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Design and Fabrication of a
Microfluidic Device for Synthesis
of Chitosan Nanoparticles

Chitosan nanoparticles have a biodegradable, biocompatible, nontoxic structure, and are
commonly used for drug delivery systems. In this study, design, modeling, and fabrication
methodology of a microfluidic device for the synthesis of chitosan nanoparticles is pre-

sented. In the modeling, 2D flow and concentration field is computed using comsor Multi-
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Introduction

Biopolymeric micro and nanoparticles can be vital for various
applications in industry, science and medicine. Such as one of the
linear biopolymers, chitosan, has become the center of attention
for medical and pharmaceutical applications in recent years due to
its high biocompatibility and biodegradability [1,2]. Chitosan is a
hydrophilic macromolecule which can form biodegradable nano-
particles for site specific delivery of vaccines, genes, drugs and
other biomolecules in human body [3]. Moreover, it is used as a
topical dressing in wound management due to its hemostatic,
stimulation of healing, antimicrobial, nontoxic, biocompatible,
and biodegradable aspects [4]. Chitosan has also been considered
as a promising candidate for bone tissue engineering since it (i)
causes minimal foreign body reactions, (ii) has the ability to be
molded into various geometries and forms such as porous struc-
tures, and (iii) is suitable for cell ingrowth and osteoconduction
[5]. The conventional methods for the formation of chitosan nano-
particles include emulsion droplet coalescence, emulsion solvent
diffusion, reverse micellar method, ionic gelation, polyelectrolyte
complexation and desolvation [6]. These techniques are batchwise
systems, mostly have the principle of dropwise addition of the
cross-linker molecules to the chitosan solution or chitosan solu-
tion to the cross-linker solution. These conventional techniques
usually suffer from aggregation of nanoparticles and labor-intense
requires a qualified personnel throughout the process due to the
lack of automation. Moreover, reproducibility of the process may
also be problematic. One alternative to overcome these issues is to
synthesize the chitosan nanoparticles within the microchannels in
a continuous flow. In this case, the flow hence the process can be
performed in a more controlled manner, the aggregation can be
reduced due to the continuous flow nature of the process, and the
process can be run autonomously once the required solutions are
loaded into the microfluidic channels. Many research groups have
worked on microfluidics devices that can produce chitosan micro
and nanostructures such as microfibers, microparticles, and nano-
particles [1,7-9]. The integration of microfluidic and particle tech-
nologies has given promising results for both inorganic and
organic micro and nanoparticles considering the rapid and tunable
mixing, adjustable flow rates, and mixing time result in narrow
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physics® simulation environment to predict the performance of the device. The
microfluidic chip is fabricated out of PDMS. The fabrication of the mold for the microfiui-
dic device is performed using high-precision micromachining. Some preliminary proof-
of-concept experiments were performed. It was observed that compared to conventional
batch-type methods, the proposed microfluidic device can perform the synthesis much
faster and in a much automated and convenient manner. [DOI: 10.1115/1.4026287]

size distribution or distinct shapes with better control of nanopre-
cipitation process [10].

The main challenge of synthesis is the mixing of the nanopar-
ticles with tripolyphosphate (TPP) solution. Due to low Reynolds
number nature (i.e., laminar flow) of the microchannel flows, mix-
ing of species becomes a challenge due to the absence of turbu-
lence. The proper mixing in a microchannel can be achieved with
various channel designs (passive mixers) or introducing additional
mixers such as ultrasonic mixer, electrokinetic forcing and alter-
nate injection mixer (active mixers) [11]. Although the use of
mixer has a positive effect on mixing efficiency, mixers also bring
some difficulties such as additional cost and effort to tune the
mixer on a microfluidic device. The easy and simple way of an ef-
ficient mixing is to utilize special design of the microfluidic net-
work. Different designs have been proposed in the literature such
as hydrodynamic focusing channels [11], zigzag microchannel
[12], squarewave, three-dimensional serpentine, and staggered
herringbone mixer [13].

