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ABSTRACT: Chitosan nanoparticles are promising drug delivery vehicles.
However, the conventional method of unregulated mixing during ionic
gelation limits their application because of heterogeneity in size and
physicochemical properties. Therefore, a detailed theoretical analysis of
conventional and active microreactor models was simulated. This led to
design and fabrication of a polydimethylsiloxane microreactor with magnetic
micro needles for the synthesis of monodisperse chitosan nanoparticles.
Chitosan nanoparticles synthesized conventionally, using 0.5 mg/mL
chitosan, were 250 ± 27 nm with +29.8 ± 8 mV charge. Using similar
parameters, the microreactor yielded small size particles (154 ± 20 nm) at
optimized flow rate of 400 μL/min. Further optimization at 0.4 mg/mL
chitosan concentration yielded particles (130 ± 9 nm) with higher charge
(+39.8 ± 5 mV). The well-controlled microreactor-based mixing generated
highly monodisperse particles with tunable properties including antifungal
drug entrapment (80%), release rate, and effective activity (MIC, 1 μg/mL) against Candida.
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1. INTRODUCTION

Chitosan nanoparticles have attracted attention as drug delivery
vehicles due to their ability to protect the drug from
degradation, increase loading and release it in a slow sustained
manner.1,2 These nanoparticles are synthesized from chitosan, a
natural polymer containing acetylated and deacetylated glucos-
amine units, that displays biocompatibility and biodegradability
and is generally recognized as safe.3,4 Chitosan nanoparticles
(CNPs) have shown promising results in drug delivery for
treatment of diabetes and cancer.5−8 The main challenge in the
application of chitosan nanoparticles is faced during their
controlled size synthesis, a character that significantly affects
their use as drug delivery vehicles.
Synthesis of these particles by microemulsion, reverse

micellar, and coacervation techniques utilize either organic
solvents or harmful cross-linkers that could be toxic.1,9 In
comparison, the ionic gelation method based on the electro-
static interaction between amine groups of chitosan and
negatively charged phosphate group of sodium tripolyphos-
phate (TPP) utilize mild conditions suitable for drug
delivery.10−12 Typically, synthesis of chitosan nanoparticles by
ionic gelation involves the dropwise addition of the cross-linker
(TPP) to the polymer (chitosan) solution by slow,
uncontrolled bulk mixing. This method, though eco-friendly
and safe, yields nanoparticles with variable sizes (250−400 nm)
and charge (+25 to +54 mV).13−16 This heterogeneity in size
further affects their physicochemical characters such as charge,
loading efficiency and controlled drug release.11,17−19 More-
over, variation in parameters such as reactant concentration,

selection of cross-linker and molecular weight of chitosan failed
to yield homogeneous particles.11,18,20 Other approaches
employing ultrasonication and radiation amplitude were
investigated for their role in decreasing the size and
polydispersity without much effect.21 Recently, “microfluidic
drifting” a methodology of 3D fluid manipulation in a single
monolith layer, has been introduced.22−26 The optimal
operational parameters were predicted by mathematical
modeling and geometric design of the inlet holes and channels
of the device. The designs were fine-tuned for the flow of the
polymer and the cross-linker in to a reaction chamber and
subsequent collection of the synthesized nanoparticles at the
outlet.
Microfluidic synthesis offers the controlled movement of

reactants and their interaction in a precise volume to yield
monodisperse nanoparticles. Usually, researchers employ a
passive route of synthesis of nanoparticle using microfluidics,
where scaling effects confine the fluid dynamics to a laminar
regime with characteristic low Reynolds number (Re). Passive
mixing faces drawbacks in terms of slow rate and low efficiency
of mixing.27 Hence, active micromixers that disturb the laminar
flow to realize mixing have great potential.28 Active mechanisms
increase the interfacial area between two fluids by complex flow
pattern and facilitate mixing primarily by chaotic advection and
by diffusion. Active microreactors demonstrate faster mixing in
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small volumes with more control. Not many research papers
have demonstrated synthesis of chitosan nanoparticles using
active microreactors. One reason might be difficulty of the
fabrication process; the other might be tuning/harnessing the
energies associated with the active reaction for controlled
synthesis. Yang et al.29 have used cross-flow microfluidic chip
with external cross-linking for synthesis of monodisperse
chitosan microparticles. With flow focusing and emulsion
technique, microbeads of chitosan were obtained. Majedi et
al.22,30,31 have used T-shaped microreactor for synthesis of
monodisperse chitosan nanoparticles via self-assembly. The size
of the obtained nanoparticles was around 100 nm using
nanogelation with adenosine triphosphate (ATP) as a cross-
linker. Anticancer drug (paclitaxel) was loaded on these
nanoparticles and its efficacy was demonstrated. The authors
have demonstrated high loading efficiency with slow and
sustained release.
In the current work, we first carried out modeling for the

