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Microfluidic Manipulation of Core/Shell Nanoparticles for
Oral Delivery of Chemotherapeutics: A New Treatment
Approach for Colorectal Cancer

Mohammad Mahdi Hasani-Sadrabadi, Shahrouz Taranejoo, Erfan Dashtimoghadam,
Ghasem Bahlakeh, Fatemeh Sadat Majedi, Jules John VanDersarl, Mohsen Janmaleki,

Fatemeh Sharifi, Arnaud Bertsch, Kerry Hourigan, Lobat Tayebi,*

and Karl I. Jacob*

Colon cancer is one of the most prevalent cancers today that is
affecting people at an increasing rate. Currently, the lifetime risk
of developing colon cancer runs at 5%-6%.l!! Considering the
growing rate of colorectal cancer, considerable scientific effort
has been applied to find effective therapeutic approaches.[”! The
conventional chemotherapy affects nontumor cells and adverse
effects to normal tissues/organs are unavoidable. Due to these
side effects, survival rate from cytotoxic chemotherapy is further
limited. Nanoparticulate drug delivery systems make the chemo-
therapeutic approaches more selective with less off-target toxicity.
A central challenge in nanomedicine is the fine design of nano-
particles for their desired physicochemical properties in a repro-
ducible manner. Thus, a significant part of this research has
been focused on developing smart targeting drug delivery sys-
tems, to both minimize side effects and increase drug efficacy.l’
Oral drug delivery is an important administration pathway as it
improves patient compliance and is self-administrable, which

Philippe Renaud,*

allows for more regular dosing schedules at a lower cost. Oral
chemotherapeutics can also lead to lower toxicity and improved
efficacy.! Due to the pH variations in the gastrointestinal tract
during oral drug administration,®! employing pH-sensitive poly-
mers as carriers can result in more specific chemotherapeutic
delivery for cancer therapy.>® Polymers and copolymers such
as methacrylic acid and methylacrylate or ethylacrylate are typ-
ical pH responsive polymeric materials employed in the prepa-
ration of extended release oral administered drugs for cancer
therapy.”*1% These copolymers are insoluble at low pH but dis-
solve at high pH, triggering the encapsulated drugs or inner core
to be released.'” Despite recent advances in chemotherapeutic
delivery systems for colon cancer, most researches have focused
on conventional bulk mixing, which results in polydisperse
nanoparticles (NPs).B112] However, attaining more precise drug
release profiles requires a reproducible approach to fabricate
finely tuned nanocarriers with a narrow size distribution and
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predetermined properties. We have recently introduced a micro-
fluidic technique to synthesize monodisperse chitosan-based
NPs for cancer therapy applications.®!2l Compared to bulk
mixing process, microfluidic systems can synthesize the nano-
particles in a well-controlled, reproducible, and high-throughput
manner. Moreover, microfluidic systems, by mixing dissimilar
materials (with distinct functional groups) at varying ratios, pro-
vide better process control and a much better solution for the
challenge in finding the correct formulation for delivering thera-
peutic agents to specific sites in the body.

Chitosan derivatives are widely used in drug delivery applica-
tions due to their outstanding biological characteristics.3! Here
we employ a hydrophobically modified chitosan (HMCS) deriva-
tive, N-palmitoyl chitosan, to improve the loading of hydrophobic
anticancer drugs.' Moreover, N-palmitoyl chitosan chains allow
for NPs to be shaped via self-assembly, avoiding problems related
to the removal of chemical cross-linking agents.®1>1¢ Micro-
fluidic platforms, benefiting from a controlled mixing regime,
provide adjustable drug encapsulation efficiency and release
rate from self-assembled HMCS.B1217] In this study, we used
microfluidic techniques to design well-controlled monodisperse
HMCS NPs coated by a pH-responsive layer (Eudragit FS 30D)
with an adjustable thickness. The NPs’ behavior was assessed as
they were exposed to variant pH conditions that closely simulate
the digestive tract environment. Quantum mechanics (QM) and
classical molecular dynamics (MD) simulations were also per-
formed to investigate the molecular interactions governing the
behavior of the chitosan—Eudragit layered system.

