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a b s t r a c t
A centrifugally driven pulse-free ﬂow has been used for generation of tripolyphosphate (TPP)-gelated
chitosan beads with tunable diameters ranging from 148 to 257 lm. The production process requires a
single motor as the sole actively actuated component. The 2% (w/w) chitosan solution was extruded
through a polymeric nozzle with an inner diameter of 127 lm in the centrifugal ﬁeld ranging from 93
to 452g and the drops were collected in an Eppendorf tube containing 10% (w/w) TPP solution at pH
4.0. The reproducibility of the bead diameters out of different nozzles was very good with overall CVs
of the bead diameters down to 15% and the production rate was 45 beads per second per nozzle at
44 Hz rotor frequency. The production rate was proportional to the sixth power of the rotor frequency,
which was explained by the non-Newtonian behaviour of the chitosan solution with a ﬂow behaviour
index of 0.466. An analytical model for the bead diameter and production rate has been presented and
validated by the experimental data. The shrinkage of chitosan drops during gelation was estimated from
the observations and the theoretical model.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Hydrogel microbeads made of biopolymers such as alginate,
chitosan and gelatin ﬁnd a wide range of applications in the food
industry, agriculture, biomedicine and the pharmaceutical and cosmetic industry owing to their low toxicity, biocompatibility, biodegradability, high binding capacity to speciﬁc chemical species, and
the ability to adsorb or release molecules in response to external
signals or stimuli. They have been extensively used for encapsulation of enzymes and cells [1], in drug delivery [2], as scaffolds in
tissue engineering [3], biosensors and actuators [4], sorbents [5],
etc. The conventional methods for mass production of hydrogel
microbeads are atomisation [6] and emulsiﬁcation using conventional high-pressure valve homogenisers or rotor–stator systems
[7]. The disadvantages of these techniques are a poor batch-tobatch consistency, poor control over the bead size and morphology
and high degrees of bead polydispersity. A better control over the
bead size can be achieved by extruding the gel-forming solution
through a needle [8,9] or nozzle [10]. Detachment of drops from
nozzle tip can be facilitated by vibrating the nozzle, providing a
coaxial air or liquid ﬂow or using an electrostatic potential to pull
the droplets from a nozzle tip [11]. The major drawback of the
* Corresponding author. Fax: +49 761 203 7322.
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extrusion techniques is a low production rate and the beads can
be formed with tail threads, dents on the surface and a tear-like
shape.
Over the past decade microengineering techniques for the production of hydrogel microbeads have been developed, such as
micromolding [12], photolithography [13], microﬂuidic routes
[14–16], microchannel emulsiﬁcation [17] and membrane emulsiﬁcation [18,19]. These processes are illustrated schematically in
Fig. 1 and listed in Table 1 along with the examples of the beads
fabricated. The main beneﬁt of using microengineering methods
is the ability to precisely control the bead size, uniformity, shape
and morphology. They can afford creation of complex 3D microstructures shown in Fig. 2. Hollow beads have been produced by
Kim et al. [26] using ﬂow focusing glass microcapillary devices
(Table 2). The Janus (bifacial) beads shown in Fig. 2(a) have been
produced by Shepherd et al. [16] using a sheath-ﬂow microﬂuidic
device presented in Fig. 1(d). Square, hexagonal and cylindrical
beads can be manufactured by micromolding or photolithography,
whereas discoid beads can be fabricated by the gelation of deformed drops in shallow microﬂuidic channels with a high
width-to-height ratio [29]. Micromolding and photolithography
are relatively expensive techniques that require fabrication of
photomasks or molds and are inconvenient for manufacturing
spherical beads. Another disadvantages of photolithography include the need for photocrosslinkable materials and the possible
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Fig. 1. Innovative microengineering techniques for fabrication of hydrogel microbeads.