synthesis of chitosan nanoparticles using conventional and
active microreactors with an aim to understand the advantages
of the latter leading to small, homogeneous particles. This
knowledge was translated by fabricating a microreactor in
PDMS containing magnetic microneedles for the active
synthesis of chitosan nanoparticles. The fabrication simplicity
of this method was further exploited for loading CNPs with
amphotericin B (AmB), an antifungal drug. Here we
demonstrate microreactor synthesized chitosan nanoparticles
were monodisperse and showed improved size, charge, and
drug loading as compared to bulk synthesized nanoparticles.
We report the effectiveness of drug-loaded CNPs as an
antifungal agent against Candida and its hemocompatibility.

2. THEORETICAL ANALYSIS

Understanding the dynamics of conventional and micromixing
was important for fabrication of a microreactor for the synthesis
of CNPs by ionic gelation. Therefore, classical and microreactor
setup using single reaction chamber were modeled and
analyzed using Comsol Multiphysics 4.4.
Conventional- and microreactor simulation models in 2D

geometry are shown in Figure 1a, b. For a conventional model,
a liquid bath (ϕ25 mm) containing chitosan solution is
considered with a submerged magnetic needle (length 1 cm)
for mixing. While mixing, the needle rests at the bottom of the
vessel, which creates a vortex and practically no mixing occurs

at the center. Therefore, TPP droplets were added away from
the center while modeling.
The microreactor model consists of two separate inlets (ϕ

0.5 mm) to allow the flow of chitosan and TPP leading to a
circular chamber (ϕ1 mm) containing the magnetic actuator
(length 0.5 mm). The circular chamber has single outlet (ϕ 0.5
mm). The magnetic needle induced maximum confluence of
fluids entering from inlets due to stirring. At the microscale,
diffusion is a dominant mechanism whereby two different fluids
come together and mix. The microreactor model assumes
steady state, laminar, and incompressible flow, governed by
continuity, Navier−Stokes, and species transport by con-
vection−diffusion. Simulations were carried out with variation
in rotation speed as well as time and the results are analyzed
with respect to mixing efficiency calculated using the formula
given below32
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where c is the concentration and N is the reaction number.
Prefix i and 0 indicate final and initial concentrations,
respectively.
Figure 1c, d shows the velocity profiles (indicative) obtained

from 2D simulation of conventional and active microreactor
models. As compared to the conventional model, microreactor
achieves better mixing due large force generated with greater
velocity, at similar operating parameters. The concentration
profile (Figure 1e, f), shows uniform mixing of the liquid in
microreactor as compared to an unmixed gradient observed in
the conventional model, at the same time interval. Figure 1g, h
shows an increase in mixing efficiency with rpm. In the first few
seconds, the mixing efficiency drops drastically for both
conventional and microreactor before attaining saturation. As
the rotor applies confluence, the liquid is taken to different
parts of the chamber decreasing the mixing efficiency in the
initial stage. The efficiency obtained for microreactor is much
higher as compared to the conventional technique, with a
maximum of ∼90% in 30 s. These models were validated
experimentally by using blue and yellow colored liquids. The
mixed liquid was collected from the outlet at different time
points from the microreactor and was withdrawn with a pipet
from the conventional setup. The droplets were placed on a
paraffin wax film, and photographs were captured using a digital
camera (Cannon). The images were analyzed by ImageJ