When the fabrication of the microfluidic devices is concerned,
there are basically two common approaches which are direct sub-
strate manufacturing (photolithography, laser ablation, etc.) and
mold-based techniques (hot embossing, injection molding, or soft-
lithography) [14]. Photolithography has good ability to manufac-
ture very small and complicated microchannel structures, but it
usually involves multistep processes which take considerable
time, specific chemical requirements especially for etching steps,
and more importantly it requires high tech facilities in a clean-
room environment. On the other hand, laser ablation is localized,
noncontact removal of the material from the surface by exposing
the surface to laser. Unlike photolithography, laser ablation does
not require a mask and may be applied to a wide variety of sub-
strate materials [15]. Although the cost of the process is relatively
low, the investment cost of the equipment is relatively high.
Moreover, generally the surface roughness of the laser ablated
channels is not superior than that of mold-based techniques [16].
Mold-based techniques require a mold (sometimes mold is also
referred as the mask) to process. Although the fabrication of the
mold may need lithography-based, relatively complicated fabrica-
tion process; once the mold is fabricated, the mold may well be
used for several times. After the completion of the mold, the fabri-
cation procedure is simple and highly reproducible (i.e., low-cost
replication), which makes mold-based techniques very suitable for
mass production. A common material used in the fabrication of
the microchannels is the polydimethylsiloxane (PDMS) due to its
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low cost, low toxity, and transparency. Bonding PDMS with glass
is also a straightforward surface treatment process with oxygen
plasma.

One alternative to fabricate the microfluidic device is to use
mechanical micromachining (i.e., CNC-machining) either for
direct substrate manufacturing or for the fabrication of the mold.
For the direct substrate manufacturing, the limits of the process
are constrained by the size of the milling tool which may lead to
unsatisfactory end-product for microfluidic applications. How-
ever, for the fabrication of the mold, the limits of the process is
constrained with the xyz-accuracy of the tool-positioner of a
CNC-machine, since the negative of the microfluidic structure is
fabricated as a mold. With today’s technology, by using magnetic
bearings for their positioning systems, the xyz-accuracy of a con-
ventional CNC-machines are around 5 um. Therefore, a mold can
be fabricated using mechanical machining in the order of
hours without any need for clean-room equipment within the de-
sirable accuracy limits for microfluidic devices. Moreover,
CNC-machining can generate 3D structures without any difficulty
(this is also doable with lithography-based methods with some
additional steps, not straightforward though [15]). Common mold
materials for mold-based techniques are silicon (quartz/glass),
SU-8 photo-resist, polymer based materials (e.g., plexiglas) or any
metal-based materials (titanium, stainless steel, etc.). Polymer-
and metal-based mold materials are superior over silicon or
photo-resist based mold materials in terms of the durability and
robustness. In the case of mechanical micromachining, any of
these materials can be selected. However, machinability, cost, and
the expected life-span of the mold are the important parameters
which need to be considered during the selection of the mold ma-
terial. Another important parameter is the expected life of the
mold. Considering the use of the mold to produce more than
7000-10,000 parts, metal-based materials are the best choice.
However, using metal-based materials comes with a price. Metal-
based materials’ machining is costly due to the reduced tool life
and the increased machining time. On the other hand, machining
of polymer based materials (PMMA, plexiglass, etc.) is less prob-
lematic in terms of tool life and machining time, yet the mold still
can be used for many times.

The major objective of this study is to utilize microfluidic net-
work for the synthesis of chitosan nanoparticles. The design and
fabrication methodology of the microfluidic chip, and the prelimi-
nary experimental results are presented. A microfluidic device for
synthesis of chitosan nanoparticles was proposed in the literature
[10] without any mixing mechanism. In this study, micro obstacle
structures as proposed in Ref. [17] are introduced within the
microfluidic network to enhance the mixing of the solutions,
hence the device performance. The synthesis of chitosan nanopar-
ticles is performed in two units in parallel with four inlet ports and
two exit ports. S-shaped channels are used to increase the length
of the mixing section, hence the efficiency of the mixing without
using excessive chip area. To predict the performance of the
device, a numerical model which models the fluid flow and the
mixing of the two solutions within the microchannel is developed.
In order to be able to fabricate relative high aspect ratio obstacles
within the microchannels, high-precision micromachining is uti-
lized for the fabrication of the mold of the microfluidic device.
With the current dimensions, the proposed device enables a rela-
tively high throughput compared to the typical microfluidic
devices.

