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The phenomenon of polyelectrolytes being able to form
complexes with each other have allowed researchers to
achieve fabrication of hydrogel particles from these polyelec-
trolyte complexes,[1] gene delivery,[2] and fabrication of ultra-
thin polymeric multilayers.[3] Fabrication of these polyelec-
trolyte multilayers by the layer-by-layer (LbL) technique is
now used regularly for the encapsulation of biomolecules
within microcapsules.[4] Encapsulation of biomolecules, such
as proteins[5] and DNA,[6] within microcapsules can be used
for many biomedical applications, which include but are not
limited to biosensors,[7] bioreactors,[8] and cell targeting[9] and
release applications.[10] Although many microcapsule fabrica-
tion techniques have been developed for the encapsulation of
biomolecules, to our knowledge, none of these techniques
demonstrate the simultaneous capability of encoding.

Herein we present the inwards buildup of concentric
colored polymeric layers for the fabrication of striated
multicolored spherical shells within agarose microbeads.
These shells can simultaneously encapsulate biomolecules
within and encode the microbeads. Using a hydrogel as
microcapsule core material can provide a favorable environ-
ment for biomolecules and maintain the spherical shape of
microcapsules.

Encoding of the microcapsules is achieved through color
and layer thickness permutation, thereby providing up to two
levels of encoding for each microcapsule. These concentric
polymer layers form in both agarose and alginate microbeads
(Supporting Information, Figure S1) dispersed in
1-butanol. However, for the ease of comparing encoding
and encapsulation, in the following, only those results
obtained from agarose microbeads will be described. The
general steps for the inwards buildup of concentric colored
polymer layers into the matrices of agarose microbeads are
shown in Scheme 1. Agarose microbeads containing the

desired biomolecules to be encapsulated are first dispersed in
1-butanol. An organic solvent was used so as to minimize loss
of pre-loaded biomolecules[11] during the fabrication process
that forms the striated shells. Next, fluorescence-labeled non-
ionic (free base) poly(allylamine) (niPA) in 1-butanol is
added to the microbead suspension and the first concentric
colored layer is formed. The microbeads are then washed with
1-butanol and incubated with another fluorescence-labeled
niPA in 1-butanol to form the second concentric colored
layer. This incubation and washing process is repeated until
the desired number and permutation of concentric colored
layers for encoding purpose is obtained (non-fluorescently
labeled niPA can also be used for the color encoding, which
leads to a non-colored layer). Interestingly, discrete multiple
polymer layers can be observed to build up inwards into each
agarose microbead matrix by repeated incubation of niPA. As
a final step, the striated multicolored polymeric shells are
stabilized by cross-linking with disuccinimidyl suberate (DSS)
before transferring into 0.01 	 PBS (phosphate buffered
saline).

Overlayed bright-field and confocal images of agarose
microbeads in 1-butanol, with different numbers of concentric

Scheme 1. The inwards buildup of concentric colored polymer layers
into the matrices of agarose microbeads for the encapsulation of
biomolecules and encoding. The polymer used is non-ionized poly-
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colored layers and fabricated with fluorescently labeled niPA,
are shown in Figure 1. The first colored concentric layer is
formed by incubation with niPA-FITC (Figure 1A), whereas

the second layer is formed with niPA-TRITC (Figure 1B).
This incubation process is repeated sequentially with niPA-
FITC and niPA-TRITC to form agarose microcapsules with 3,
4, 5, and 6 internal concentric colored layers (Figure 1C,D,E,
and F, respectively). These sequential images clearly show
that the concentric colored layers always form from the
interior surface of previously formed colored layer(s); that is,
the concentric colored layers are built up inwards.

The inwards buildup of colored concentric layers is based
on the diffusion of niPA solubilized in an organic solvent
(solubility in 1-butanol about 2.5 mgmL�1) into the periph-
eral matrices of agarose microbeads, which is driven by a
concentration gradient between the external solution and
internal agarose matrix. Upon diffusing, the niPA (solubility
in water more than 200 mgmL�1) will form complexes with
the agarose polymers (Supporting Information, Figure S2) by
adsorption.[12] It is worth noting that the fundamentals
involved in the inwards buildup of concentric polymer
layers is in contrast to previous work on active transport of
linear polyions into oppositely charged hydrogels,[13] and is
also different from the outwards buildup of LbL layers.