Figure 1. 2D simulation of conventional and microreactor using Comsol multiphysics 4.4. (a, b) Schematic of 2D models used for simulating
conventional and active microreactor. (c, d) Velocity profile; (e, f) concentration of the mixed liquid obtained; (g, h) mixing efficiency calculated
from the simulation and (i, j) experimentally derived mixing efficiency for conventional and microreactor.
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software for green intensity. Readings were normalized using a
premixed green color as control, and mixing efficiency was
calculated in percentage. It can be seen from Figure 1i, j that
mixing efficiency of the microreactor is greater than that of the
conventional at same time points. Moreover, mixing efficiency
increases as a function of time and rotational speed complying
with the result of the simulation studies. The maximum
efficiency obtained from microreactor is ∼80% that is in good
agreement with simulation data (∼90%).
There is a distinct difference between mixing by the

conventional and microreactor setup. One reactant is added
dropwise to another (liquid bath) at different time points
conventionally whereas the continuous fluid flow is obtained by
mixing in a microreactor. Equilibrium is reached faster in
conventional setup resulting in a drop in the diffusion
coefficient and Reynolds number leading to laminar flow like
condition, which restricts further mixing. On the other hand,
because of continuous flow in the microreactor and flow out
through the outlets, fresh volumes of two fluids enter the
chamber and mix, leading to higher mixing efficiency.
From the theoretical analysis, it is important to note that the

increment in efficiency is significant in the first few seconds of
stirring (Figure 1g, h), saturating exponentially as time
increases. This observation implies that the microreactor
achieves efficient mixing within a few seconds of contact of
the two liquids. It is evident that the rise in rpm above 1000 did
not have a significant impact on the mixing efficiency. Hence,
all the further experiments were carried out at the rotational
speed of 1000 rpm. With a single reactor, the mixing efficiency
of ∼80% was achieved. To enhance the efficiency and to
promote synthesis of nanoparticles with uniform size, we added
another reaction chamber (Figure 2a, c). A third stage of the
reaction chamber and an inlet channel (Figure 2b, d) was
added for loading the drug on synthesized chitosan nano-
particles. The magnetic needle was fabricated in a rhombic
shape (Figure 2e) to have maximum confluence while mixing in
a microreactor.

3. MATERIALS AND METHODS
3.1. Chip and Micro Magnetic Needle Fabrication. Micro-

reactor with circular channels and chamber was fabricated from
poly(dimethylsiloxane) (PDMS)33 using soft lithography (Supple-
mentary). The chip was fabricated with 2 inlet channels, (ϕ 500 μm)

which permit the reactants to flow into the first chamber (ϕ 8 mm)
containing a micro needle (see Figure 2a, c). The mixed fluids are
carried through a 4 mm long channel to the second chamber similar to
the first, for further mixing. Both the chambers were sealed using a thin
glass cover. PDMS-magnetic needle (Figure 2e) was fabricated34 as
detailed in the Supporting Information (page S-1).

For drug loading, a third chamber (ϕ 8 mm) was fabricated
connected to the second by a 22 mm long channel. A 10 mm long inlet
was added to the third well, to introduce the drug for entrapment in
polymeric nanoparticles (see Figure 2 b, d).

3.2. Synthesis of Chitosan Nanoparticles: Conventional and
Microreactor Method. Chitosan nanoparticles were synthesized by
ionic gelation using chitosan (Sigma, deacetylation: 75−85%;
viscocity: > 400 mPa.s) dissolved in 1% acetic acid (pH 3.3) and
sodium tripolyphosphate (TPP, Merck, 1.6 mg/mL) in the ratio of
2.5:1 (Calvo et al. 1997). TPP (0.625, 1.25, and 1.87 mL) was added
dropwise with a micropipette to 5 mL of 0.25, 0.5, and 0.75 mg/mL
chitosan solution, respectively, under magnetic stirring (1000 rpm) at
room temperature (For schematic, refer to Figure S1). Whereas,
chitosan and TPP in similar ratio were allowed to flow (flow rate:
100−500 μL/min) in the microreactor for the synthesis of
monodisperse nanoparticles. (Detailed description of the methodology
is added in Supporting Information on page S-1).

