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Temperature- and pH-responsive core/shell nanoparticles were prepared by semicontinuous heterophase polymerization of N-
isopropylacrylamide (NIPA) in the presence of chitosan micelles for drug delivery purposes. Micelles of chitosan, formed in an
acetic acid aqueous solution at 70°C containing potassium persulfate, were fed with N-isopropylacrylamide (NIPA) at a controlled
rate, to produce PNIPA/chitosan core/shell nanoparticles of about 350 nm. Then, the crosslinking agent, glutaraldehyde, was
added to crosslink the nanoparticles. These nanocomposites were temperature- and pH-responsive, which make them suitable
as controlled drug releasing agents. The nanoparticles exhibit thermoreversibility to heating-and-cooling cycles and show different
responses depending on the releasing medium’s pH. Drug delivery tests were performed, employing as a model drug, doxycycline

hyclate.

1. Introduction

Environmentally sensitive nanoparticles (NPs) are receiving
increasing scientific and industrial attention as drug-delivery
systems because of their ability to release drugs to therapeutic
targets at controlled and appropriate times and doses [1-5].
Their sizes of the order of a few tenths of nanometers allow
them to go through capillary vessels avoiding being trapped
by phagocytes, which permits larger duration in the blood
stream.

Recently, biodegradable and biocompatible polymeric
materials used for drug delivery have been developed,
such as poly(lactic acid), poly(lactide-co-glycolide), poly-
caprolactone, polyanhydrides, poly(hydroxyalkanoates),

polypeptides, and polysaccharides [6-8]. Among them,
polysaccharides are the most employed polymers to prepare
NPs for drug delivery purposes [9, 10]. Chitosan (CS) is a
polysaccharide that is pH-responsive due to its amino groups
along the chain, which are able to get protonated at acid pHs
[5].

Environmentally sensitive polymers have been inves-
tigated in biomedical applications such as drug delivery,
sensors, diseases’ targeting and diagnostics [11-13]. Among
these polymers, poly(N-isopropylacrylamide) (PNIPA) is the
most studied thermoresponsive polymer because it has a
lower critical solution temperature (LCST) of ca. 32-33°C [12];
below this temperature, PNIPA is completely soluble in water,
but above it, PNIPA and water phase separate due to the
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transition from a hydrophilic to a hydrophobic structure at
this temperature [14].

Huang et al. reported in 2013 that chitosan was able
to form micelles in an acetic acid solution, even though
this polysaccharide is insoluble in pure water; these authors
demonstrated the micelle formation and reported the crit-
ical micellar concentration by fluorescence emission spec-
troscopy [15]. In addition, Huang et al. showed, in the same
article, that by adding NIPA in one shot and an initiator
(potassium persulfate) at 70°C, the NIPA polymerized and
because the reaction temperature was higher than the LCST
of the PNIPA, it became hydrophobic and, as a consequence,
migrated to the micellar core. To ensure that the PNIPA/CS
micelles would not be disrupted in further applications, these
authors added an aqueous solution of glutaric dialdehyde to
crosslink the micelles; moreover, they demonstrated the capa-
bility for prolonged drug delivery of this core/shell PNIPA/CS
micellar solution. Wang et al. synthesized core/shell nanoma-
terials through radical polymerization of CS and a mixture
of NIPA and acrylamide (AM), which exhibited thermally
sensitive features and that allowed to tune the volume phase
transition temperature (Typr) up to collapsing temperatures
of ca. 39°C, depending on the AM/NIPA molar ratio [16].

Popat et al. [17] reported a CS-coated mesoporous silica
nanospheres that were pH-responsive and used ibuprofen
as model drug; they demonstrated that, under basic con-
ditions, the core/shell nanomaterial forms a gel structure
that is insoluble and prevents the drug release, whereas
below the CS isoelectric point (pH = 6.3), the drug is
released due to the protonation of the CS amino groups.
Chang et al. [18] produced poly[poly(ethylene glycol methyl
ether methacrylate)-block-poly(methyl methacrylate)] block
copolymer to encapsulate the model drug, Nile Red, and
a chemotherapeutic drug, doxorubicin (DOX), and showed
that the release of DOX from the micelles was sufficient to
be cytotoxic to human colon carcinoma cells. Li et al. [19]
developed a potential nanocarrier for topical administration
of curcumin (CUR), a novel thiolated CS made by covalent
binding between N-acetyl-L-cysteine (NAC) and CS, which
was employed to modify the surface of the nanostructured
lipid carrier CUR. Onnainty et al. [20] created sustained
release systems of the drug, chlorhexidine (CLX), based on
CS and montmorillonite. These hybrid carriers exhibited
sustained release of CLX, which allowed maintaining the CLX
antimicrobial properties.

