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  1   .  Introduction 

 The search for effective cancer treatments has long been the 
focus of numerous scientists, [  1  ]  and increasing worldwide 
cancer incidence rates have only intensifi ed the search for effi -
cient therapeutic techniques. [  2  ]  A major component of current 
research is not concerned with developing stronger drugs, but 
rather minimizing the impact anti-cancer drugs have on normal 

cells, with tumor seeking “smart drugs” 
as the ultimate goal. In an effort to reach 
this goal, targeted drug delivery systems 
(DDS) based on polymeric nanoparticles 
have emerged as a promising strategy. [  3,4  ]  
Chitosan, a polysaccharide found in the 
protective shells of shrimp and other 
crustaceans, is a promising building 
block for constructing drug delivery nan-
oparticles, as it is inexpensive, has easily 
modifi able functional groups, [  5  ]  and the 
size and shape of chitosan nanoparticles 
can be precisely controlled. [  6,7  ]  Although 
the hydrophilic nature of chitosan does 
not normally allow for the loading of 
most hydrophobic anticancer drugs, 
chitosan modifi cation via N-palmitoyl 
groups has been demonstrated to enable 
such loading. [  8–10  ]  This modifi cation also 
allows for nanoparticles to be packed via 
ionic gelation [  11,12  ]  rather than chemical 
cross-linking, [  12  ]  the standard technique 

for chitosan nanoparticle synthesis. Avoiding chemical cross-
linking is desirable, as there are frequently problems related to 
the removal of chemical crosslinking agents from assembled 
nanoparticles. Unfortunately, nanoparticle self-assembly with 
simple bulk mixing produces extremely polydisperse chitosan 
nanoparticles, which in turn exhibit a wide range of mechan-
ical and chemical properties. However, we can create small and 
monodisperse nanoparticles with microfl uidic synthesis, [  10  ]  by 

 On-Chip Fabrication of Paclitaxel-Loaded Chitosan 
Nanoparticles for Cancer Therapeutics  

    Fatemeh Sadat     Majedi   ,      Mohammad Mahdi     Hasani-Sadrabadi   ,      Jules John     VanDersarl        ,* 
 Nassir     Mokarram   ,      Shahirar     Hojjati-Emami   ,      Erfan     Dashtimoghadam   ,      Shahin     Bonakdar   , 
     Mohammad Ali     Shokrgozar   ,      Arnaud     Bertsch   , and      Philippe     Renaud       *

     The use of solvent-free microfl uidics to fi ne-tune the physical and chemical 
properties of chitosan nanoparticles for drug delivery is demonstrated. 
Nanoparticle self-assembly is driven by pH changes in a water environment, 
which increases biocompatibility by avoiding organic solvent contamina-
tion common with traditional techniques. Controlling the time of mixing 
(2.5–75 ms) during nanoparticle self-assembly enables us to adjust nanopar-
ticle size and surface potential in order to maximize cellular uptake, which in 
turn dramatically increases drug effectiveness. The compact nanostructure 
of these nanoparticles preserves drug potency better than previous nano-
particles, and is more stable during long-term circulation at physiological pH. 
However, when the nanoparticles encounter a tumor cell and the associated 
drop in pH, the drug contents are released. Moreover, the loading effi ciency 
of hydrophobic drugs into the nanoparticles increases signifi cantly from pre-
vious work to over 95%. The microfl uidic techniques used here have applica-
tions not just for drug-carrying nanoparticle fabrication, but also for the better 
control of virtually any self-assembly process.      

     F. S. Majedi, M. M. Hasani-Sadrabadi, Dr. J. J. VanDersarl, Dr. A. Bertsch, 
Prof. P. Renaud 
Laboratoire de Microsystemes (LMIS4)   
  Institute of Microengineering 
École Polytechnique Fédérale de Lausanne (EPFL)   
   CH-1015  ,   Lausanne  ,   Switzerland      
E-mail: jules.vandersarl@epfl .ch; philippe.renaud@epfl .ch
   N. Mokarram 
School of Materials Science and Engineering   
  Georgia Institute of Technology and Emory University   
   Atlanta  ,   GA  ,   30332  ,   USA      
   F. S. Majedi, M. M. Hasani-Sadrabadi, Dr. S. Hojjati-Emami   
  Department of Biomedical Engineering   
   Amirkabir University of Technology   
  Tehran  ,   Iran      

DOI:  10.1002/adfm.201301628 

   M. M. Hasani-Sadrabadi, Dr. E. Dashtimoghadam   
  Department of Polymer Engineering 
and Color Technology   
   Amirkabir University of Technology   
  Tehran  ,   Iran      
   Dr. S. Bonakdar, Prof. M. A. Shokrgozar   
  National Cell Bank of Iran   
   Pasteur Institute of Iran  ,   Tehran  ,   Iran        