Comparing our fabricated polymer–hydrogel layers with
those formed from linear polyions actively transported into
oppositely charged polyelectrolyte hydrogels,[13, 14] it can be
seen that both describe a layered and stable (Supporting
Information, Figure S3) polymer–hydrogel complex within
the hydrogel, and occupation of the entire hydrogel volume
by the polymer (Supporting Information, Figure S4). How-
ever, there are fundamental differences that distinguish our
current work. The microbeads do not exhibit significant
shrinking after two weeks of incubation with excess niPA
solution (Supporting Information, Figure S5). Furthermore,

the direction of polymeric layer growth is inwards after
passing through previously formed layers, and not by a “relay-
race” migration[13b] of polymeric layers by which a bound
polymer is substituted and forced inwards by a new incoming
polymer. Therefore, the direction of layer growth in our
experiments strongly suggests that the inwards buildup of
concentric polymer layers is a result of niPA diffusing inwards,
passing any niPA-agarose complex, and forming a complex
with the next free agarose polymer.

We observed an almost constant fluorescence intensity of
the layers (Supporting Information, Figure S6), which leads to
the conclusion that the concentration of the formed agarose
niPA complex is constant within layers at any point of the
microbead and suggests a constant capacity of the agarose to
form the complex with niPA. The thickness of each concentric
layer can be tuned by varying the amount of niPA present
during incubation (Figure 2A) or by changing the incubation
time (Figure 2B) (only microcapsules with diameters of about

175 mm were analyzed). It can be observed that the layer
thickness increases when 1) the layer number increases, 2) the
agarose microbeads are exposed to a larger quantity of niPA,
and 3) the incubation time is increased. Only the thickness of
the first layer does not increase when the incubation time is
changed, which indicates that equilibrium is attained.
Because subsequent layers can be formed, and 90 % of the
polymer was consumed from the supernatant solution for the
first layer (Supporting Information, Figure S7), it can be
concluded that the process was limited by the amount of

Figure 1. Overlay of optical transmission and confocal fluorescence
images of agarose microbeads with different number of niPA concen-
tric layers: A) one layer (niPA-FITC), B) two layers (niPA-FITC/niPA-
TRITC), C) three layers (niPA-FITC/niPA-TRITC/niPA-FITC), D) four
layers ((niPA-FITC/niPA-TRITC)2), E) five layers ((niPA-FITC/niPA-
TRITC)2/niPA-FITC), and F) six layers ((niPA-FITC/niPA-TRITC)3).
Insets: magnified images of the fluorescence layers. FITC = fluorescein
isothiocyanate, TRITC= tetramethylrhodamine isothiocyanate.

Figure 2. Layer thickness of concentric layers as a function of layer
number, amount of polymer, and incubation time. A) Doubling the
niPA volume causes an increase in concentric layer thickness for same
incubation time (15 min). Inset: visual definition of layer number.
B) Layer thickness for the first, third, and fifth layer as a function of
incubation time at constant volume and niPA concentration.
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available niPA polymer. This explains why an increase in
polymer volume causes an increase in the layer thickness. For
the formation of all the layers, the concentration of the
polymer will decrease with progressing incubation time and
therefore the inwards diffusion rate of polymer will decrease.
This decrease in diffusion rate will be less for increasing
volumes of polymer solution, which explains the formation of
thicker layers for larger volumes of polymer solution even for
cases in which equilibrium is not reached. However, the
mechanism is further complicated, because with build-up of
more layers, the diffusion barrier increases (which should
cause a reduction in layer thickness), and the inner free
available volume decreases (which should cause an increase
in layer thickness). Our observations demonstrate that the
polymer volume effect prevails and layer thickness increases
with layer number (Figure 2A). To demonstrate the double
encoding capability, striated shells of different color and
thickness permutation were fabricated (Supporting Informa-
tion, Figure S8).

The permeability of the multilayer capsules was studied
using dextran-TRITC (65 000–76000 Da) as it cannot be
cross-linked by DSS and is a non-charged polymer. Figure 3
shows the distribution of dextran-TRITC within agarose
microbeads of one (Figure 3A,D), three (Figure 3 B,E), and
five (Figure 3 C,F) cross-linked concentric colored layers.

Dextran-TRITC is entrapped within regions where the cross-
linked niPA resides and is not homogeneously distributed in
the center. This non-homogeneous distribution of encapsu-
lated dextran was also reported in hollow LbL microcap-
sules.[15] Therefore, as dextran-TRITC cannot be cross-linked
by DSS, is non-charged, and is distributed within the core of
the agarose microcapsules (Supporting Information, Fig-
ure S9), the dextran is likely to have been physically
“entangled” and entrapped within the cross-linked niPA
shells. This entrapment occurred when the microcapsules

were transferred from 1-butanol to an aqueous phase; a
concentration gradient was established between the interior
and exterior aqueous environment of the microcapsules, thus
creating a driving force for the dextran to diffuse out.