In this study, we synthesized pH- and thermoresponsive
NIPA/CS core/shell nanoparticles by semicontinuous het-
erophase polymerization (SHP). The aim was to synthesize
thermo- and pH-sensitive nanoparticles with larger polymer
content than those reported by Huang et al. [15] and evaluate
their thermoreversibility and their potential application as
drug carrier and delivery systems as a function of pH and
temperature.

2. Experimental Section

CS, AM (99% pure), NMBA (99% pure), glutaraldehyde
((GA); 50 wt.% in water), and doxycycline (98% pure) were
obtained from Sigma-Aldrich. NIPA was 99% pure from
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Acros Organics; KPS (99% pure) was from Fermont; N, gas
was from Infra de Occidente (México); and doubly distilled
water was from Productos Selectropura (México).

The CS degree of deacetylation was determined poten-
tiometrically with the following procedure: first 0.4 g of CS
was dissolved in 89 g of a 0.1M HCI solution by constant
stirring during 24 h; next, this solution was titrated with
0.1393 M NaOH solution with a pH-meter. The volume of
the NaOH solution added to the chitosan solution was
plotted versus the measured pH to determine two inflection
points that correspond to the excess HCl added volume and
to the protonated CS volume, respectively. The difference
between these two volumes corresponds to the amount of
HCI consumed for the protonation of the amine groups of the
chitosan, which allows the determination of the CS degree of
deacetylation with the following formula:

V,-V, W
m+0.0042(V, -V;) )

%DA:2.03*(

Here m is the mass of the sample, V; and V, correspond to the
volumes of NaOH solution where the inflection points were
located, 2.03 is the coeflicient resulting from the molar masses
of the units of the CS monomer, and 0.0042 is the difference
between the molar mass of the units of the monomers of
quinine and CS. The calculated degree of deacetylation was
68%.

The viscosity-average molar mass (M,) of the chi-
tosan was determined in an Anton-Paar automatic Ubbe-
lohde microviscosimeter. For these measurements, different
amounts of CS were dissolved in 50 mL of a 0.2M NaCl
dissolved in 0.1M of acetic acid aqueous solution with
agitation for 24h. Then samples were put in a constant-
temperature water bath at 25°C and their shear viscosity was
measured at the same temperature in the microviscometer.
From the measured viscosity of the different samples, the
intrinsic viscosity, [#], was determined in the usual way. The
viscosity-average molar mass was then calculated using the
Mark-Houwkins equation given by

(1] = KM; )

with the Mark-Houwkins constants, K = 1.8 x 10~ dL/g and
a = 0.93, reported by Roberts and Domszy [21]. The obtained
chitosan M, was 1.2 x 10° g/mol.

For the synthesis of the PNIPA/CS core/shell nanopar-
ticles, the following procedure was followed: 2 g of CS was
mixed with 160 g of distilled water containing 0.7 g of acetic
acid, which was added to a 500 mL three-month glass reactor;
this mixture was maintained under constant stirring at room
temperature for 12h. Then the reactor was immersed in a
water bath maintained at 70°C; next, 0.684 g of KPS dissolved
in 10 g of water was added to the reactor, which was then
bubbled with N, to remove the dissolved oxygen. Then, a
solution of 20.62 g of NIPA and 0.839 g of NMBA, dissolved
in 349 g of water, was fed at a controlled rate to the reactor
during 233 min. After this time, the reaction was allowed to
continue for 1h to increase the concentration of produced
PNIPA. The latex was cooled down to 40°C, followed by the
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addition of GA solution to crosslink the CS shell. Samples
were collected at given times to follow the particle size
evolution with reaction time. The final latex, cooled to 25°C,
was collected and put in a dialysis bag (M,, = 11,200 g/mol
exclusion size), which was immersed in a large amount of
distilled water to eliminate the residual monomers, initiator,
and GA that had not reacted. This dialyzed sample was placed
in a teflon box and put in a convection oven at 60°C to dry
until constant weight was achieved. The sample was weighed
and the final conversion was estimated with the following
formula [15]:

_ Wory = Wes — Waa

Wiipa + Wanmsa

X (3)

Here Wpry> Wess Waa> Waipa» and Wyypa are the masses of
the dry sample, chitosan, glutaraldehyde, NIPA, and NMBA,
respectively.

For the drug loading in the PNIPA/CS nanoparticles,
0.2012g of nanoparticles was dispersed in 80g of water
containing 0.021g of doxycycline (mother solution), which
was maintained with constant agitation at pH of 4.5 and 25°C
at room temperature during 24 h. After incubation for 96 h,
the dispersion solution was adjusted to pH of 9 and the drug-
loaded nanoparticles were separated from the dispersion by
centrifugation at 13,500 rpm for 5min. Then the nanoparti-
cles were dried by lyophilization and weighed. To estimate the
amount of drug loaded into the nanoparticles, a calibration
curve of absorbance versus doxycycline concentration was
made by diluting the mother solution at pH = 9. Each of the
diluted samples was put in a quartz cell, which was placed in a
Thermoelectron UV-vis spectrophotometer (Genesis 10 UV),
to measure the absorbance at the wavelength of 346 nm. The
obtained calibration curve was a straight line with R-square
standard deviation of 0.9995. To obtain the drug liberation
profiles, 0.40 g of the drug-loaded nanoparticles was mixed
with 5 mL of a 90 wt.% w/v NaCl aqueous solution and loaded
in a dialysis bag of 1,000 Dalton molecular mass cut-off.
The dialysis bag was then immersed in 195mL of normal-
saline solution. The drug release profile was determined at
two different temperatures (25 and 37°C) and two pHs (2 and
7).

Particle size of the nanocomposites was measured with a
Nanosize S-90 quasielastic light scattering (QLS) apparatus
from Malvern Instrument at 25°C. For the measurements,
0.05 g of the latices obtained at different reaction times was
dispersed in 10 g of water; from this dispersion, 3 mL was put
in a glass cell for the measurements.

The morphology, shape, and size distribution of the
nanocomposites was examined with a TESCAM Field-
Emission Scanning Electron Microscope (FESEM). For these
tests, 0.05g of the nanoparticles was dispersed in 200 g of
water; 0.02 g of this dispersion was deposited in a Cu plaque,
frozen to —60°C for 24 h, and lyophilized at —40°C and 1 x
10~* bar for 2 h. Then the sample was covered with a thin gold
layer and analyzed in the FESEM.

The PNIPA/CS nanoparticles were also examined in a
JEOL 1200 EXII transmission electron microscope (TEM).
For this, one drop of latex, diluted 20 times, was deposited in
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FIGURE 1: Evolution of particle size as a function of time and the
dosed amount of NIPA.

a grid, which was dried overnight before observation in the
TEM.

For the thermoreversibility and pH- and thermoresponse
tests of the nanocomposites, 0.5 g of the dialyzed and dried
nanoparticles were redispersed in 20 g of buffer solutions of
pHs =2, 4, and 7. Samples from these dispersions were placed
in the glass cell for QLS measurements. The temperature
range was from 20 to 50°C with increments of 5°C for the
temperature-response tests; the equilibration time was of
15min between temperature increments, to allow sample
stabilization. Measurements were made three times for each
sample. These temperature response tests were performed at
three pHs (2, 4 and 7).

The thermoreversibility of the samples was examined
using increasing-and-decreasing temperature cycles from 20
to 50°C as a measure of the stability. Measurements were
made by QLS, allowing 15 min of equilibration at the end of
each temperature increase or decrease. Again, these tests were
performed at pHs of 2, 4, and 7.