Details of the materials and methods used in this work are
provided in the Supporting Information. Schematic representa-
tions of the microfluidic platforms are shown in Figure 1a. The
nanoparticle cores are created in the first microreactor, where
hydrodynamically focused flow precisely controls the mixing
time of the two solutions (HMCS and water), resulting in mono-
dispersed nanoparticles with precisely controlled properties.
These particles are then coated in a Tesla micromixer, where
they are sealed with a Eudragit (pH-sensitive poly(methyl meth-
acrylate) (PMMA) derivative) shell. The micromixer inputs (flow
ratios) determine the reactor conditions, and thus the nanocap-
sule properties. The design of the Tesla micromixer was final-
ized using COMSOL Multiphysics software to investigate the
flow/concentration profiles. Using 2D modeling of 10 individual
mixer units, the continuity and constitutive Navier—Stokes equa-
tions along with convection—diffusion equation were solved
using the finite element method for various geometries. The
inlet boundary condition is approximated by the sheath flow
and core flow concentrations, and flow rates. Tesla mixers use
the Coanda effect to bend fluid stream lines and increase the
mixing effects. As flow enters the micromixer, part of it deflects
toward the side narrow channel due to the Coanda effect, while
the remaining fluid flows through the curved-section until
these two sub-flows merge. This recombined flow then experi-
ences the Coanda effect again, and this separation and mixing
continues until the flow reaches the outlet. The concentration
distribution for this Tesla micromixer is shown in Figure 1b-i.
For this flow condition, full mixing is obtained after passing two
cell-pairs. The velocity stream lines are shown in Figure 1b-iii.

Increasing the flow ratio (volumetric ratio of sheath flow
to main flow from 0.03 to 0.3) in the microreactors caused a
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strong increase in total NP diameter for both neat and PTX-
loaded particles (Figure 1lc-i,c-iv). Figure lc-ii shows the shell
thickness for the coated NPs increasing with increasing flow
ratio. For instance, by increasing the flow ratio in the Tesla
micromixer (pR2) from 0.07 to 0.3 while keeping the flow ratio
constant for the first micromixer (0.03), the average shell thick-
ness increased from 8 to more than 22 nm. A more complex
trend in zeta potential variation was observed. As shown in
Figure 1c-iii, the highest zeta potential value (+10 mV) occurred
for the NPs synthesized at the lowest flow ratio in reactor
2 (0.07). This is consistent with the shell thickness results.
The Eudragit supportive layer and HMCS core have negative
and positive charges, respectively. Hence, decreasing the shell
thickness, as a direct consequence of decreasing the flow ratio
in micromixer 2, resulted in NPs with a higher net positive
charge, and an increased zeta potential.

Employing the microfluidic process is a significant improve-
ment over the traditional bulk mixing procedures, and results
in NPs with smaller diameter for both uncoated and masked
NPs at all flow ratios. A broad distribution of residence times in
the turbulent regime and variations of local pH at bulk mixing
condition are considered the main reasons for such nonuni-
formity in bulk NPs.'215] The first microreactor establishes a
well-controlled hydrodynamically focused mixing region with
short and narrowly distributed residence times, defined by the
input flow rates and ratios, which generates smaller NPs with
uniform diameter and microstructure.®21% In the first micro-
mixer (cross-junction), the pH increases through diffusion of
the basic water into the aqueous polymer stream, which leads
to HMCS amine group deprotonation and aggregation of the
macromolecules. A narrow distribution of residence times pro-
vided by on-chip diffusion mixing gives the opportunity for the
polymer chains to benefit from similar reaction times.®! Solu-
tion pH controls the balance between electrostatic repulsion
and hydrophobic attraction forces, so the time scale associated
with the pH rearrangement determines the self-assembly time
scale, which is short in the microfluidic device and thus gener-
ates small and uniform NPs (Figure 1d-i).1®!