Modeling and Design

The assessment of the mixing efficiency for different channel
structures were discussed previously by the same group [18], and
the existence of the micro obstacle structures within the channel
were shown to enhance the mixing efficiency. As a consequence
of that study, a microfluidic channel network with five inlet reser-
voirs (one for TPP solution, reservoir A, four for chitosan solu-
tion, reservoirs B) and two exit reservoirs (reservoirs C) is

031004-2 / Vol. 4, AUGUST 2013

A: TPP solution inlet £
B: Chitosan solution inlet

C: Mixture Outlet
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Fig.1 Drawing of the microfluidic device

proposed for the synthesis of chitosan nanoparticles as shown in
Fig. 1 which runs the mixtures in four microchannels in parallel.
The width of the channels are 1600 um and the micro obstacles
composed of circular and elliptic geometries with a diameter of
400 um. The total length of the one S-shaped channel (from inlet
to exit) is about 7 cm.

Following the well-known ionic gelation method, the synthesis
requires mixing of acetic acid based chitosan polymer solution
with the water based TPP solution with a certain ratio. In a typical
ionic gelation chitosan nanoparticle synthesis, mixing ratio of
TPP:chitosan ratio varies in between 1:2 to 1:5. In this study, the
mixing ratio of 1:4 is used. For an efficient synthesis, the mixing
needs to be complete. To quantify the mixing, the concentration
field together with the flow fields needs to be computed. In the
computation, following assumptions are used:

(1) the working fluids are incompressible, Newtonian liquids,

(2) the gravitational effects and buoyancy effects are
negligible,

(3) both species have identical diffusion coefficients,

(4) no chemical interaction between the chitosan particles and
the channel walls,

(5) no chemical reactions take place,

(6) the mixing of two liquids ensures the mixing of chitosan
nanoparticles with TPP, and

(7) the formation of the nanoparticles does not change the vis-
cosity of the solution.

The flow field is governed by Navier—Stokes equation
p,ut- Vu=—VP + uV*u )

subjected to the no-slip boundary conditions at the channel walls,
specified flow rates at the reservoirs, and zero pressure boundary
condition at the exit. The concentration field is governed by
convection-diffusion equation

u-Ve =DV 2)

subjected to insulated boundary at the channel walls and the speci-
fied concentration at the reservoirs. In here, ¢ represents the
dimensionless mole fraction of the acetic acid. Therefore, ¢ is
assigned as unity at the inlets of acetic acid, and assigned as zero
for the inlets of the water. At the exit, convective flux boundary
condition is assigned.

In these equations, mixture density and mixture viscosity need
to be described in terms of the concentration. The mixture density
can be determined by using the following relation [19]:
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p=A, + AT + A T? + AsT?
A, = 534.613 + 1950.54¢ — 1054.32¢* 4 174.019¢*
A = 4.1946 — 10.5253¢ + 3.15922¢2 3)
Ay = —0.0113495 4 0.0212374¢ — 0.0036607¢>
Az = 8.43584 x 107° — 1.47636 x 10 ¢
To determine the mixture viscosity, following relation which

relates the water—acetic acid mixture as a function of mole frac-
tion of acetic acid is used [20]:

Ing=B,+B;/T+B>InT + B3P

B, = —9.84679 + 5.93224¢ — 0.0724913¢> + 1.59018¢*

By = 2361.48 + 202.364¢ — 1594.8¢> 4)
B> = 0.00609668 — 0.00856923¢
B; = 0.014739

The lowest temperature was given in Ref. [20] was 313K, so the
same temperature is used in this study. The pressure value is taken
as 100 kPa, since the typical pressure drops in liquid microfluidic
applications are in the order of 100 Pa [17], the variation of vis-
cosity with pressure is neglected.