To demonstrate that encapsulated biomolecules can retain
their biofunctionality after going through the fabrication
process, glucose oxidase (GOx) and horseradish peroxidase
(HRP) were encapsulated within microcapsules of three
cross-linked concentric layers, namely colorless/green/color-
less and colorless/red/colorless, respectively. Bovine serum
albumin (BSA) was also encapsulated as a control (red/
colorless/green). The three different types of microcapsules
were subsequently mixed together to form two different sets
of microcapsules: set 1 (HRP and BSA microcapsules; Fig-
ure 4A,D) and set 2 (HRP and GOx microcapsules; Fig-

ure 4B,C,E,F). Biofunctionality of encapsulated GOx and
HRP was demonstrated by enzymatic activity measurements
after addition of glucose/Ampliflu Red (AR) for GOx and
hydrogen peroxide (H2O2)/AR for HRP. In the presence of
oxygen, GOx converts glucose into gluconolactone and H2O2;
in the presence of H2O2, HRP converts AR into a purple-
colored product. Figure 4G, H shows the color that is
observed 10 seconds after addition of H2O2/AR to HRP/
BSA and HRP/GOx microcapsules, respectively, and glucose/
Ar addition to HRP/GOx microcapsules is shown in Fig-
ure 4I.

From the color permutations, it can be decoded that the
purple product is observed only for the HRP microcapsules

Figure 3. A–C) Overlay of optical transmission and confocal FITC
fluorescence images of agarose microcapsules encapsulating dextran-
TRITC with: A) one layer of niPA-FITC, B) three concentric layers of
niPA-FITC/niPA/niPA-FITC, and C) five concentric layers of (niPA-FITC/
niPA)2/niPA-FITC. D–F) Confocal TRITC fluorescence images of the
encapsulated dextran-TRITC (65000–76000 Da) in agarose microbeads
of D) one layer, E) three concentric layers, and F) five concentric layers.

Figure 4. Demonstration of enzymatic viability in microcapsules
encapsulating HRP (labeled red only) and encapsulating GOx (labeled
green only). BSA microcapsules were used as a control (labeled green
and red). Optical transmission images of A) HRP and BSA micro-
capsules, B,C) HRP and GOx microcapsules, and corresponding over-
lapping FITC and TRITC fluorescence images of D) HRP and BSA
microcapsules and E,F) HRP and GOx microcapsules before addition
of substrates. G,H) Addition of H2O2 and Ampliflu Red (AR) to the
HRP and BSA microcapsules (G) and HRP and GOx microcapsu-
les (H). After 10 seconds, only the HRP microcapsules were observed
to turn purple. I) Addition of glucose and AR to the HRP and GOx
microcapsules. After two minutes, only the HRP microcapsules turned
purple.
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(Figure 4G, H), thus indicating that HRP can retain its
biofunctionality after going through the fabrication process.
Figure 4I shows the color formation two minutes after
addition of glucose/AR. After similar decoding, the purple
product is only observed at the HRP microcapsules; GOx had
therefore also retained its biofunctionality. A longer time was
necessary for the enzymatic assay of the (glucose/AR/HRP/
GOx) set to form the colored product, as time was required
for the H2O2 produced by the GOx microcapsules to diffuse to
the HRP microcapsules.

In conclusion, we have demonstrated the encapsulation of
biomolecules within microcapsules encoded with a color/
thickness scheme. The encapsulation and encoding process
was performed through an inwards buildup of concentric
colored layers to create a striated multicolored polymeric
shell; the colors and thickness of these layers can be
permutated to give two levels of encoding possibilities. GOx
and HRP were used to demonstrate that biomolecules can be
encapsulated within these microcapsules, and they retained
their biofunctionality. We believe that this novel approach can
greatly contribute to the field of colloidal science and
engineering and microencapsulation, for example with micro-
capsule identification in solution or in bioarrays for multi-
plexed biodetections or bioreactions. Furthermore, we envi-
sion incorporating different chemical or biological function-
alities within each layer to carry out and possibly visualize
different types of reactions within a hydrogel environment
and in a layered manner.

Experimental Section
Dextran-TRITC Mw 65 000–76000 Da, 1-butanol anhydrous 99.8%,
disuccinimidyl suberate (DSS), fluorescein isothiocyanate (FITC),
glucose oxidase (GOx), horseradish peroxidase (HRP), bovine serum
albumin (BSA), d-(+)-glucose, and mineral oil were purchased from
Sigma; Span 80, Ampliflu Red, and tetramethylrhodamine isothio-
cyanate (TRITC) were purchased from Fluka; 1-undecanol, calcium
iodide (CaI2), poly(allylamine) (PA; Mw 65000 Da), and ADOGEN
464 were purchased from Aldrich; low-melting agarose was pur-
chased from Promega; ethanol was purchased from Fisher Scientific;
PBS was purchased from 1st Base; and chloroform and hydrogen
peroxide (H2O2) were purchased from BDH chemicals. Water was
doubly distilled as required using a Fistreem Cyclone (UK) apparatus.