3.3. Characterization Techniques. Number or particles/ml
along with the size was determined using Nanosight LM10, UK.Zeta
potential was measured using Delsa Nano from Beckman Coulter,
USA. The morphology of chitosan nanoparticles was recorded using
an FEI Technai 30 system, Oregon, USA operated at 300 kV. Atomic
force microscopy (AFM) measurements were performed with
Multiview 1000 System, Nanonics Imaging Ltd., Israel. Scanning
electron microscopy (SEM) was carried out using Zeiss EVO MA 15
instrument using tungsten filament as a source. FTIR measurements
were performed on PerkinElmer (Spectrum One Spectrometer).

3.4. Drug Loading and Release Kinetics. Drug entrapment was
carried out at CNP:AmB ratio of 1:1with 0.2 mg each CNPs and drug
(dissolved in DMSO). On-chip drug loading was accomplished by two
different methods and chip designs, viz. (a) introduction of drug along
with TPP through one inlet (using a 2 inlet chip) while chitosan
through the other and (b) introduction of drug through a third inlet
(of a 3 inlet chip) after the synthesis of CNPs. The AmB entrapment
efficiency (A.E.) of nanoparticles was calculated by recording the
absorbance of unbound AmB at 420 nm using the formula

= −
drug entrapment (%)

total AmB free AmB
total AmB

100

3.5. In Vitro Release of Drug. Amphotericin B release was
determined spectrophotometrically at different time points (up to 14

Figure 2. Schematic representation and optical image of fabricated microreactor chip for (a, c) chitosan nanoparticles synthesis by 2-chamber
method, (b, d) drug loading by 3-chamber method; (e) rhombic magnetic needle.
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days) by incubating the loaded CNP in 1 mL of phosphate buffer (pH
7.0 at 37 °C).
3.6. Size-Dependent Nanoparticle Internalization/Uptake in

Cells. For cell internalization experiments, MCF-7 cells were grown in
6-well plates with 0.5 × 0.5 cm cover glass for 24 h. Fluorescein
isothiocyanate (FITC); a green fluorescent moiety was loaded in the
CNPs during synthesis for microscopic visualization. The FITC−
CNPs synthesized by microreactor and conventional method were
then added to the cells at a concentration of 30 μg/ml and incubated
for 4 h. Three washes with PBS were given to the cells to remove any
nanoparticles adhering nonspecifically to the cell surfaces. The cells
were stained with DAPI for nuclear and phalloidin-TRITC for the
cytoskeleton staining, respectively. Mounting media (90% glycerol in
0.8% Tris-Cl buffer pH 7.0 containing ascorbic acid) was added to the
cells and observations were carried out with a confocal microscope
(LSM 710, Carl Zeiss, Jena, Germany with Zen 2009 software for
image analysis) equipped with appropriate filters.
3.7. Antifungal Assay. The antifungal assay was carried out with

Candida albicans (NCIM 3100) acquired from National Collection of
Industrial Microorganisms, National Chemical Laboratory, Pune,
India. Antifungal assay was carried out using NCCLS guidelines
M27 (Supporting Information on page S-2).
3.8. Hemo-compatibility. Hemolysis studies were conducted by

the procedures described by the American Society for Testing and
Materials (ASTM F756−00, 2000). Detailed methodology is given in
the Supporting Information (pages S-2 and S-3).

4. RESULTS AND DISCUSSION

4.1. Conventional Method. CNPs were synthesized by
the conventional method using a fixed chitosan to TPP ratio of
2.5:1 but varying chitosan (0.25 to 0.75 mg/mL) and TPP
(0.625 to 1.87 mg/mL) concentrations and the size of the
synthesized particles was measured. In general, an increase in
the concentration of the reactants led to an increase in particle
size (149 ± 19 to 462 ± 37 nm) and number of particles/mL
(0.81- 4.33E8) (Figure 3a). At chitosan concentration of 0.5
mg/mL, the size of CNPs was 302 ± 27 nm with 2.98E8
particle/mL and +29.8 ± 8 mV zeta potential.
The results obtained are as predicted by theoretical analysis

where the increase in concentration leads to a decrease in the
diffusion coefficient and Reynolds number to yield large size
NPs. The inherent difficulties encountered regarding particle
size and homogeneity with the conventional method was
addressed by employing the microreactor approach.
It needs to be mentioned that chitosan nanoparticles

synthesis by bulk methods have used chitosan and TPP ratios
of 3:1, 4:1, and 5:1, where ∼200 nm sized NPs have been
reported.11,13,14 Most significantly, at a ratio of 2.5:1, that has
been used in the present study, previously reported CNP size is
much higher, i.e., 321 nm.18