Adv. Funct. Mater. 2014, 24, 432–441

http://doi.wiley.com/10.1002/adfm.201301628


FU
LL P

A
P
ER

433

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

result of diffusion between the lateral and central streams, 
drives the particles to self-assemble. This phenomenon occurs 
due to the simultaneous deprotonaion of HMCS chains, which 
reduces electrostatic repulsion, and amine group deprotona-
tion, which are then free to form hydrogen bonds with the 
hydroxyl groups. [  16  ]  The hydrophobic moieties of the polymers 
result in a strong driving force towards self-aggregation. This 
process is regulated on our microfl uidic device through precise 
control of the time of mixing (  τ  mix  , Equation  (1)  between the 
streams, which allows us to form stable HMCS nanoparticles at 
a physiological pH. 

 The effect of the fl ow ratio on the size of formed nano-
particles is shown in  Figure    1  a. HMCS with three different 
degrees of substitution, 8.6 ± 0.3 (DS I), 14.5 ± 0.3 (DS II), and 
18.2 ± 0.3 (DS III) mol% (based on the ninhydrin assay, [  17,18  ]  
were used. The hydrodynamic diameter of the self-assembled 
nanoparticles is controlled by changing the fl ow ratios and the 
degree of HMCS chain hydrophobicity (Figure  1 ).  

 The mixing time used for self-assembly is kept in the mil-
lisecond range  via  changing the fl ow ratio of HMCS to water 
streams from 0.03 to 0.2. Results indicate that time of mixing, 
 τ  mix , varies from approximately 2.5 to 75 ms (Equation  (1) . If  τ  mix  
<  τ  agg  (the time of aggregation) we produce kinetically locked 
nanoparticles, which prevents their further growth, and keeps 
their fi nal size smaller and more monodisperse than any bulk 
method. [  10,19  ]  Previously we have reported a 20–30 ms time as 
the aggregation time,  τ  agg , for chitosan based nanoparticles. [  19  ]  

 By controlling the fl ow ratio, we can create nanoparticles at 
a specifi c size, as it determines the mixing time during particle 
self-assembly. The diameter of the nanoparticles increases with 
an increase in fl ow ratio. At a specifi c fl ow ratio, particle size 
decreases with increasing hydrophobic group concentration 
(DS I > DS II > DS III). These observations are consistent with 
previously reported results, and can be attributed to the increase 
in hydrophobicity between the conjugated C 12  groups. [  9  ]  Based 
on our previous work, for chitosan based systems a fl ow ratio 
of about 0.12 is the transition point between the rapid mixing 
( τ  mix  <  τ  agg ) and slow mixing ( τ  mix  >  τ  agg ) regimes. [  10,19  ]  Other 
researchers have found sharper regime transitions during sol-
vent exchange induced self-assembly, but these occurred under 
rapid micromixing of supersaturated block copolymers. [  20  ]  

 Nanoparticles synthesized with microfl uidics were consist-
ently smaller than those prepared through bulk mixing, across 
all fl ow ratios and hydrophobic levels. Moreover, the polydisper-
sity index (PI) for the microfl uidic nanoparticles was found to 
be remarkably lower (PI < 0.2) than bulk synthesized particles 
(PI > 0.6) (Table S1). Turbulent mixing is thought to be the 
main reason, as it results in a broad distribution of residence 
times in bulk mixing methods. [  12  ]  However, our microfl uidic 
method for HMCS nanoparticle assembly is reproducible and 
independent of user talent, due to the well-controlled hydrody-
namically focused area. Under this condition, deprotonation of 
HMCS amine groups occurs before polymer aggregation. As 
a result, nanoparticle assembly occurs at a pH close to physi-
ological conditions. A similar mechanism has been suggested 
to drive microfl uidic nanoprecipitation. [  15,21,22  ]  However, during 
bulk mixing nanoparticle assembly occurs faster than the pH 
change, which results in an increase in structural heterogeneity. 
Our microfl uidic nanoparticle assembly occurs at the fi nal pH. 

creating a narrowly defi ned mixing regime via hydrodynamic 
fl ow focusing. [  13,14  ]  This well-controlled mixing regime can be 
precisely adjusted with the microfl uidic platform (primarily 
through fl ow ratio and velocity) and is crucial in creating mono-
disperse nanoparticles with tunable properties, including drug 
encapsulation effi ciency and release rate.  