3. Results

Figure 1 depicts the evolution of particle size in the presence
of the CS micelles as a function of time and the dosed
amount of NIPA. Initially, before the NIPA addition, the CS
micelles have an average QLS size of ca. 200 nm, which is
similar to that reported by Huang et al. [15], as expected.
Clearly, particle size increased with increasing amount of
NIPA added indicating that PNIPA was produced and that
it was incorporated into the micellar core because, at the
reaction temperature (70°C), this polymer is hydrophobic
[14], and hence it enters the CS micelle hydrophobic core.
Final particle size was ca. 360 nm but it increased to 380 +
6 nm after the crosslinking of the CS micelles with GA.
Figure 2 shows a FESEM micrograph of the final
nanocomposites. This micrograph shows polydispersed
spheroidal particles with sizes of ca. 200 to 450 nm. This



FIGURE 2: FESEM micrograph of the final nanocomposites.

FIGURE 3: TEM micrograph of the obtained PNIPA/CS core/shell
nanoparticles.

size polydispersity could be due to (i) aggregation during
the polymerization of PNIPA; (ii) the treatment of the
nanoparticles for FESEM examination which could have
introduced agglomeration of the originally synthesized
nanoparticles; and (iii) some PNIPA nanoparticles which did
not penetrate the micelles, that is unlikely; moreover, PNIPA
nanoparticles produced by semicontinuous heterophase
polymerization (SHP) are much smaller, on the order of
30 nm as documented elsewhere [22].

Figure 3 depicts a TEM micrograph of the crosslinked
PNIPA/CS nanoparticles. This micrograph reveals that the
PNIPA/CS nanoparticles are spheroidal with average size of
ca. 300 nm. Moreover, there is an obscure contour around
each nanoparticle, which is due to the crosslinked CS micellar
wall, surrounding the PNIPA nanoparticles that confirmed
the formation of core/shell nanostructures. Moreover, no
small particles (<50 nm), which might have formed due to
the presence of PNIPA nanoparticles, are observed indicating
that all the produced PNIPA entered into the CS micelles.
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FIGURE 5: Particle size as a function of temperature measured at pHs
of 2 (m), 4 (@),and 7 (A).

Figure 4 shows QLS-intensity size distribution of the
reacting particles at three different reaction times, that is,
60 min, 160 min, and at the end of the reaction. Clearly, size
distributions shift to larger sizes as the reaction proceeds,
in agreement with the average sizes shown in Figurel.
Moreover, particles are polydispersed, with sizes similar to
those observed in the micrograph shown in Figure 1.

Figure 5 depicts plots of particle size as a function of tem-
perature measured at three different pHs. The three reported
curves exhibit an abrupt decrease in size with increasing the
temperature from 20 to ca. 34°C and then the size reduction
is substantially smaller. Notice that the inflection point (ca.
34°C) coincides with Typr of the crosslinked PNIPA at the
three examined pHs, as expected since above Typy, PNIPA
becomes hydrophobic and then it tends to expel the water
trapped inside it. Notice that pH has a smaller but detectable
effect in the swelling behavior of the nanocomposites, being
larger at pH =2 and smallest at pH = 7. As we will discuss later,
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FIGURE 7: Drug liberation profiles measured at 25 (open symbols)
and 37°C (closed symbols) at pHs of 2 (00, m) and 7.4 (O, @).

this is related to the interaction of CS and PNIPA groups with
H" and OH™ groups at the different pHs and to the isoelectric
point (pH = 6.3) of CS [23].

Figure 6 reports the thermoreversibility tests at the three
pH used in this paper. The nanoparticles were subjected
to heating-cooling-heating cycles as a function of pH to
demonstrate whether or not the particles recovered their
original sizes after the conclusion of the cycles. In all cases,
samples recovered their sizes at all the three pHs examined,
but now larger changes in size are detected at the more acid
pH; these changes in sizes decreased as the pH was increased.

Figure 7 shows drug liberation profiles measured at 25
and 37°C at pHs of 2 and 7 The drug liberation profiles
at both pHs increased rapidly during the first ca. 6h, and
then they rose more slowly but they kept raising even after
50 h of testing. Drug liberation is larger at pH = 2 compared
to that at pH = 74 at both temperatures. However, drug
release is larger at 25°C compared to those at 37°C, which
seems contradictory with the fact that the PNIPA volume

phase transition temperature is ca. 34°C, and then it would be
expected that the drug release would be larger at 37°C. Notice,
however, that drug release is fast for both temperatures
and pHs during the first 10 hrs, and then it diminishes
substantially.