In microreactor 2, mixing and laminar flow are the predomi-
nant routes of mass transfer, where reactions mainly occur in
the microscale rather than the molecular scale. This resulted in
more nonuniformity in shell thickness and morphology of the
masked NPs. The very slow kinetic diffusion of Eudragit chains
prevents the cross-junction “t” microreactor design used to create
the NP cores from being used to coat the NPs.l'8 This limitation
leads to the design of the Tesla mircoreactor with alteration in
shape, residence time, and thus the predominant route of mass
transfer. Still, the NPs coated with Eudragit in the microreactor
were more uniformly coated than those coated via bulk mixing.

In order to better understand the molecular interactions
in the Eudragit-chitosan core-shell NPs, MD simulations
were conducted on a 3D cell consisting of Eudragit and chi-
tosan chains by use of COMPASS (condensed-phase opti-
mized molecular potentials for atomistic simulation studies)
force field. Equilibration of the simulated structures was first
checked by monitoring time evolution of the potential energy
as well as temperature of the cell (see Figure SI-3 of the
Supporting Information). As shown, the total potential energy
and temperature fluctuate slightly around an average value,
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Figure 1. a) A schematic representation of the dual microfluidic platform used to synthesis tunable core—shell nanoparticles: a cross-junction micro-
fluidic device used to control formation of chitosan-based NPs from polymer core flow, which hydrodynamically focused with sheath flows of water
at basic pH (pR1), and a Tesla micromixer to make Eudragit FS 30D coated onto NPs (uR2). b) COMSOL simulation results on b-i) concentration
distributions, b-ii) velocity distributions, and b-iii) velocity streamlines for the Tesla micromixer. c) 3D plots of NPs’ experimental characteristics, which
were adjusted via the parameters of uR1 and pR2: c-i) NPs’ diameter without PTX, c-ii) shell thickness, c-iii) zeta potential, c-iv) diameter with PTX. The
white arrows represent the positions of NP samples selected for further experiments. d—e) Transmission electron microscopy images of i) uncoated

and ii) masked HMCS NPs; d-i) pR1:0.03, no coating, d-ii) pR1:0.03 and pyR2: 0.10, e-i) pR1:0.10, no coating, e-ii) pR1:0.10, pR2: 0.10, f-i) R1: bulk, no
coating, f-ii) R1: bulk, pR2: 0.10.
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Figure 2. a) Eudragit—chitosan layered structure a-i) initial structure and a-ii) after 600 ps NVT MD simulations. Polymer chains are shown inside
the simulation cell with periodic boundary conditions. All atoms of Eudragit and chitosan polymers are in line, and ball and stick style, respectively.
b) B3LYP/6-311G** optimized model structure of b-i) Eudragit, b-ii) chitosan, and b-iii) Eudragit—chitosan cluster. Hydrogen bonding interactions are
shown as dashed lines; all atoms are in ball and stick model. c) Hydrogen bond length in B3LYP/6-311G** optimized model structure of c-i) chitosan,
and (c-ii) Eudragit—chitosan cluster. Hydrogen bonding interactions are shown as dashed lines. All atoms are in line style. The color code for all items:
carbon in gray, oxygen in red, nitrogen in blue, and hydrogen in white. d) Total electronic energy (Hartrees) and ZPE (Hartrees) (kcal mol™) for B3LYP/6-
311G** optimized Eudragit, chitosan, and Eudragit—chitosan cluster structures.

which indicates an equilibrium condition has been achieved.
The final structure from the last 100 ps NVT (moles (N),
volume (V), and temperature (T) are conserved for the canon-
ical ensemble) MD simulation of layered Eudragit—chitosan cell
is shown in Figure 2a. To make a better comparison, the initial
layered structures used for MD simulation are also shown. It is
obvious that in comparison with the initial 3D cell, the distance
between Eudragit and chitosan layers in the equilibrated cell
became closer. Such an observation is attributed to the strong
affinity of Eudragit and chitosan chains, as confirmed quanti-
tatively by the binding energy, and the strong intermolecular
hydrogen bonding interactions between Eudragit and chitosan.
Figure 2a shows both the initial and final structures with peri-
odic boundary conditions, which clearly demonstrate the ten-
dency of Eudragit and chitosan chains to interface tightly.