detrimental effects of UV irradiation on encapsulants. Microﬂuidic
routes shown in Fig. 1 are not suitable for production of gel beads
by ionotropic external gelation, because the drop gelation at the
channel outlet would lead to clogging of the channel.
A three-dimensional gel network can be formed by chemical
gelation (polymerisation by free-radical processes or via condensation) or by physical gelation, which can involve heating (heat-set-

ting gels), cooling (cold-setting gels) or the addition of multivalent
ions (ionotropic gelation). Calcium alginate beads are a typical
example of the hydrogel particles generated by ionotropic gelation.
The examples of novel microengineering techniques for production
of alginate beads are shown in Fig. 3. The same techniques can be
used for fabrication of any hydrogel beads through the formation
of salt bridges between charged macromolecules. As it is shown

Table 1
Examples of microengineering techniques for manufacture of hydrogel microbeads.
Method

Example of product

Gelation mechanism

Authors

Micromolding in PDMS micropatterns

PEG and HA hydrogels

Yeh et al. [12]

Calcium alginate beads (d = 10–50 lm, circular,
square and hexagonal)

Photopolymerisation of prepolymer solution
(PEGDA or MeHA)
Ionotropic gelation of sodium alginate solution
with Ca2+

Photolithography

PEG cylindrical beads encapsulating living cells
(d = 50 or 600 lm)

Photopolymerisation by exposure to UV light
through a mask

Koh et al. [13]

Microﬂuidic devices

Biodegradable Dex-HEMA beads (d = 10 lm)

Photopolymerisation of Dex-HEMA solution

De Geest et al. [21]

Silicon microchannel arrays devices

Gelatin beads (d = 32 lm)

Cooling a hot emulsion of aqueous gelatin
solution emulsiﬁed in iso-octane
Photopolymerisation of NIPAAm/APS droplets
at room temperature

Iwamoto et al. [22]

PNIPAAm beads (26 and 10 lm at 20 and 40 °C,
respectively)
Membrane emulsiﬁcation

Chitosan beads (d = 0.7–26 lm)
Agarose beads (d = 15–60 lm)

Crosslinking of emulsiﬁed chitosan droplets
with glutaraldehyde
Cooling a hot emulsion of aqueous agarose
solution emulsiﬁed in liquid parafﬁn/
petroleum ether mixture

Qiu et al. [20]

Ikkai et al. [17]
Wang et al. [23]
Zhou et al. [24]
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Fig. 2. Examples of complex hydrogel microbeads fabricated through various microﬂuidic and membrane emulsiﬁcation routes.

Table 2
Versatile morphologies of hydrogel particles fabricated through microﬂuidic and membrane emulsiﬁcation routes.
Morphology

Chemical structure

Gelation mechanism

Authors

Hollow beads

PNIPAAm beads

Polymerisation of core–shell drops in glass microcapillary
devices due to diffusion of initiator from the core

Kim et al. [25]

Gel beads with colloidal
shells (colloidosomes)

PNIPAAm beads coated with PS particles

Polymerisation at room temperature upon mixing

Kim et al. [26]

Bifacial (Janus) beads

Spherical and discoidal PAAm beads ﬁlled with differently Photopolymerisation
coloured silica particles
Peptide beads half-ﬁlled with red-dye solution
Self-assembly

Shepherd et al. [16]

Hexagonal, cylindrical
and square beads

Calcium alginate beads
MeHA and PEGDA beads

Qiu et al. [20]
Yeh et al. [12]

W/O/W emulsion with
Corn oil drops containing internal WPI-gel beads
gelled internal droplets

in Fig. 4, the main strategies for initiating ionotropic gelation are
internal gelation, external gelation, coalescence-induced gelation
and rapid mixing. In the internal gelation [7], emulsiﬁed droplets
contain a gel-forming polymer and a crosslinking agent in a nondissociated (inactive) form (e.g. Ca2+ in the form of CaCO3),
whereas the continuous phase contains a species (e.g. H+) that diffuses into the droplets and triggers the release of the crosslinking
agent and subsequent gelation. This method was used to generate
Ca-alginate beads by diffusion of acetic acid from the continuous
oil phase to the sodium alginate drops containing ﬁne dispersion
of CaCO3 [14,33]. This approach will not be applied in this work because the resultant beads are often too soft and have a high tendency to aggregation, due to weak gelation [14]. In the external
gelation, the droplets contain only a gel-forming biopolymer and
a crosslinking agent diffuses from the external phase to induce
gelation. It is usually a gelation mechanism in extrusion and atomisation processes, although it was recently used by Zhang et al. [34]
to produce Ca-alginate beads in ﬂow focusing microﬂuidic device.
Choi et al. [30] have fabricated Ca-alginate beads by direct rapid
mixing of alginate and CaCl2 solutions in a microﬂuidic T-junction.
Here, the drop formation rate should be greater than the gelation
rate to suppress the gelation process before the drops are