  2   .  Results and Discussion 

 We developed a T-shape microfl uidic device to create hydro-
dynamically focused fl ow. As shown in  Scheme    1  , the micro-
fl uidic device consists of two inlets for water at a basic pH 
(pH 9.0), one for the HMCS (high molecular weight chitosan 
supplement) solution at an acidic pH (pH 4.5), and one outlet 
for the fabricated nanoparticles. Stability of the fl ow at different 
fl ow rates was verifi ed using fl uorescence microscopy, with 
Rhodamine B and fl uorescein sodium mixed in the core fl ow 
and sheath fl ow, respectively (Inset of Scheme  (1 ). A critical 
parameter in determining nanoparticle size is the mixing time, 
  τ  mix  , which can be estimated from Equation  (1) ,  [  15  ] 

Jmix ∼ w2
f ≈ w2

4D 9D

1(
1 + 1/R

)2

  

(1)

     

  where  w  is the channel width (150  μ m),  D  is the diffusion con-
stant (10 –    9    m 2 .s –1 ) and  R  is the ratio of the polymeric stream 
and basic water fl ow rates (R = 0.03–0.2).  w f   can be estimated 
as the width of the focused chitosan stream when R < 1. 
Equation  (1)  estimates our microfl uidic platform can achieve 
any mixing time between 2.5 and 75 ms.  

 In acidic solutions HMCS acts as a polyelectrolyte, due to 
protonated amine groups (–NH 3  + ) and grafted hydrophobic 
side chains. The solution pH controls the balance between 
electrostatic repulsion and hydrophobic attraction forces. An 
increase in pH, which occurs in the microfl uidic device as a 

       Scheme 1.  (a) Schematic representation of a T-shaped microfl uidic 
device, which is used to hydrodynamically fl ow focus HMCS using a 
sheath fl ow of water at basic pH. Inset is a fl uorescence image of Rho-
damine B hydrodynamically focused with Fluorescein sodium streams 
(scale bar 100  μ m). (b) Schematic representation of HMCS nanoparticle 
circulation and localized drug release. 
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more compact nanoparticles, especially at higher hydropho-
bicity levels and lower times of mixing, than would be possible 
using standard bulk mixing. 

 The microfl uidically synthesized nanoparticles were also 
found to be more charged compared to previously reported 
results for chitosan nanoparticles formed with bulk mixing. [  8,10  ]  
According to zeta potential measurements (Zetasizer 3000HS), 
the surface charge of HMCS nanoparticles produced at fl ow 
ratio 0.1 in physiological pH are +10 ± 0.2 mV (DS III), +12 
± 0.2 mV (DS II), and +13 ± 0.4 mV (DS I), which are about 
three times higher than the surface charges of bulk synthesized 
nanoparticles, which are +3.6 ± 0.3 mV (DS III), +3.9 ± 0.4 mV 
(DS II), and +4.2 ± 0.3 mV (DS I) (Figure  1 c). This phenom-
enon is a consequence of rapid mixing during microfl uidic 
nanoparticle formation, which allows the polymer hydrophobic 
groups to perfectly bury their heads, thus leaving more amine 
groups exposed on the nanoparticle surface. Likely due to the 
fact that cell surfaces are mostly anionic, cationic particles has 
been reported to be endocytosed at increased rates. [  25  ]  Due to 
the exposed amine groups on our microfl uidic nanoparticles, 
and thus their cationic nature, we have observed increased cel-
lular uptake of our nanoparticles prepared with microfl uidics. 
The ideal nanoparticle surface charge for endocytosis enhance-
ment is reported to be between10–15 mV, [  26  ]  which is about the 
charge on our nanoparticles (Figure  1 c). 

 HMCS nanoparticle morphology trends found through 
dynamic light scattering analysis were confi rmed with trans-
mission electron microscopy (TEM) and atomic force micros-
copy (AFM). As shown in Figure  1 a, the on-chip synthesized 
nanoparticles are smaller than bulk synthesized particles, with 
particle size further decreased at higher fl ow ratios. Nano-
particles prepared with the microfl uidic platform also have a 
much narrower size distribution than those prepared through 
bulk mixing (Table S1), with the most uniform particles 
resulting from the shortest time of mixing. As seen in  Figure    2  , 
TEM images show nanoparticle sizes to be in good agreement 
with the dynamic light scattering results exhibited in Figure  1 a. 
As shown in Figure  1 b, the on-chip synthesized nanoparticles 
are more compact than bulk synthesized nanoparticles, which 
results in higher turbidity. These nanoparticle compactness 
trends are confi rmed through TEM analysis (Figure  2 ).  

 AFM images of HMCS nanoparticles synthesized through 
bulk mixing and microfl uidics at a fl ow ratio of 0.03 are shown 
in Supporting Information Figure S1. These results are in 
agreement with TEM and DLS results. 

 Particle stability was also investigated at 25 °C for one month 
(Supporting Information Figure S2). Particles formed at low 
fl ow ratios (rapid mixing) are more stable than those formed at 
higher fl ow ratios and during bulk mixing. This can be attrib-
uted to the more effi cient burying of HMCS hydrophobic side 
groups during nanoparticle formation in the rapid mixing 
regime, which is confi rmed by Zeta potential results. 