In order to quantify the mixing performance, the mixing
efficiency at the exit of the mixing section is determined. Mixing
efficiency can be determined as [21]

J lc — coo|dA
A

=1 = A )
J |co — cooldA
A

where ¢ is the sample concentration, and ¢, and ¢, (= 0.8) are the
sample concentrations in the completely unmixed and completely
mixed conditions, respectively. Therefore, #,, = 0 indicates a
completely unmixed state, and #,, = 1.0 indicates complete
mixing.

The density of the water and the acetic acid were taken as
1000 kg/m® and 1050 kg/m?, respectively. Binary diffusion coeffi-
cient is taken as 1 x 10~2 m?%/s which a typical value for aqueous
solutions [17]. Commercial analysis software, comsoL Multi-
physics®, which is based on the finite element method, was used
to determine the flow and concentration fields. Since the density
and the viscosity of the fluid depend on the concentration of the
acetic acid, and the velocities in x- and y-directions are required to
determine the convective terms in the convection-diffusion equa-
tion, the flow field and concentration field are coupled. Moreover,
the problem becomes nonlinear. Since the equations are coupled
and nonlinear, it was observed that the convergence of the solu-
tion is sensitive to initial guess. Therefore, to obtain the converged
solution, the equations were solved in sequence by updating the
initial guess from the previous run. First, the convection-diffusion
module was solved based on the initial zero velocities (i.e., purely
diffusion equation). After that the incompressible Navier—Stokes
module together with the results that were obtained from the dif-
fusion equation is computed. For these initial computations, linear
solver is used for both modules. Then, the convection-diffusion
and incompressible Navier—Stokes equations were solved in an
iterative manner with the nonlinear solver, until the solutions con-
verged. The convergence criteria for the computations were the
relative error for the concentration field is below 1 x 107>, The
simulations were performed on an HP Z400 Workstation (Intel
Xeon W3550, Quad core, 3.06 GHz, 16GB RAM).

Three cases were simulated. The ratio was set to 1:4, and the
volumetric flow rate of the TPP solution was chosen as 64 ml/min
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(case #1), 16 ml/min (case #2), and 4 ml/min (case #3), in these
three cases. Since the length of the channels are long compared to
the width of the microchannel, with the current workstation, the
3D simulation was found to be infeasible. Therefore, only 2D sim-
ulations were performed to obtain qualitative results. During the
simulations, it was observed that, the convergence and the accu-
racy of the solution strongly depends on the mesh resolution. If an
appropriate mesh resolution is not chosen, the concentration field
is found to be completely mixed after the first couple hurdles
which is not physical. Therefore, during the mesh generation step
maximum mesh size of 20 um and the minimum mesh size of
10 um was set both for the domain and the boundaries. With this
mesh resolution, number of degrees of freedom was approxi-
mately 1 M for concentration and 3 M for the velocity fields. The
computational time for each case depended on the number of iter-
ations, and it was observed that number of iterations were higher
for the case with higher volumetric flow rate, since the Reynolds
and Peclet numbers of the flow, hence the nonlinearity increases.
For the case with largest flow rate, the typical computation time
was around 25 min. For the 2D simulations, average velocity cor-
responding to the 3D case was assigned as the average velocity at
the inlets, and fully developed conditions were assigned by defin-
ing laminar inflow boundary condition.

The concentration field for three cases can be seen in Fig. 2. As
seen from the figure, since the flow is laminar, as the volumetric
flow rate decreases, there is more time for the solutions to diffuse
into each other. Therefore, case #3 has a better mixing perform-
ance. To demonstrate this effect, the concentration profile at the
exit of the channel is also illustrated in Fig. 3. From this figure, it
is clear that among three cases, case #3 has the concentration pro-
file at the exit which is closest to the complete mixed case. To
quantify this result, the mixing efficiency of three cases is also
calculated. To determine the case for completely unmixed state
(¢,), the simulation is performed with very small diffusion coeffi-
cient. It was found that mixing efficiency was 71% for case #1,
71% for case #2, and 79% for case #3.