Ionotropic gelation
Photopolymerisation

Um et al. [27]

Heating W/O emulsions at 80 °C and secondary emulsiﬁcation Surh et al. [28]

pinched-off from the junction. In the coalescence-induced process,
the gel formation is achieved by coalescence of monodisperse
droplets of a biopolymer solution with monodisperse droplets of
a crosslinking solution [35]. However, it is impossible to completely prevent coalescence between the two sodium alginate
drops, which leads to the formation of polydisperse beads when
such bigger drop coalesces with the drop containing crosslinking
solution.
In this work, chitosan gel microbeads will be fabricated by
extruding chitosan solutions through a polymeric micronozzle
using centrifugal force ranging from 93 to 452g [36,37]. The ionotropic external gelation of chitosan drops will be achieved by
crosslinking positively charged chitosan macromolecules with tripolyphosphate anions at pH below the pK value of chitosan, as can
be seen in Fig. 5. Chitosan is a linear polysaccharide composed of
randomly distributed D-glucosamine and N-acetyl-D-glucosamine
units linked by b-(1-4) glycosidic bonds. It can be obtained by partial deacetylation of chitin extracted from the shells of crustaceans,
such as shrimps, crabs, and lobsters. Chitosan beads have been
widely used in drug delivery applications [38], for the immobilisation of cells, enzymes and antibodies [39], as chromatographic supports [40] and adsorbents for removal of metal ions from organic
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Fig. 3. Microengineering techniques for production of calcium alginate microbeads by ionotropic gelation. The techniques are applicable for production of hydrogel beads of
any biopolymer. (See above-mentioned references for further information.)
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Fig. 4. Main strategies for production of hydrogel beads by ionotropic gelation. For gelation of positively charged biopolymers, multivalent anions must be used instead of
Ca2+.

and aqueous solutions [41]. Conventional techniques for production of chitosan microbeads include spray drying [42], simple coacervation, complex coacervation with alginate [43], pressure-driven
extrusion through nozzle [44] or needle [45], and emulsiﬁcation
combined with solvent evaporation and/or crosslinking with glutaraldehyde [46]. Recently, membrane emulsiﬁcation [23] and ﬂow
focusing microﬂuidic devices [47] has been explored for the production of size controlled chitosan beads.
This work is the ﬁrst experimental study of preparation of
chitosan beads using micronozzle on a centrifugal platform. The
advantages of this process are: (i) The centrifugal force enables a
pulse-free ﬂow of gel-forming solution through micronozzle which

allows for generation of uniformly sized beads. Size uniformity is
essential in fundamental pharmaceutical and cell biological investigations, because it leads to enhanced control over drug release
kinetics and precise control over the metabolism of encapsulated
cells; (ii) Several micronozzles can be operated simultaneously
on the same platform; (iii) The volume of gel-forming solution in
the feed reservoir can be less than 500 lL, which is convenient
for the development of new product formulations; (iv) The bead
diameter can vary over a wide range and can precisely be controlled by adjusting the rotational speed of the centrifuge and
the exit diameter of the nozzle; (v) An air gap between the nozzle
outlet and the hardening solution prevents the nozzle from
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Fig. 5. Structure of chitosan gel crosslinked with tripolyphosphate anions at pH below 6.5.