Non-ionized poly(allylamine) (niPA) in 1-butanol was prepared
by drying the purchased PA solution and fully saturating 1-butanol
with the dried PA. The saturated 1-butanol (1 mL) was dried with and
weighed, and the solution was then diluted with 1-butanol to prepare
a 1 mgmL�1 niPA solution. Fluorescence-labeled niPA was prepared
by dissolving and reacting FITC or TRITC with niPA in 1-butanol at a
fluorescence monomer/PA monomer ratio of 1:100.

Agarose microbeads were prepared by adding a 2% w/v low-
melting agarose in doubly distilled H2O (with the desired biomole-
cules if required) pre-warmed at 45 8C to mineral oil at 45 8C
containing 0.1% Span 80, and stirred to form water-in-oil emulsion
droplets. The droplets were then cooled in an ice water bath with
stirring to solidify the molten droplets into agarose microbeads, which
were further stabilized by cooling to �20 8C. Alginate microbeads
were prepared by adding 2% w/v alginate in doubly distilled H2O to
mineral oil containing 0.1% Span 80 and stirred to form water-in-oil
emulsion droplets. An equal volume of 1-undecanol containing 0.05m
CaI2 was then added to the emulsion and incubated for 15 min to
allow the alginate to gelate. The volume ratio between the water and
oil phase was 1:25.

To transfer the agarose or alginate microbeads from oil to 1-
butanol, ethanol containing 0.5% ADOGEN 464 was added to the
agarose or alginate microbead-in-oil suspension and mixed vigo-
rously, followed by centrifugation. The mineral oil and ethanol
supernatant was then discarded and the pellet containing the agarose
or alginate microbeads was washed with 1-butanol containing 0.5%
ADOGEN 464. The resulting agarose or alginate microbeads were
then incubated with the desired amount niPA or niPA-TRITC or
niPA-FITC in 1-butanol containing 0.5% ADOGEN 464 for the
desired time under gentle vortexing, followed by removal of excess
niPA and washing with 1-butanol. Typically, 200 mL beads where
incubated with 1 mL of the niPA solution, which forms the first
concentric layer of niPA. The incubation with niPA solution contain-
ing 0.5% ADOGEN 464 was then repeated to form the second and
following layers until the desired number of concentric niPA layers
was reached. (Incubation of niPA without ADOGEN 464 will result
in the same concentric layer formation. ADOGEN 464, a cationic
surfactant, was included in the fabrication process to ensure that the
agarose microbeads do not complex or dehydrate when dispersed in
1-butanol.) To stabilize the concentric layers, the microbeads were
then incubated with DSS (40 mgmL�1 in chloroform) for 2 h. Cross-
linking is necessary as most of the layer forming niPA would
otherwise dissolve and disperse once the microbeads are transferred
into an aqueous dispersant. To transfer the agarose microcapsules
from 1-butanol to PBS, the agarose microcapsules were first washed
twice with ethanol and then with PBS/ethanol solutions of increasing
PBS content (0.01 	 ; 10%, 50%, and 90%) before transferring to
pure 0.01 	 PBS.

Enzymatic analysis of GOx and HRP was performed by using
5 mgmL�1 glucose in 1 	 PBS, 0.02% H2O2 in 1 	 PBS, and
5 mgmL�1 Ampliflu Red in DMSO.

To determine the concentration of niPA left in the supernatant
solution, niPA-FITC (500 mL, 1 mgmL�1) was used for each layer.
The agarose microbeads were centrifuged after incubation and the
supernatant was checked for fluorescence using a microplate reader
(FLUOstar OPTIMA, BMG LABTECH, Germany). The concen-
tration of niPA-FITC left in the supernatant for each layer was
measured by comparing against the stock niPA-FITC solution used.

Phase-contrast and fluorescence images were recorded using a
CCD color digital camera (Retiga 4000R, QImaging, Canada)
connected to a system microscope (Olympus BX41, Japan). Images
were captured with QCapture Pro software (Version 5.1.1.14,
QImaging, Canada). Confocal fluorescence microscopic images
were captured using a laser scanning confocal microscope (FluoView
FV300, Olympus, Japan) and analyzed by ImageJ software (Scion
Corp., USA).
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