 The pH sensitivity of these nanoparticles relates to the den-
sity of ionizable groups in the HMCS structures. Behavior of 
the particles was studied at three different pH levels, 7.4, 6.5, 
and 5.5, in order to mimic the environments of blood plasma, 
a tumor, and endosomes, [  27  ]  respectively. As the pH lowers, 
the nanoparticles start to swell due to the protonation of more 
amine groups, which generates additional charge repulsion. 

 Having a narrow particle size distribution requires fast 
nucleation followed by the growth of nanoparticles in the 
absence of further nucleation. Moreover, turbidity values of 
nanoparticles, as an indicator of their compactness, [  23,24  ]  are 
shown in Figure  1 b. Less compact nanoparticles occur during 
bulk mixing, which results in turbidity lower than all particles 
derived from our microfl uidic system. These results confi rm 
the ability of our microfl uidic synthesizing approach to produce 

      Figure 1.  Effect of fl ow ratio on (a) diameter (based on DLS results) 
(b) turbidity, and (c) zeta potential of synthesized nanoparticles without 
paclitaxel (PTX) drug. 
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f-HMCS NPs was 1.7-fold higher than that of cells cultured 
with bulk f-HMCS NPs (P < 0.01) ( Figure    3  ). We also performed 
experiments where the cells and NPs were incubated at 4 °C, 
were endocytosis is strongly inhibited. [  30  ]  Lowering the incu-
bation temperature from 37 °C to 4 °C considerably reduced 
the amount of fl uorescence for both types of NPs (Figure  3 b), 

From this, we can tune drug release in response to pH changes. 
The pH sensitivity of microfl uidic synthesized nanoparticles is 
lower than that of bulk synthesized ones. This can be attributed 
to the more compact nanostructure of microfl uidic synthesized 
nanoparticles (Supporting Information Figure S3). 

 To date, there has not been a detailed investigation on the 
infl uence of the size and surface charge of nanoparticles on 
their biodistribution, pharmacokinetics, tumor penetration 
and cellular uptake. [  28  ]  However, as previously mentioned, the 
surface charge as well as the size of our NPs is in a desirable 
range for cellular endocytosis. Surface charge is also known to 
affect important properties such as nanoparticle blood circula-
tion time, which may push the ideal zeta potential for certain 
applications outside the 10–15 mV range. This uncertainty 
only emphasizes the importance of a fl exible platform that can 
produce nanoparticles with properties tunable across a wide 
parameter space. 

 To evaluate cellular internalization of our NPs, MCF-7 cells 
were cultured for 2 h with FITC labeled NPs (f-HMCS NPs). 
After culture, the cells were rinsed with EDTA (pH 5.0) to 
remove surface bound NPs, [  29  ]  and then quantifi ed for fl uores-
cence intensity, and therefore degree of NP uptake, with fl ow 
cytometry. The NPs prepared with microfl uidics were theo-
rized to be internalized at a higher rate than the NPs prepared 
via bulk mixing due to their higher surface charge. Indeed, the 
fl uorescence intensity of the cells cultured with microfl uidic 

      Figure 2.  TEM images of HMCS nanoparticles synthesized at fl ow ratio 
0.03 using HMCS with a degree of substitution of (a) DSIII, (b) DSII, and 
(c) DSI in comparison with bulk synthesized nanoparticles with a degree 
of substitution of (d) DSIII, (e) DSII, and (f) DSI. 

      Figure 3.  (a) Cellular uptake of HMCS NPs labeled with FITC and meas-
ured by fl ow cytometry. (b) Temperature-dependent cellular uptake 
based on median fl uorescent intensity at 4 °C (black) and 37 °C (grey). 
(c) Cellular uptake as a function of NPs concentration for bulk (black) 
and microfl uidic (grey) based f-HMCS NPs. Values indicate mean ± one 
standard deviation from three independent measurements performed in 
triplicate. 
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their PTX contents at pH 5.5, whereas microfl uidic nano-
particles were able to keep their PTX cargo for much longer at 
pH7.4 (Figure  5 a,b). 

 The tuning capability of the nanoparticle drug release behavior, 
and the diffusion coeffi cient of PTX molecules within the nano-
particles, was also investigated through the fraction of released 
drug and the square root of time according to Equation  (2) , [  33  ] 

Mt

M∞
= 6

(
Dt

BR2

)1/2

  
(2)

      

 where  M  t / M  ∞  represents the fraction of released drug at time 
 t ,  D  is the diffusion coeffi cient of the drug molecules and  R  is 

indicating endocytosis is the dominant mechanism for nanopar-
ticle uptake. Still, the fl uorescence intensity of microfl uidic NP 
cells was much brighter than bulk mixing NP cells (Figure  3 b).  