First principle QM simulations were applied for the three
molecular systems including Eudragit, chitosan, and Eudragit—
chitosan clusters. QM simulations were specifically utilized to
assess the intermolecular interaction energy between Eudragit
and chitosan, which allows us to determine their affinity for
each other. Figure 2b shows the final energy-minimized model
structures for Eudragit, chitosan, as well as Eudragit—chitosan,
resulted from B3LYP/6-311G** level of theory. We find that the
optimized monomer structure of Eudragit is not able to form any
intramolecular hydrogen bonds, while chitosan can form intra-
molecular hydrogen bonds between amine (—NH,;) and hydroxyl
(—OH) groups. In the simulation, hydrogen bonds are assumed
when two hydrogen donor and hydrogen acceptor atoms satisfy
the following geometrical conditions: (1) the distance between a
hydrogen donor atom and hydrogen acceptor atom is less than
2.5 A, and (2) the hydrogen donor-hydrogen-hydrogen acceptor
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angle is greater than 90°. For the single chitosan structure,
the nitrogen atom in the amine groups acts as both hydrogen
donor and hydrogen acceptor, while the oxygen atom in one
of hydroxyl groups directly attached to the chitosan backbone
acts as a hydrogen donor in hydrogen bond formation, and the
oxygen atoms in the other hydroxyl group directly bonded to the
polymer backbone appear as hydrogen acceptor atoms.

In the case of Eudragit—chitosan cluster model, two inter-
molecular hydrogen bonding interactions are formed between
Eudragit and chitosan units, in which oxygen atoms in the
Eudragit carboxylic group act as hydrogen bond donor and
acceptor atoms, and hydroxyl group attached to the back-
bone via methyl group and hydroxyl group directly attached
to the backbone act as hydrogen donor and acceptor atoms,
respectively. These types of interactions show that Eudragit
polymers are able to interact via their methacrylic acid groups
with chitosan. The intramolecular hydrogen bonds formed in
chitosan-only structures and in Eudragit-chitosan clusters are
the same.

In order to gain further insights into the interaction between
Eudragit and chitosan, length of the hydrogen bonding inter-
actions was examined (Figure 2c). The hydrogen bond lengths
obtained clearly indicate that intramolecular hydrogen bond
length in chitosan and also intermolecular hydrogen bonds in
chitosan interacting with Eudragit are almost the same, which
signifies that interaction of chitosan with Eudragit does not
significantly influence the strength of intramolecular hydrogen
bonding interactions within chitosan. However, as the inter-
molecular hydrogen bond length in Figure 2c-ii shows, the
length of the Eudragit—chitosan hydrogen bonds is shorter than
that of intramolecular hydrogen bonds within chitosan, which
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demonstrates the stronger binding affinity between Eudragit
and chitosan chains. The findings of the QM and MD simula-
tion results are consistent with each other.

Total electronic energy and zero-point energy (ZPE) cor-
rected total electronic energy of the final B3LYP/6-311G** opti-
mized Eudragit, chitosan, and Eudragit—chitosan structures are
shown in Figure 2d. From these total energy levels, the inter-
action energy (AE) values for the Eudragit—chitosan cluster
model were calculated to be —11.23 kcal mol™! (AEgccironic) and
-9.60 kcal mol™ (AE,pg). We observed that the interaction ener-
gies are negative, which is indicative of the fact that Eudragit
and chitosan chains tend to be located in the vicinity of each
other and interact together. The Eudragit—chitosan affinity is
associated with their intermolecular interactions, especially the
hydrogen bonding displayed in Figure 2b.

Figure SI-4 (Supporting Information) shows the hydro-
dynamic diameter of synthesized core-shell NPs over time
under various pH conditions. The pH alterations were
intended to somewhat mimic the digestive tract. In the gas-
trointestinal tract, the intraluminal pH increases from highly
acidic medium (pH 1-2 which increases to 4 during diges-
tion) in the stomach to about pH 7.4 in the terminal ileum of
the small intestine. This change is followed by a pH drop to
5.7 in the caecum (colon).*l It is worth noting that no signifi-
cant differences were found in the gastrointestinal pH levels
between normal subjects and people suffering from colorectal
carcinoma.??%