4.2. Microreactor Method. In the microreactor, micro-
channels were used to carry chitosan and TPP simultaneously

into the chamber where mixing was initiated. Microfluidic
properties such as flow rate and the reactant ratio determined
the quality of synthesized CNPs. TPP and chitosan were mixed
in the chamber to form nanoparticles that flowed through the
outlet, therefore reducing the chances of clogging. Conditions
for CNPs synthesis was similar to that used conventionally.
To translate the process to the micromixer platform, at

constant chitosan concentration of 0.5 mg/mL, we optimized
the flow rate from 100 to 500 μL/min (Figure 3b). As the flow
rate increased, the particle size decreased with 1.8 fold
reduction in standard deviation (Figure 3b). At a flow rate of
500 μL/min, the channel at the outlet ruptured because of the
high pressure. Hence, a flow rate of 400 μL/min was optimized
where the channels sustained the pressure and yielded 154 ±
20 nm sized CNPs with 0.24E8 particles/mL (Figure 3b).
Further, to increase the number of particles, the reactant

concentration was varied (0.1−0.5 mg/mL) at optimized flow
rate 400 μL/min (Figure 3c). Because the specific flow rate
maintained, concentration and diffusion coefficient of the total
reaction volume was constant, resulting in homogeneous
particle size. At lower reactant concentration (0.1 mg/mL),
smaller NPs (80 ± 9 nm) with lower number of particles (0.52
E8particles/ml), whereas at higher reactant concentrations (0.5
mg/mL), a higher number of particles (2.36E8 particles/mL)
with larger size (212 ± 10 nm) were formed. At chitosan and
TPP concentrations of 0.4 and 0.16 mg/mL, respectively, the
obtained particle size was to the tune of 130 ± 9 nm. The
number of particles in the preparation was 2.1 × 108/mL with a
zeta potential of 39.8 ± 5 mV (Figure 3c). In the conventional
synthesis, significantly larger (more than 50%) particles with
lower zeta potential were obtained. The standard deviation is
also very less with microreactor method implying homogeneity
in particle synthesis.
Therefore, CNPs synthesized with 400 μL/min flow rate and

0.4 mg/mL chitosan concentration were used for drug loading
and assessment of antifungal activity against Candida. The same
protocol could be extended for the batch synthesis of drug
loaded chitosan nanoparticles with good homogeneity in
particle size (Details are given in Figure S2).

4.3. Comparison of Conventional and Microreactor-
Based Synthesis of Chitosan Nanoparticles. Zeta potential
determination of chitosan nanoparticles synthesized conven-
tionally exhibited a charge of +29 ± 6 mV, whereas that by
microreactor method were higher +40 ± 8 mV. This result
implied an increase in the colloidal stability of the particles.
Atomic force and transmission electron microscopic analysis

confirmed the sizes for bulk and microreactor synthesized
CNPs as ∼250 and ∼130 nm, respectively (Figure 4). CNPs
synthesized by microreactor were smooth (confirmed by RMS
value of <0.1 from AFM), spherical and homogeneous in size,

Figure 3. Chitosan nanoparticles synthesis by (a) conventional method and optimization of microreactor based on-chip method by (b) altering the
flow rate, (c) altering the chitosan concentrations at constant flow rate.
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whereas conventional synthesis produced heterogeneous
particles of spherical to ovoid shape. TEM reveals blurred
walls due to incomplete reaction for nanoparticles synthesized
conventionally. Significant reduction in size and increment in
homogeneity is obtained by microreactor with an improvement
in morphology. The SEM images show high degree of
monodispersivity along with smaller size for nanoparticles

synthesized using microreactor method as compared to those
obtained conventionally.

4.4. Entrapment of Amphotericin B by on-Chip
Synthesized Chitosan Nanoparticles. Two approaches
were used for on-chip loading of amphotericin B (AmB) as
represented in the schematic (Figure 2). In the first approach,
drug and TPP were allowed to flow via one channel and
chitosan through the other in a 2-chamber chip (Figure 2c).