 The amphiphilic nature of HMCS allows us encapsulate both 
hydrophilic and hydrophobic agents. Here, the ability of our 
microfl uidic platform to encapsulate a well-known hydrophobic 
anticancer drug, paclitaxel (PTX), is evaluated. An acidic condi-
tion during the injection of HMCS/PTX prevents PTX epimeri-
zation and prolongs its activity. [  31  ]  PTX loaded nanoparticles 
(Supporting Information Figure S4) are consistently larger than 
their unloaded counterparts (Figure  1 a). PTX increases the fi nal 
size of the particles between 10-20% for the highest degree of 
substitution (DS III) polymers and 28–38% for lower DS (DS 
II and DS I). Despite the size increase, HMCS nanoparticles 
remain in the acceptable size range for passive targeted drug 
delivery, which causes them to enhance their penetration and 
accumulation in tumor sites.  [  2,4,5  ]  

 PTX encapsulation effi ciency, the fraction of available PTX 
incorporated into the HMCS nanoparticles, was investigated 
and summarized in  Figure    4  . At constant fl ow ratios, encap-
sulation effi ciency increases at higher HMCS DS due to the 
hydrophobic nature of PTX (Figure  4 a). Moreover, at shorter 
mixing times, more hydrophobic moieties are involved and 
interact with PTX molecules during the formation of nano-
particles, resulting in higher encapsulation effi ciencies. This 
trend begins with the transition from the rapid mixing to the 
slow mixing regimes.  

 Encapsulation effi ciency was also affected by the initial PTX 
concentration. Figure  4 b summarizes PTX loading effi ciency at 
5, 10, 15, and 20 wt% at various nanoparticle assembly rates. 
As shown, particle loading content is signifi cantly affected by 
the mixing regime (rapid or slow). Our polymeric nanoparticles 
can reach loading effi ciencies of 95% or higher through the 
application of microfl uidic assembly. High loading effi ciencies 
are desirable as they help reduce the needed drug dosage, and 
increase therapeutic effi ciency. 

 The in vitro release profi les of the microfl uidic synthesized 
PTX-loaded nanoparticles, with DSIII HMCS, were compared 
with bulk-synthesized nanoparticles in PBS (phosphate buffer 
solution) at pH 7.4 and 5.5 over two weeks ( Figure    5  ).  

 The required times to release half of the loaded drugs ( t 50  ) 
from the nanoparticles is shown in Figure  5 c. Normally, larger 
NPs with the same compactness should show slower release 
profi les, due to longer diffusion distances for drugs to leave 
the nanoparticle core and the lower surface to volume ratios. 
But since the method of synthesis affects compactness too, it 
seems that the release behavior of the microfl uidic synthesized 
nanoparticle has a direct relationship between release rate and 
particle size due to the decrease in compactness which occurs 
as we go from the smallest fl ow ratio to bulk mixing, except for 
DS III-FL 0.031, which is formed at the rapid mixing regime 
(  τ  agg   = 2.5) ms, where the higher surface to volume ratio of the 
smallest particles makes them release their contents faster. 

 Therefore, for nanoparticles which are formed in the rapid 
mixing regime (FL.031 and FL.075). [  32  ]  a reduction in pH sig-
nifi cantly increases the initial (<24 h) release rate (Figure  5 b,d, 
and Figure S5) due to the pH sensitivity and resultant swelling 
of the nanoparticles as described previously (Supporting Infor-
mation Figure S3). Furthermore, all nanoparticles fully release 

      Figure 4.  (a) The change in paclitaxel (PTX) loading effi ciency as a 
function of degree of substitution (DS) for nanoparticles formed at var-
ious fl ow ratios or with bulk mixing. (b) A contour plot for PTX loading 
effi ciency (DSIII), as a function of time of mixing and initial loading PTX 
concentration. (Mean ± SD, n = 5 independent experiments). 

Adv. Funct. Mater. 2014, 24, 432–441



FU
LL P

A
P
ER

437

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the hydrophobic protection of HMCS carbohydrate moieties 
inside the self-assembled nanoparticles, which protects the PTX 
from direct water molecule contact. Microfl uidically synthe-
sized nanoparticles better protected their cargo at both tested 
temperatures.  

 To evaluate the pH-dependent PTX release of the nanoparti-
cles, and as an in vitro simulation of circulating nanoparticles 
encountering a tumor, we examined their release profi le after 
changing the pH from 7.4 to 6.5, which mimics the acidic 
extracellular pH of tumors. [  27  ]  We also reduced the pH to 5.5, 
mimicking the intracellular (lysosomal) environment. Before 
starting the release experiments, the NPs were kept in PBS for 
72 h to remove any adsorbed PTX, and to advance past their ini-
tial high release rate period. As shown in  Figure    7  , microfl uidi-
cally prepared nanoparticles can maintain their loaded drug in 
physiological pH and during blood circulation. These nanopar-
ticles are designed to accumulate in tumor regions due to the 
enhanced permeability and retention effect, and after entering 
into a tumor region (pH 6.5) they will start to release their anti-
cancer drug faster. Particles also respond to the further change 
in pH when the pH is reduced to 5.5, an indication of cellular 
uptake.  