Generally, the size of NPs depends on the number of polymer
chains as well as their swelling states. It has been shown that
the swelling state is highly affected by the compactness of self-
assembled NPs, which can be controlled by changing the flow
ratio on microfluidic platforms.[> The probability of hydrophobic
side chains competing with intramolecular interactions is highly
influenced by the mixing time, where it has been shown that
longer mixing time results in less compact NPs."”! As shown in
Figure SI-4 (Supporting Information), NPs synthesized at lower
flow ratios in pR1 (t-shaped microreactor) show higher stability,
which is due to their more compact structure. In comparison
with microfluidic NPs, less compact bulk-synthesized NPs show
less resistance to chemical and physiological alterations, leading
to more swelling when exposed to pH alteration. Increasing
the pH to 7.4 is associated with an initial NP swelling, and is
followed by a significant decrease in the size of the NPs. Early
stage increase in diameter of the NPs can be interpreted as the
swelling of the Eudragit layer in the solubilizing pH medium.
Subsequently, gradual dissolution of the Eudragit layer in the
neutral medium leads to a drop in the size of the NPs. It should
be noticed that the observed differences in the size of the NPs are
related to their different compactness. After the removal of the
Eudragit layer, the next change in pH from 7.4 to 5.5 results in a
significant increase in the size of NPs. Swelling of the NPs in this
stage is due to the electrostatic repulsion of the highly protonated
HCMS chains, which ends in dissolution of the swollen NPs
(Figure SI-4, Supporting Information). Bulk-synthesized NPs
coated at a flow ratio (FR) of 0.1 were found to show the most sig-
nificant and rapid size alterations. The overall diameter changes
of the NPs were less significant over the first pH transition (pH
4-7.4) compared to the second transition (pH 7.4-5.5). This effect
was more pronounced for the microfluidic NPs, which disclose
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the ability of the microfluidic synthesis method to produce dense
and compact NPs.[""] Over the second pH transition, the removal
of the shell layer causes their size to change significantly.

The dynamic size of microfluidic core—shell nanoparticles
formed at pR1:0.03 and pR2:0.10 in the simulated gastric and
intestinal fluids was also investigated and shown in Figure SI-5
(Supporting Information). In addition, the stability of core—
shell nanoparticles (uR1:0.03 and pR2:0.10) after incubation for
120 h in the gastric simulated (pH = 4) and intestinal simulated
(pH = 7.4) conditions is examined (Figure SI-6, Supporting
Information). Figure SI-7 (Supporting Information) compares
the drug release profiles from microfluidic-coated NPs with
NPs coated in the bulk process and uncoated NPs. The results
clearly show that microfluidic-coated NPs are significantly
more effective compared to other NPs in releasing the thera-
peutic agent in the required low pH region for colorectal cancer
after experiencing a pH history of low and high pH domains.

We also show the applicability of this approach for other
charged polymers. As shown in Figure SI-8 (Supporting
Information), we coated chitosan-based bulk-synthesized and
microfluidic-synthesized NPs by Alginate (as a representa-
tive charged natural polymer) in addition to Eudragit (as a
representative charged synthetic polymer). We also made
polyethylenimine(PEI)/DNA nanoplexes and coated them with
Alginate and Eudragit using the same microfluidic platform.
The results obtained with other combinations are similar to
those of Eudragit coated chitosan NPs, but show that NPs of
other core and shell material combinations can be considered
for other similar drug delivery applications.

Figure 3a shows the in vitro release profiles of different
PTX-loaded NPs over the sequential changes in pH (4, 7.4,
and 5.5) at 37 °C. The relatively rapid initial drug release from
uncoated NPs (both microfluidic-synthesized and bulk-syn-
thesized particles), more than 30% in the first 24 h, has been
typically reported for PTX-loaded chitosan-based NPs at low pH
medium.?!?2) In the self-assembled NPs, drug molecules may
have been partially loaded in the outer layers of particles, spe-
cifically, in the case of bulk-synthesized NPs, resulting in their
accelerated release. Core—shell NPs, which were prepared on
the dual microfluidic platforms, have highly useful drug release
profiles for colorectal treatment, limited burst release at low
pH, followed by more sustained release profiles at the next suc-
cessive pH levels (7.4 and 5.5).