clogging, which is a clear advantage compared with microﬂuidic
processes described in Fig. 1; (vi) Unlike all fabrication methods
shown in Figs. 1 and 2, the beads are collected directly in standard
Eppendorf tubes to allow easy post-production handling without
cross contamination.
2. Materials and methods
Fig. 6 illustrates the concept of bead production in this work
and the experimental setup. The crosslinking solution is ﬁlled into
Eppendorf tubes placed into holes in a swinging bucket rotor [37].
As soon as the centrifuge is started, the swinging buckets are driven into a horizontal position by the centrifugal pseudo-force Fx
and the droplets that form at the tip of the micronozzles ﬂy freely
into the crosslinking solution and the gelation is initiated. The process can be monitored via a stationary stroboscopic camera and a
ﬂashlight (Fig. 7). The sub-ls shutter speed allows sharp images
even at the rotational frequencies of up to 100 Hz. Fig. 8 shows typical stages of the drop formation process captured by the stroboscopic camera.
The size of the droplets that form at the nozzle can be determined by calculating the droplet diameter d for which the gravitational (pseudo-)force surpasses the surface tension force. The

Fig. 7. Photograph of the experimental setup.

gravitational force acting on the mass m in a reference frame rotating with the frequency m is

F g ¼ mx2 r

ð1Þ

where x = 2pm is the angular frequency and r is the distance from
the centre of rotation. The surface tension force Fr for a nozzle with
diameter dn is

TPP
solution
Fω

Eppendorf
tube

Beads

Nozzle

F r ¼ pdn r

where r is the surface tension of the liquid. For Fg = Fr this leads to a
droplet diameter of

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 6dn r
d¼
qx2 r

ω≠0
Chitosan
solution
ω=0
Fig. 6. Schematic of the experimental setup consisting of centrifugal platform with
a polymeric micronozzle and Eppendorf tube in a swinging bucket.

ð2Þ

ð3Þ

with q being the density of the liquid.
At the high peripheral speeds the air drag force Fdrag acting on
the forming droplet has to be considered as well:

F drag ¼

1
C d v2 qair A
2

ð4Þ
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From Eq. (5) mmin = 17 Hz, which is in good correlation with the
experimental observations.
3. Results and discussion
Fig. 9 shows the variation of the bead diameter and the production rate with the rotor frequency for 2% (w/w) chitosan solution.
The values of parameters in Eq. (3) used for plotting the theoretical
curve shown with the solid line in Fig. 9(a) are: dn = 127 lm,
r = 63.4 mN m1 (measured using the pending drop method with
contact angle system OCA, DataPhysics Instruments GmbH, Germany), q = 1010 kg m3, and r = 58 mm. Table 3 shows the summary of the experimental results. The discrepancy between the

(a)

500

400

Diameter from stroboscopic images
Light scattering data
Eq. [3]

350

d = ks [(6dnσ) / (ρω r)]

Bead diameter d /μm

450

2

1/3

300
250
200
2

R = 0.99144
ks = 0.68867 ± 0.00519

150
Fig. 8. Sequential stroboscopic images of the droplet formation process at 25 Hz:
(a–c) a liquid (2% chitosan solution) is subjected to a centrifugal pseudo-force ﬁeld
that leads to a droplet growth at the end of the nozzle. (d and e) The surface tension
of the liquid favours a spherical shape which leads to a thinning neck between the
droplet and the remaining liquid in the nozzle. (f) Finally, the droplet detaches and
moves towards the receiving reservoir.

100
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Rotational frequency ν /Hz
(b)

mmin

1
¼
pr

sﬃﬃﬃﬃﬃﬃﬃﬃ
2r
dn q

ð5Þ

Bead production rate fprod /s

where Cd = 0.1 is the drag coefﬁcient for a smooth sphere at
Re > 2  105, v = xr is the peripheral velocity of the nozzle,
qair = 1.2 kg/m3 is the density of the surrounding air and A = pd2/4
is the projected frontal area. At our maximum rotational frequency
of 44 Hz, Fdrag was less than 3% of the gravitational force and thus
negligible in the following calculations.
In this study, the gel-forming biopolymer solution was 2% or 3%
(w/w) chitosan solution in 2% (w/w) acetic acid solution (medium
molecular weight chitosan and glacial acetic acid, Sigma–Aldrich
Chemie GmbH, Germany). The beads produced with 1% (w/w)
chitosan were very soft and prone to agglomeration. The crosslinking solution was a 10% (w/w) sodium tripolyphosphate (TPP, 85%,
Sigma–Aldrich Chemie GmbH, Germany) adjusted with acetic acid
to pH 4.0. As a micronozzle we used a polyimide capillary with
127 lm inner diameter (Detakta GmbH & Co. KG, Germany). The
particle size distribution of the resultant beads have been measured by a light scattering particle size analyser (LS 230, Beckman
Coulter GmbH, Germany).
The beads have been produced simultaneously from two micronozzles and then the contents of the two Eppendorf tube were
mixed together for measurements. Each nozzle was attached to a
300 lL reservoir containing the chitosan solution. Drops have
started to detach at about 20 Hz rotational frequency and the
upper limit for safe operation of the rotor was 44 Hz. The pressure
difference Dp (=2qp2m2r2) of the liquid in the nozzle should exceed
the capillary pressure pc (=4r/dn) before the liquid can ﬂow
through the nozzle. The minimum rotor frequency required for liquid ﬂow can be calculated by solving the equation Dp = pc for m:

-1

70
60
50
40

Model: fprod = aν

b

2

R = 0.99786

30
20

a = (2.0689± 2.0481) × 10
b = 6.29019 ± 0.26387

-9

10
0
-10
15

20

25

30

35

40

45

50

Rotational frequency ν /Hz
Fig. 9. The characteristics of the bead formation: (a) diameters of hardened beads
measured by light scattering compared to the diameters of the ejected drops
observed on stroboscopic images. (b) Bead production rates at different rotational
frequencies.

Table 3
The mean diameter of chitosan beads, the coefﬁcient of variation and the production
rate as a function of the rotor frequency.
Centrifugal
frequency/Hz

Mean bead
diameter/lm

CV (%)

Production
rate/s1

20
25
30
35
40
44

257
222
193
182
166
148

15
15
20
19
18
22

0.7
1.9
5.4
9.8
24.5
45.2
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(a)
50

(b)

(c)

20 Hz

Volume / %

40
30

44 Hz
20
10
0 1
10

2

10
10
Particle size / μm

3

(d)

Fig. 10. (a) Size distribution histograms of the hardened beads produced at 20 and 44 Hz with 2% chitosan. (b) Microscopic image of the beads produced at 20 Hz with 2%
chitosan conﬁrms a very uniform size and spherical shape without agglomeration (scale bar: 200 lm). (c) Beads produced at 25 Hz with 2% chitosan. The beads are smaller
than at 20 Hz, but retain its spherical shape. (d) Beads produced at 30 Hz with 3% chitosan. Due to the faster gelation and greater viscosity of the solution, the beads have a
tear-like shape, because the ﬂying drops rapidly gelify when they come into contact with the hardening solution.

drop diameters predicted by Eq. (3) and their measured values can
be explained by shrinkage of the chitosan drops during gelation,
because water is expelled from the drops as gelation progresses.
The best ﬁt line of Eq. (3) modiﬁed with a shrinkage factor ks suggests that the bead diameter was reduced to about 69% of its original diameter during gelation. The drop diameters estimated by
spot-checking stroboscopic images are in a good agreement with
the diameters predicted using Eq. (3), as shown in Fig. 9(a).
The hardened beads have a relatively narrow size distribution
with CVs between 15% and 22%. Their size can be tuned between
148 and 257 lm by controlling the rotational frequency. The effect
of nozzle diameter on the particle size was not investigated in this
work, but our previous work with alginate beads using the same
technique [36,37] shows that the size of microbeads is proportional to the third root of the nozzle diameter, dn, as predicted by
Eq. (3). Particle size distribution histograms of the chitosan beads
fabricated at 20 and 44 Hz with 2% (w/w) chitosan solution are
shown in Fig. 10, as well as three typical microscopic images of
the beads. The initial production rate was 0.7 beads per second
and nozzle at 20 Hz but increased greatly with the rotational frequency. At 44 Hz the bead production was still stable and more
than 45 beads were produced per second and nozzle. The production rate could probably be increased further with a better rotor
balance. A stable parallel production out of two nozzles demonstrate the suitability for parallelisation of the process on a single
motor. The process can be further scaled up using four or six radially positioned nozzles with an additional advantage that gel beads
of different chemical structure can be simultaneously fabricated on
the same platform using different gel-forming solutions in different feed reservoirs. As shown in Fig. 10(d), the beads made from
3% chitosan solution were tear-like in shape, which could be attributed to faster gelation, as the rate of gelation was approximately
proportional to the chitosan concentration. On the other hand, an
increased viscosity of the chitosan solution leads to the decreasing
tendency of the drops to regain its spherical shape, which is energetically the most favourable shape.
As Fig. 9 suggests, the bead production rate fprod increases with
approximately the 6th power of the rotational frequency. To explain this tendency, we have to bear in mind that chitosan is a
non-Newtonian, shear-thinning liquid [48]. The viscosity g of a
non-Newtonian liquid can be written as [49]:

g ¼ K c_ n1

ð6Þ

where K is the consistency index, c_ the shear rate and n the ﬂow
behaviour index. Hagen–Poiseuille’s law can be applied to predict
the chitosan ﬂow rate through the microcapillary assuming a laminar ﬂow:

Q¼

Dp pðdn =2Þ4
g
8l

ð7Þ

where Dp is the pressure difference along the capillary of length l.
Therefore, the mean shear rate is proportional to the volumetric
ﬂow rate Q:

c_ ¼

umax Dpðdn =2Þ2 1
2
¼
¼Q
dn =2
dn =2
4gl
pðdn =2Þ3

ð8Þ

where umax is the velocity along the capillary axis. Substituting g
and c_ from Eq. (6) using Eq. (7) and (8), respectively, we obtain

C

Dp
¼ Q n1
Q

ð9Þ

where C is a constant. To relate Eq. (9) to the bead production rate
fprod we use the fact that the volume ﬂow rate in the capillary is
equal to the volume of a single drop multiplied by the number of
drops generated per unit time:

Q ¼ V drop fprod ¼

pd3
6

Eq:ð3Þ

fprod ¼

p 6dn r
fprod
6 qx2 r

ð10Þ

Considering that Dp depends quadratically on the angular frequency x and using Eqs. (9) and (10), we obtain

fprod ¼ ax

2þ2n
n

ð11Þ

where a is a constant. Our experimental results shown in Fig. 8 suggest a value of 6.29 for the exponent on x, resulting in a ﬂow behaviour index of n = 0.466 from Eq. (11). This is consistent with the
value of n = 0.497 measured by Hwang and Shin [48] for a 2% chitosan solution at the shear rates greater than 10 s1. In this work, the
mean shear rate in the nozzle was in the range between 48 and
635 s1, which corresponds to the apparent viscosity of the chitosan
solution from 4.1 to 1.1 Pa s.
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4. Conclusions
We have developed a new microﬂuidic method for the cheap
and reliable production of polyphosphate-gelated chitosan beads
tunable in diameter between 148 and 257 lm, which permits their
use for cell or drug encapsulation. The bead size decreased with
increasing the rotational frequency and the ratio of the resultant
bead diameter to the initial drop diameter was 0.69, which was
attributed to the drop shrinkage during the gelation process.
The production process requires a single motor as the sole actively actuated component. The potential for parallelisation was
shown by producing beads simultaneously from two nozzles. The
beads produced using 2% chitosan solution were spherical and very
uniform in size with a coefﬁcient of variation ranging between 15%
and 22%, proving very good reproducibility of sizes between different nozzles. The beads fabricated using 3% chitosan solution had
tear-like shape due to faster gelation of drops and higher viscosity
of the chitosan solution. The bead production rate was approximately proportional to the sixth power of the rotational frequency,
which was explained by the non-Newtonian behaviour of the
chitosan solution with a ﬂow behaviour index of 0.466. The rotor
frequency was limited to 44 Hz which resulted in the maximum
production rate of 45 beads per second per nozzle. With a well-balanced rotor and multiple nozzles, the production rate could be signiﬁcantly higher.
Abbreviations
APS
ammonium persulfate
Dex-HEMA dextran-hydroxyethyl methacrylate
HA
hyaluronic acid
NIPAAm N-isopropylacrylamide
PNIPAAm poly(N-isopropylacrylamide)
PAAm
poly(acrylamide)
PS
polystyrene
MeHA
methacrylated hyaluronic acid
PEG
poly(ethylene glycol)
PEGDA poly(ethylene glycol) diacrylate
TPP
tripolyphosphate
WPI
whey protein isolate
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