 As previously discussed, due to their surface potential, these 
NPs are rapidly endocytosed by cancer cells (e.g. breast cancer 

the radius of the nanoparticles (based on DLS results). The cal-
culated values for the diffusion coeffi cient, and the time needed 
for 50% of drug release ( t  50 ), are shown in Figure  5 c,d. As can 
be seen, microfl uidic nanoparticles have considerably lower 
diffusion coeffi cients along with extended  t  50 , which is highly 
desirable for controlled release applications. These results are 
consistent with the more compact nanostructures of the nano-
particles formed in the rapid mixing regime (Figure  1 b). There-
fore, these results agree in signifying the important role that 
assembly time plays in the loading and release behavior of the 
nanoparticles. 

 Although PTX encapsulation effi ciency inside nanoparticles 
can be tuned through our microfl uidic platform, additional 
information is needed about the functionality of the encap-
sulated PTX. To verify the continued potency of nanoparticle 
loaded PTX, their response during storage was measured 
( Figure    6  a,b). At both 25 °C and 37 °C, PTX activity decreased 
over time, but the half-life (50% of normalized activity) of 
PTX encapsulated by bulk mixing was more than an order 
of magnitude longer than free PTX, and PTX encapsulated 
with microfl uidic assembly remained above the 50% activity 
threshold throughout the entire experiment (Figure  6 ). Such 
a prolonged thermal stability can elongate the effective circu-
lation time of PTX in the human body. This is likely due to 

      Figure 5.  Cumulative in vitro release of PTX from HMCS DS III nanoparticles at 37 °C and (a) pH 7.4 and (b) pH 5.5 (Mean ± SD, n = 4 independent 
experiments.) Data are fi tted with Equation  (2)  (R 2  0.98). Calculated diffusion coeffi cients at 37 °C of PTX within nanoparticles at (c) pH = 7.4 and 
(d) pH = 5.5, and relevant time for releasing 50% of the loaded drug. 

Adv. Funct. Mater. 2014, 24, 432–441



FU
LL

 P
A
P
ER

438

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

targeting coatings and different cargo or carrier materials, often 
with seemingly confl icting design requirements. The uncer-
tainty of future demands across such a large parameter space 
necessitates an adjustable fabrication platform that maximizes 
nanoparticle fl exibility, which we think microfl uidic assembly 
can provide.  MCF-7 cells). All these positively charged NP attributes com-

bine to offer a synergetic effect in potential cancer treatment. 
One important expectation for a good cancer therapy delivery 
vehicle is to maximize the lethal effects of the drug in the tumor 
cells proximity. Empty nanoparticles synthesized through both 
microfl uidics and bulk mixing are not toxic, even at high con-
centrations ( Figure    8  ). However, free PTX is toxic, and the half-
maximal inhibitory concentration ( IC 50  ) for MCF-7 cells is about 
1 nM. PTX toxicity is signifi cantly enhanced through encapsu-
lation in HMCS nanoparticles. This phenomenon is likely due 
to the small size of the particles which are endocytosed into the 
cells (Figure  3 ), where they release their drugs into the cytosol, 
which greatly increases the drug’s effectiveness.  

 These results demonstrate our ability to increase non-spe-
cifi c nanoparticle uptake and drug delivery, in vitro, by only 
modifying the nanoparticle structure. Other design considera-
tions for  in vivo  applications, such as renal clearance, the blood 
brain barrier, and specifi c cell type targeting, will need to be 
optimized in future work. A key advantage of nanoparticle drug 
delivery is the ability to separately control and adjust the drug 
cargo type, the delivery mechanism, and the targeting function-
ality. This strength is also a weakness, however, as optimizing 
nanoparticle properties may require the addition of stealth or 

      Figure 6.  Relative activity of PTX at (a) 25 °C and (b) 37 °C for free PTX 
and PTX loaded HMCS nanoparticles. 

      Figure 7.  Controlled release of PTX from microfl uidically synthesized 
nanoparticles (FL = 0.031) after media pH change, at 37 °C (Mean ± SD, 
n = 4 independent experiments.). 

      Figure 8.  MTT based cell viability assay of MCF-7 cells after 72 h of expo-
sure to free PTX, PTX loaded nanoparticles, and unloaded nanoparticles 
at 37 °C. Unloaded nanoparticles were used as a negative control to the 
PTX loaded NPs, and are plotted on the abscissa so that the number of 
nanoparticles in corresponding trials is the same. 
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collected and dialyzed using a 3 kDa molecular weight cut-off dialysis 
cartridge (Thermo Scientifi c, Rockford, IL)against deionized water until 
no fl uorescence was detected in the supernatant (about 4 days) before 
freeze drying. The resultant f-HMCS was used to prepare the fl uorescent 
labeled NPs as described above. 