As previously stated, using microfluidics provides the possi-
bility to synthesize more compact and smaller NPs in comparison
with bulk-synthesized particles. Hence, the slower release rate of
the microfluidic prepared NPs is due to their relatively more com-
pact microstructures.> Coating the NPs with Fudragit, as shown
in Figure 3a, strongly affected the release profile. The pH-sensitive
Eudragit outer layer, which is insoluble in low pH environment,
hinders PTX diffusion to the surface of the NPs in early stage of
release and reduces burst release in the acidic medium. In the
case of uncoated NPs, the major part of the encapsulated PTX
is released in the first stage (acidic pH), an effect which is more
pronounced for the bulk-synthesized NPs. Obviously, the release
rate of the microfluidic NPs accelerated after increasing pH from
4 to 7.4, which is in contrast to the decreased release rate of the
uncoated NPs after a similar pH transition. This trend is attrib-
uted to the dissolution and higher swelling ratio of Eudragit layer

Adv. Mater. 2016, 28, 4134-4141
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Figure 3. a) Cumulative in vitro release of PTX from uncoated (empty
symbols) as well as coated (filled symbols) chitosan-based NPs after
sequential change in pH (4, 7.4, and 5.5) at 37 °C (mean £ SD, n =3
independent experiments). b) Cell viability of Caco-2 cells after 72 h expo-
sure to free PTX as well as PTX-loaded NPs as a function of pH at 37 °C.
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at neutral pH in comparison with acidic pH. Such pH-responsive
release behavior has been reported by other researchers. 2324

Thus, coating the NPs with pH-sensitive layer gives them
the ability to bypass the acidity of gastric fluid without releasing
considerable amounts of the loaded drug.l? After dissolution of
the supportive layer at higher pH, modified chitosan core forms
a gel like insoluble structure; hence, the rate of drug release
is controlled.””! Interestingly, a further acceleration of release
rate was observed for the microfluidic NPs after decreasing
pH from 7.4 to 5.5. Over the last release stage, protonation
of amino groups on chitosan chains causes swelling of NPs,
which ultimately results in an increased rate of PTX release.[¢!

The effect of unloaded NPs at different concentrations
(50-800 ug mL™!) on the viability of two kinds of cells (Caco-2
and mouse embryonic fibroblasts (MEF)) after 72 h using the
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT) assay is presented in Figure SI-9 (Supporting Informa-
tion). These results are the average of a series of three different
experiments. All types of NPs have shown cell viability levels of
more than 90% after 72 h, indicating low toxicity of the coated
and uncoated chitosan nanocarriers.

Cell viability and ICs, results for different types of the syn-
thesized NPs are presented in Figure 3. Figure 3b displays the
viability of Caco-2 cells after 72 h exposure to different concen-
trations of the PTX-loaded NPs as a function of pH at 37 °C.
Increasing PTX concentration caused a sharp drop in cell via-
bility.l””] Tt is also found that pH of the medium plays a leading
role in the toxicity of PTX-loaded NPs. Sequential incubation
at different pH caused a significant decrease in the Caco-2 cell
viability. As stated above, sequential incubations at pH 7.4 and
5.5 lead to dissolution of the outer layer and swelling of inner
core, respectively, which resulted in increased release of the
drug. There is also a clear relationship between the amount of
PTX released and the ICs, value. Amoozgar et al. reported incu-
bation of the cells at pH 6.2 with PTX-loaded NPs, coated with
a layer of chitosan, caused a significant dose-dependent reduc-
tion of the value of cell viability. This trend was comparable to
moderate decrease in viability of the cells incubated with the
PTX-loaded NPs at pH 7.4.28] Such pH-dependent cytotoxicity
has been reported elsewhere even for neat chitosan-based NPs.
Loh et al. reported Caco-2 cellular uptake of chitosan NPs in pH
6.0 results in lower cell viability than at pH 7.4.12%)

Figure 3c illustrates the ICs, trend, which shows the effective
PTX concentration required for a 50% decrease in cell viability.
Results show that for all the PTX-loaded NPs, ICs, decreased
when applying the pH sequence. This finding implies enhanced
efficiency of the PTX-loaded NPs in the sequential incubation
at different pH values (4, 7.4, and 5.5). Interestingly, the via-
bility of cells incubated with unloaded NPs varies little with NP
properties (flow ratio), again emphasizing the pH dependency
of ICs, on the drug delivery efficacy of microfluidic NPs synthe-
sized at lower flow ratios.