Figure 4. Characterization of chitosan nanoparticles: (a, b) transmission electron microscopy; (c, d) atomic force microscopy (inset shows size
estimation curve from atomic force micrograph) and( e, f) scanning electron microscopy for conventional and microreactor method, respectively.
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Concurrently, nanoparticles were synthesized along with drug
entrapment in the first chamber followed by enhanced mixing
in the second. Drug entrapment obtained with the 2-chamber
chip was 59.7%. (Figure 5a).

In the second approach, an additional chamber was added to
introduce and load the drug on synthesized chitosan nano-
particles (Figure 2d). The drug entrapment achieved with this
approach was 82.7% that was much higher than the two
chamber method. In comparison to the conventional method
with 70% drug entrapment, the microreactor synthesis showed
an increase in drug entrapment (Figure 5a). This significant
increase in drug loading by microreactor method could be due
to the measured interaction of the CNP and drug in the
microreactor chamber. This phenomenon coupled with
monodisperse size distribution enhances the drug loading
efficiency due to increment in surface to volume ratio as
reported by Majedi et al.22 An alteration in charge of the AmB-
loaded CNPs (+34.41 mV), and size (188 nm) was observed as

compared to bare that may be attributed to the presence of the
drug.
Most studies report drug entrapment by the bulk

method.35,36 Tiyaboonchai and Limpeanchob37 demonstrate
50−65% AmB drug entrapment with chitosan-dextran nano-
particles. Nahar et al.38 reported 49% entrapment of AmB in
gelatin nanoparticles cross-linked with glutaraldehyde.

4.5. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis of CNP-AmB. Fourier transform infrared (FTIR)
spectra of the CNPs and CNP-AmB are shown in Figure 5b.
Amphotericin is an amphoteric drug having hydrophobic and
hydrophilic moieties whereas chitosan is known to possess
amine groups on the glucosamine moiety. The proposed
attachment could involve the − OH and − NH2 groups of
amphotericin and chitosan respectively (Figure 5c). The
characteristic absorption bands for chitosan were observed at
1648 (amide I), 1550 (amide II), 1453 (amide III), 1099(C−N
stretching), and 3255 cm−1 (O−H stretching).39 The character-
istic absorption bands for the AmB were reported at 2986 cm−1

for the polyene group (CH2, CH3, and CH) and 1692 cm−1 for
the COO− group.40 The spectrum for CNP-AmB showed the
appearance of absorption bands of carboxyl groups at 1801,
1868, 1942 cm−1 that may be attributed to the adherence of
amphotericin to chitosan, amide group of chitosan at 1452 and
1493 cm−1 with an additional peak at 1601 cm−1 (Figure 5b).
The absorption peaks at 3336, 3045, and 2986 cm−1 could be
assigned to the OH groups of CNP-AmB. The shift of existing
and presence of additional peak could be attributed to the
presence of amphotericin indicating the entrapment of AmB
within the chitosan matrix.

4.6. In Vitro Drug Release of AmB from Chitosan
Nanoparticles. Figure 5d displays the biphasic release profile
of AmB from microreactor synthesized CNPs at pH 7.0. It was
apparent that initial burst release was followed by the slow
sustained release of ∼52% in 120 h and 80% in 336 h. The
rapid release was attributed to the surface bound drug followed
by slow release due to drug diffusion from the interior of
chitosan nanoparticles. The in vitro release behavior suggests
that the interaction forces between amphotericin and chitosan
were weak indicating AmB release by simple dissociation. In the
case of conventionally synthesized CNPs, although AmB
showed a biphasic release, the drug release was ∼33% in 120
h and 43% in 336 h. The rapid release in the case of
nanoparticles synthesized using microreactor can be attributed
to smaller size, which possess higher surface to volume ratio as
compared to the conventional counterparts.41 This clearly

Figure 5. Drug entrapment and release from chitosan nanoparticles:
(a) amphotericin entrapment by on-chip two-way channel and three-
way channel method as compared to conventional method, (b) FTIR
analysis of chitosan nanoparticles and entrapment of amphotericin, (c)
probable binding of amphotericin to chitosan, (d) release of
amphotericin from chitosan nanoparticles.