  Microfl uidic Fabrication : Microfl uidic devices were fabricated with 
poly(dimethylsiloxane) (PDMS) using a standard micromolding process. 
To make the master molds, silicon wafers were spincoated with SU-8 
50 photocurable epoxy to a thickness of 60  μ m. Baking, lithography, 
and development procedures were performed at the EPFL Center for 
Micronanotechnology (CMi) to obtain negative microchannels on the 
wafer. The wafers were then annealed at 150 ºC to eliminate surface 
cracks in the SU-8. After annealing, the surface of the resultant molds 
was coated with a self-assembled monolayer of trimethylethoxy silane 
by vapor exposure for 40 min. The SAM prevents PDMS from sticking to 
the mold. PDMS (Sylgrad 184) monomer and curing agent were mixed 
in a weight ratio of 10:1, pored over the mold, degassed in desiccators 
and cured in an oven at 80 ºC for 1 h. After curing, the PDMS was 
removed from the mold and in-/outlet holes were punched using a 
150  μ m diameter punch. The PDMS was then bonded to a glass slide 
using oxygen plasma (100 mW, 1 min). The PDMS microfl uidic device 
had two inlets for water with a pH of 9, one for the aqueous solution of 
HMCS with the pH of 5.5, and one outlet (Scheme  1 ). The water stream 
was split into two, in order to achieve two water streams at the fl ow 
focusing T-junction. The mixing channel was 150  μ m wide, 60  μ m high 
and 1 cm long. 

 For bulk synthesis of HMCS based nanoparticles, polymeric solutions 
were prepared by dissolving 2.5 mg mL –1  HMCS in 1% w/v acetic 
acid solution under constant stirring. The nanoprecipitation of HMCS 
molecules and formation of the nanoparticles were performed by drop-
wise addition of 1M NaOH to adjust the pH to 7.4. 

 For drug loaded nanoparticles, Paclitaxel (Sigma-Aldrich) was 
dissolved in acidic water (pH 4.5) and mixed with the polymeric solution. 
The preparation of nanoparticles is detailed above. 

 Atomic force microscopy (AFM; Bruker’s Dimension FastScan), 
and transmission electron microscopy (TEM; CM200-FEG-Philips) 
were used to characterize morphology of the HMCS nanoparticles. 
A dilute suspension of nanoparticles was prepared and deposited 
onto a Cu TEM grid with a carbon fi lm. The shape and size of the 
particles was characterized via diffraction (amplitude) contrast and, 
for crystalline materials, through high resolution (phase contrast) 
imaging. The TEM used a LaB6 source operating at 100 kV. The 
images were characterized using ImageJ software with at least 
20 different measurements. 

 Dynamic light scattering (DLS) as well as zeta potential 
measurements were performed using a Zetasizer (Zetasizer 3000HS, 
Malvern Instruments Ltd., Worcestershire, UK) in backscattering mode 
at 173° for water diluted systems. 

 Transmittance of the prepared samples was measured at room 
temperature (20 °C) with a Shimadzu UV mini 1240 UV/visible 
spectrophotometer with a wavelength of 550 nm. Turbidity ( τ ) was 
calculated from the transmittance using Lambert-Beer’s law: [  23,24  ] 

J = − 1

L
ln

It

I0   
(3) 

     

 where L is the length of light path in the sample cell (1.0 cm quartz 
cuvette),  I t   is the intensity of the light transmitted through the sample, 
and  I 0   is the intensity of the light transmitted through the solvent 
(deionized water). Each measurement was performed at least three 
times, and the mean values are reported in Table S2. 

 To determine the in vitro drug release profi le, lyophilized PTX-loaded 
nanoparticles (1 mg) were dispersed in 1 mL of phosphate buffered 
saline (1X PBS, pH 7.4). The solutions were placed into a 3 kDa molecular 
weight cut-off dialysis cartridge (Thermo Scientifi c, Rockford, IL). 
The cartridge was immersed in 1 L PBS and gently shaken in a 37 °C 
water bath. At predetermined intervals, buffered solution samples were 
collected and replaced with an equivalent volume of fresh PBS. 

