-dextran.

■

as capsules with PAH/PSS templated on melamine formaldehyde (MF) particles are permeable to small molecules such
as 6-carboxyﬂuorescein (6-CF)46,47 and FITC-PAH.47 Moreover, even though TFB LbL-assembled PAH/PSS capsules
displayed greater roughness and possibly thickness compared to
their centrifugation-based LbL counterpart, it has been reported
that ﬁlm thickness up to (PAH/PSS)9 showed little inﬂuence
over the permeability of the capsules over the time scale of
minutes.48 It is understood that the underlying microstructure
of the PAH/PSS ﬁlm layered at pH ∼ 7 and high salt
concentration result in suﬃcient porosity to allow unhindered
diﬀusion of molecules through the capsule shell. Nevertheless,
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