Fabrication of the Device

For the fabrications of the microchannel network, the microma-
chining facility of Bilkent University Micro System Design and
Manufacturing Center was used. A plexiglass mold was
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0.0

(c) Case 3: 4 ml/min TPP solution

Fig.2 Concentration field
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Fig. 4 CAD drawing of the mold
Table 1 Machining parameters
Spindle speed Maximum 1500 rpm

Diameter 1 mm and 2 mm and 5 mm end mill
Diameter 0.4 mm drill
Diameter 20 mm and 80 mm end mill

Tools

Material of the tool Tungsten carbide, high speed steel
Number of teeth 2

Axial depth of cut 50 um

micromachined and the microchannel network was fabricated out
of PDMS and sealed with glass substrate. The fabrication of the
device starts with creation of the CAD model of the system. CAD
model of the mold can be seen in Fig. 4. The overall dimensions
of the model are 120mm (L) x 120mm (W) x 20mm (H). The
height of the cavity is 5Smm. CNC-based micromachining was
used to fabricate the mold structure out of plexiglas. For the ease
of removal of the PDMS from the mold, fillet corners with a
diameter of 2mm were used. Micromachining was performed by
a three-axis CNC milling machine (DECKEL MAHO HSCS55,
Germany). The machining parameters used for the machine are
tabulated in Table 1. The steps of the machining process of the
mold can be summarized as follows:

(1) Face milling operation, in order to be sure that stock face is
smooth and flat (80-mm-diameter tool, spindle speed:
3000 rpm, feed rate: 800 mm/min).

(2) Outside of the stock was machined to final dimensions by
contour milling operation (20-mm-diameter tool, spindle
speed: 6000 rpm, feed rate: 1250 mm/min).

(3) For handling the mold part, two sides of the stock were
machined to final dimensions by counter milling operation
(20-mm-diameter tool, spindle speed: 6000 rpm, feed rate:
1250 mm/min).

(4) Milling of the primary molding cavity up to 4.5 mm depth
(5-mm-diameter tool, spindle speed: 8000 rpm, feed rate:
1000 mm/min).

031004-4 / Vol. 4, AUGUST 2013

Fig.5 Photograph of the mold

Table 2 Measured mold dimensions

Depth of holes
Hole diameter
Slot diameter
Slot length
Channel width

500 pum = 50 um
400 ym = 10 um
400 um = 10 um
800 um = 10 um
1600 um = 20 um

(5) Dirilling of the 0.4 mm diameter holes and slots (400-ym-
diameter tool, spindle speed: 15,000rpm, feed rate:
20 mm/min).

(6) Pocket milling, to open mold cavity:
Rough machining at the outside of the channel (2-mm-di-
ameter tool, 12,000 rpm, feed rate: 350 mm/min).
Finishing operation at the near and inside of the channel
(1-mm-diameter tool, spindle speed: 12,000 rpm, feed rate:
50 mm/min).

Total machining time took approximately 240 min. Figure 5
shows the manufactured plexiglas mold. To check the accuracy of
the machining, the dimensions of the structures within the mold
were measured using optical measurement microscope (Vision
Engineering Hawk 200) and tabulated in Table 2.

After the fabrication of the mold, PDMS and curing agent were
mixed in the ratio of 10:1, and poured into the mold. The micro-
fluidic chip was placed in an oven to cure the PDMS (75°C for
90 min). After curing, PDMS was peeled off from the mold. The
reservoirs were punched out. A clean glass slide and the PDMS
were plasma treated, and bonded to get the final device. The final
device was checked under the microscope to see any fabrication
defects. Finally, water was loaded to the system to check the
bonding and any possible leakage. The water and ink mixture was
also tested. The system was free of defects, and no leakage was
observed.