  3. Conclusions 

 Here we described the fi ne-tuning of hydrophobically-modifi ed 
chitosan nanoparticles using a T-shaped PDMS microfl uidic 
device. With this increased control over nanoparticle self-
assembly, we can regulate the fi nal nanoparticle size, compact-
ness, surface charge, drug loading effi ciency, and release rate, 
all important properties for nanoparticle drug delivery systems. 
Nanoparticle assembly is driven by controlled pH changes in a 
water environment; no organic solvents are used. These nano-
particles can encapsulate hydrophobic anti-cancer drugs, like 
paclitaxel, at effi ciencies above 95%, and preserve the drug’s 
potency better than conventional encapsulation methods. 
Nanoparticle uptake was also enhanced by tuning the nanopar-
ticle size and surface charge, which dramatically increased the 
drug’s potency. These microfl uidic synthesized nanoparticles, 
due to their compact nanostructures, have a low release rate 
at pH 7.4, which is desirable for long-term circulation stability. 
However, when these particles are exposed to pH 5.5, common 
in tumors, the nanoparticles release their contents over an 
order of magnitude faster. In sum, we have developed a system 
to tune the properties of nanoparticle drug delivery systems in 
a way that maximizes their effectiveness across the relevant 
parameter space, and more generally, this microfl uidic system 
has applications beyond drug delivery, as the ability to carefully 
control self-assembly conditions has implications throughout 
the fi eld of materials science.  

  4   .  Experimental Section 
 Hydrophobic modifi cation of chitosan was performed according 
to reported protocols. [  8,9  ]  Briefl y, one gram chitosan (CS; medium 
molecular weight, 280–000 g/mol, degree of deacetylation 83%, Fluka) 
was stirred for 12 h in aqueous acetic acid (50 mL, 1% w/v; Sigma-
Aldrich). Once dissolved, the solution was fi ltered with a 0.45  μ m 
Nylon syringe fi lter. The pH was then adjusted to 5.5 by addition of 
sodium hydroxide (Sigma-Aldrich). A solution of 300 mg palmitic 
acid N-hydroxysuccinimide ester (Sigma–Aldrich) in absolute ethanol 
(Sigma-Aldrich) was added drop-wise to the chitosan solution at 98 °C 
under refl ux and reacted for 48 h. The solution was then cooled down 
to room temperature and, after adding acetone, was precipitated by 
adjusting the solution pH to 9.0. The precipitated polymer was then 
fi ltered twice, washed with an excess of acetone, and vacuum-dried at 
room temperature. The prepared hydrophobically modifi ed chitosan 
(HMCS) was analyzed by  1 H NMR (Bruker 400 MHz). 

 The degree of substitution (DS) of palmitoyl groups on chitosan 
was determined using the ninhydrin assay. [  8  ]  HMCS was dissolved in an 
aqueous acetic acid and then 0.5 mL of 4M acetic acid/acetate buffer 
(pH= 5.5) was added into 0.5 mL of the prepared solution. 1 mL of 
ninhydrin reagent (Sigma–Aldrich) was then added and test tubes were 
placed in a boiling water bath for 20 min. The solutions were then cooled 
and their absorbances at 570 nm were read. The unmodifi ed chitosan 
solution was used as a control and the acetic acid/acetate buffer was 
used as a blank. [  18  ]  

 Fluorescein-modifi ed hydrophobically modifi ed chitosan (f-HMCS) 
were synthesized based on the reaction between fl uorescein 
isothiocyanate (FITC) and the chitosan as described in the literature. [  34  ]  
Briefl y, prepared FITC in methanol (2 mg mL –1 ) was added gradually to 
the solution of HMCS in 1% w/v of acetic acid. After 5 h of reaction in 
a dark environment, at ambient temperature, the FITC-labeled chitosan 
was precipitated in 0.2 M NaOH and separated from unreacted FITC 
in a Sephadex G-50 column with 1/15 M phosphate buffer/0.2 M NaCl 
as an elution solvent. Fractions containing the labeled polymer were 
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solution of paclitaxel (10 mg mL –1  in DMSO) was diluted to the defi ned 
concentration in culture medium. After treating the samples for 72 h, 
the MTT solution (20  μ L, 5 mg mL –1  in phosphate buffer pH 7.4) was 
added, and the cells were incubated for 2 h. The absorbance of the 
reduced MTT (formazan) solubilized in DMSO was then measured 
using a plate reader (Safi re II, Tecan Sales Switzerland AG, Mannedorf, 
CH) at 570 nm. 

 The control experimental medium contained no nanoparticles. 
The samples were maintained with uniform drug concentration. The 
spectrophotometer was calibrated to zero absorbance using culture 
medium without cells. The relative cell viability (%) related to the 
control wells, containing cell culture medium without nanoparticles, was 
calculated by  [A] test /[A] control  × 100 , where  [A] test   is the absorbance of the 
test sample and  [A] control   is the absorbance of the control sample. 

 All the experiments were conducted at least in triplicate. The statistical 
analysis of the experimental data is done using the Student’s t-test, and 
the results are presented as mean ±S.D. Statistical signifi cance was 
accepted at a level of p < 0.05.  
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 Supporting Information is available from the Wiley Online Library or 
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