c) 1Csq values for different types of uncoated/coated NPs after sequential
incubation at different pH. Lower ICsq value indicate more potent thera-
peutic agent. * indicates |Csy < 0.001. Results presented as mean value +
SD, n =3 independent experiments.
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Figure 4. i) Schematic representation of facilitated cellular uptake of NPs after unmasking upon incubation at different pH. ii) Confocal laser scan-
ning microscopy images showing cellular uptake of FITC(Fluorescein isothiocyanate)-labeled HMCS NPs after 2 h incubation with Caco-2 cells after
changing the medium pH. Cell nucleus stained with DAPI (4’,6-diamidino-2-phenylindole, blue fluorescence), the green dots represent internalized
NPs. Scale bar is 15 pm. iii) Fluorescence-activated cell sorting results of facilitated cellular uptake after unmasking of NPs at different pH.

As shown in Figure 4, changing the pH from 4 to 7.4, and
then 5.5, results in unmasking of HMCS NPs and facilitated
cellular uptake of NPs. It seems masked NPs with anionic
surfaces have less interaction with the negatively charged cell
membrane, which leads to lower transfection efficiency. It was
previously reported that surface charge affects cellular uptake
of chitosan-based NPs.1%

Changing the pH to 7.4 is combined with the dissolution of
Eudragit layer and a higher degree of cellular accessibility for
unmasked HCMS NPs. Although removing the Eudragit shell
generates more cellular transfection, a greater amount of cel-
lular uptake is observed with protonation of amino groups of
chitosan as a result of changing the pH from 7.4 to 5.5.12631
Due to this charge, as shown in Figure 1c-iv, chitosan NPs are
often endocytosed by the cells.®3? The cell uptake trend is
quantitatively reported in Figure 4iii. The ratio of the flores-
cence intensity for cells with and without NP uptake shows the
NPs’ uptake efficiency, and increased with altering the pH to
7.4 and then to 5.5. The cellular uptake is positively correlated
with the surface charge in the NPs. Normally, transfection effi-
ciency of chitosan is higher for culture medium with a lower
pH value due to a higher degree of chitosan protonation.2!:3

Cellular uptake nanoparticles as a function of applied pH
are evaluated in other cancerous cell lines (MCF-7 and Hela
cells) and the results are presented in Figure SI-10 (Supporting

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Information); the same trends are seen in the other cell lines
as well. To investigate the effects of the presence of serum pro-
teins on NPs—cells interactions, cellular uptake of prepared
coated and uncoated NPs is measured in serum-based culture
(10% Fetal bovine serum (FBS) containing medium) in three
different cell lines (Figure SI-10, Supporting Information) as a
function of pH and after 2 h of incubation.

Nanoparticle systems, due to their unique features as drug
carriers, have attracted a great deal of interest in colon cancer
chemotherapy. For the first time, we employed a dual microflu-
idic procedure to attain highly tunable core-shell drug carriers
with customized and reproducible characteristics adjusted for
targeted colon cancer therapy. Self-assembled hydrophobically
modified chitosan NPs were produced in a cross-junction micro-
fluidic device and finely coated with a pH-sensitive copolymer
(Eudragit) through a Tesla micromixer. QM and classical MD
simulations indicate a good level of molecular interactions
between the layered nanostructures. NPs fabricated and coated
via microfluidics showed increased cellular uptake during pH
changes compared to those prepared with bulk mixing. MTT
assays and in vitro results showed coating the NPs with a pH-
sensitive Eudragit layer gives the NPs the ability to bypass the
acidic gastric fluid without releasing the majority of the loaded
anticancer drug. Considering the pH-sensitive characteristics of
the microfluidic NPs, such a highly tunable drug delivery system

Adv. Mater. 2016, 28, 4134-4141
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enabling physiological-stimuli release is a highly promising route
to develop efficient targeting colon chemotherapeutic agents.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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