Figure 6. Confocal imaging of MCF-7 cells (a) control (without nanoparticles) and uptake of nanoparticles synthesized by (b) conventional method
and (c) microreactor method.
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demonstrated the effect of particle size on drug release. Nahar
et al.38 reported 90% biphasic drug release of AmB from gelatin
nanoparticles up to 196 h. However, Tiyaboonchai and
Limpeanchob37 reported that chitosan-dextran sulfate nano-
particles showed a rapid release. Espeulas et al.42 observed that
Candida was more sensitive to polymeric nanoparticle-bound
AmB than the free drug.
4.7. Size-Dependent Nanoparticle Internalization/

Uptake in Cells. The uptake of chitosan nanoparticles in
MCF-7 cell lines was visualized (after 4 h of exposure) by
confocal microscopy, for the two synthesis methods (Figure 6).
Control cells (Figure 6a), which are not exposed to
nanoparticles, show blue nuclear staining with DAPI and red
(Phalloidin TRITC) cytoskeleton staining. The chitosan
nanoparticles were modified by FITC and visualized by green
fluorescence under the microscope. The uptake of chitosan
nanoparticles (∼250 nm) synthesized by conventional method
was negligible (Figure 6b). The ∼130 nm sized microreactor
synthesized nanoparticles were localized within the cell as seen
by the green fluorescence (Figure 6c). This clearly demon-
strated the size-dependent property of chitosan nanoparticles
during the uptake in the MCF-7 cells.
4.8. In Vitro Antifungal Activity of CNP-AmB against

Candida. The on-chip drug entrapment of AmB in CNPs
displayed effective antifungal activity against Candida. The
CNP-AmB displayed minimum inhibitory concentration
(MIC) value of 1 μg/mL which is accordance with that for
bare amphotericin B.43,44 The MIC for the CNPs prepared by
conventional method was comparable that could be attributed
to the similar release profile at 24 h time point used for the
antifungal assay. Majedi et al.31 also reported rapid release in
the initial (<24 h) phase for different sized particles. The MIC
value was also comparable to the commercially available lipid
preparation (refer to Figure S3). The results demonstrate that
the drug loaded CNPs were effective against Candida. Similar
results with AmB loaded PLGA nanoparticles were reported by
Zhou et al.44

AFM analysis of Candida cells treated with bare AmB
showed that the surface roughness (RMS 0.53) was comparable
to cells treated with CNP-AmB (RMS 0.5). A further analysis
of roughness by skewness and kurtosis values showed that
chitosan-AmB treatment disrupts the cell wall in comparison to
bare drug attributed to the synergistic effect of chitosan and
drug (refer to Figures S4 and S5 and Table S1).
4.9. Hemo-Compatibility. The assay was performed

according to the Standard Practice for Assessment of
Hemolytic properties of Materials from the American Society
for Testing and Materials (ASTM F756−00, 2000), which
classifies the material as nonhemolytic (0−2% of hemolysis),
slightly hemolytic (2−5% of hemolysis) and hemolytic (>5% of

hemolysis). Our results (Figure 7) showed that bare AmB (3%
hemolysis) and CNP-AmB (2.6% hemolysis) were non-
hemolytic up to concentrations of 0.16 mM.

5. CONCLUSION
The simulation studies carried out showed better mixing in the
case or microreactor as fresh reagents come in contact due to
flow rate dependency, which is not the case in the conventional
setup. The initial time (in ms) for the formation of particles is
significant, as seen from the theoretical analysis. As the
microreactor is operated at high flow rate, synthesized
nanoparticles flow out, decreasing the hold time of the
reactants in the chamber, leading to lower size and
homogeneity of preparation. The microreactor yields nano-
particles of size 130 ± 9 nm with 39.8 ± 5 mV surface charge,
whereas 250 ± 27 nm size and 29.8 ± 8 mV charge was
obtained by conventional method. The microreactor by virtue
of its measured volume interactions allowed high drug
(amphotericin) entrapment that displayed a slow sustained
release. In vitro, CNP-AmB yielded effective fungicidal effect
against Candida albicans, demonstrating good hemo-compati-
bility. The microreactor can also be used in a batch mode for
the synthesis of a large amount of homogeneous particles
without variation in size and charge.
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