Experimentation

The microfluidic device is shown on Fig. 6(a). The chitosan so-
lution (%0.5 low molecular weight chitosan in %1 acetic acid so-
lution) and water based TriPolyPhosphate solution prepared
following the typical procedure and loaded in regular 1-ml
syringes (1 syringe for TPP solution, 4 syringe for chitosan solu-
tion), placed at the inlet of the channels. Two 2.5-ml syringes are
placed at the exit reservoirs to generate negative pressure at the
outlets. First, the air is sucked out from the microchannel by the
syringes at the exit reservoirs, and then the solutions are intro-
duced within the channel slowly by the syringes at the inlet reser-
voirs. The pumping of the mixtures was made by pushing the
syringes at the inlet and the pumping took 15 s. Once the mixtures
flew in the channel, the products were collected from the exit res-
ervoirs, and put in a 2-ml tube and washed. In the washing step,
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Fig. 6 (a) Photograph of the microfluidic device and (b) photo-
graph of the experimental setup
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Fig. 7 Result from the zeta sizer

the sample is centrifuged (12,000 rpm for 15 min), supernatant is
removed, and 2ml distilled water is added. This procedure was
repeated three times. Then, 1 ml sample was taken to be analyzed
with zeta sizer (3000 HSA, Malvern, England, using DLS
method). Sample was analyzed for the size distribution. The result
of the zeta sizer can be seen in Fig. 7. As seen from the figure,
nanoparticles with a size of 550-700nm were successfully
synthesized.

As the last step, a 10 ul droplet was dried out to be analyzed
under AFM (NMI AFM, Nanomagnetics, Turkey). An area of
10 um x 10 pum is scanned under AFM with a scanning velocity of
1 pm/s. The AFM image of the sample can be seen in Fig. 8. Our
primary results showed that we dramatically reduced the produc-
tion time and produced nanoparticles with a narrow size distribu-
tion compared to the conventional methods, on the other hand,
contrarily to zeta-sizer results, AFM results showed that aggrega-
tions occur during or after the production. A possible cause for the
aggregation may be the drying process before the AFM scans.
These results suggest that mixing needs be increased to avoid
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Fig. 8 AFM image of the nanoparticles

aggregation and nanoparticles need to be separated with an alter-
native technique rather than centrifuging.

Summary and Future Works

In this study, a microfluidic device for the synthesis of chitosan
nanoparticles is proposed. The design and fabrication methodol-
ogy of the microfluidic chip, and the preliminary experimental
results are presented. To predict the performance of the device, a
2D numerical model is developed. The fabrication of the mold for
the microfluidic device is performed using high-precision micro-
machining. It was observed that relatively high aspect ratio micro
obstacles were able to be fabricated without any major problems
with micromachining which would be problem with lithography-
based microfabrication techniques. Proof-of-concept experiments
were performed to show the synthesis of the chitosan nanopar-
ticles. It was observed that compared to conventional batch-type
methods, the microfluidic device can perform the synthesis
much faster and in an automated and more convenient manner.
The current device has relatively large dimensions compared to
the conventional microfluidic devices. With the utilization of the
mechanical micromachining the size of the microchannels can be
further scaled up to come up with a high throughput device which
can be used to synthesize bulk amount of chitosan nanoparticles
for clinical/industrial applications. However, a systematic set of
experiments needs to be performed to explore the relation
between the mixing efficiency, volumetric flow rate, and the size,
and the quality of the nanoparticles which will be our future
research direction.
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Nomenclature

A, = coefficient used in Eq. (3)

A = coefficient used in Eq. (3)

A, = coefficient used in Eq. (3)

As = coefficient used in Eq. (3)

B, = coefficient used in Eq. (4)

B\ = coefficient used in Eq. (4)

coefficient used in Eq. (4)

coefficient used in Eq. (4)

= sample dimensionless concentration

¢, = completely unmixed sample concentration
= completely mixed sample concentration
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D = diffusion coefficient
P = pressure
T = temperature
u = velocity vector
n,, = mixing efficiency
u = viscosity of the mixture (mPa s)
p = mixture density
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