4. Discussion and Conclusions

Semicontinuous heterophase polymerization (SHP) is a vari-
ation of the semicontinuous microemulsion polymerization
(SMP), which allows the synthesis of polymer nanoparticles
and nanocomposites smaller than 50 nm with narrow size
distributions, employing smaller amounts of surfactant and
larger polymer-to-surfactant ratios compared to the SMP
[24-28]. In this process and in contrast to the SMP, neat
monomer is dosed at a controlled rate to an aqueous (or oleic)
solution containing surfactant forming micelles, initiator,
and a solvent-soluble initiator. An important feature of the
SHP is that narrower particle size distributions with smaller
molar masses, compared to SMP, are obtained. The SHP
process has been proved successfully to synthesize a series
of poly(alkyl methacrylates) that have anomalously higher
glass transition temperatures, indicating a larger syndiotactic
polymer content [24-28], semiconducting polypyrrole [29],
mesoporous nanoparticles [30], and polymeric nanocompos-
ites [31].

Here we report the synthesis of PNIPA/CS core/shell
nanoparticles by SHP, determine their Typy, examine their
thermoreversibility, observe their shape and size distribution
by FESEM and TEM, and perform drug liberation tests
with a model drug, doxycycline hyclate, as a function of
temperature and pH. First, following the report of Huang
et al. [15], CS micelles were produced in a dilute acetic acid
solution, over which NIPA was dosed at a controlled rate
and polymerized at 70°C to induce the formation of PNIPA
and the subsequent entrapment in the CS micellar core since
the reaction temperature (70°C) was higher than Typp of
PNIPA, and, hence, the formed polymer molecules should
migrate inside the micellar core. The growth of the initially
formed CS micelles, which have a diameter of ca. 200 nm,
increased with NIPA addition time as observed in Figure 1.
Particles grew from ca. 200 nm to ca. 360 nm suggesting the
incorporation of the formed PNIPA into the micellar core.
QLS also show that the particles are polydispersed and grow
with NIPA addition time (Figure 3), which indicates that
most or all of the PNIPA formed was incorporated into the CS
micellar core. TEM was used to determine the size and shape
of the produced nanoparticles and it showed the presence
of spheroidal nanoparticles (Figure 3) with sizes similar to
those obtained by QLS. Moreover, TEM revealed the presence
of a dark skin over the nanoparticles, which might be due
to the thickness of the CS micelles around the PNIPA
nanoparticles. QLS also showed that the polydispersed, single
population, core/shell nanoparticles increased with reaction
time (Figure 4).

To examine the response of temperature as a function
of pH, the nanocomposites sizes were measured by QLS at
different pHs. Results, shown in Figure 5, demonstrate that
the PNPA/CS core/shell nanoparticles shrink rapidly with



increasing temperature up to ca. 34°C, which correspond
to the hydrophilic-hydrophobic transition of PNIPA (Typr),
at which PNIPA collapses. The gradual size decrease of the
nanoparticles is, hence, related to the expulsion of water by
the PNIPA core as the temperature is increased. For temper-
ature larger than 34°C, the size decrease of the nanoparticle is
smaller since the remaining water in the particles continues
to be expelled but in much smaller amounts. Notice that pH
plays a role in the shrinking behavior of the nanocomposites,
being larger at the more acid pH and then diminishing as the
pH increases. Here the main role is played by the CS shell.
This natural polymer has an ionization potential (IP) of 6.3
[23]. At pH values higher than this value, CS forms a gel-
like structure that is insoluble and it reduces the water release,
whereas at pH below its IP, water can be released because of
the protonation of the amino groups of CS, producing a softer,
more labile structure. An important feature of the PNIPA/CS
nanoparticles is that they exhibit thermoreversibility after
four consecutive heating-cooling-heating cycles (Figure 6)
indicating that the nanoparticles structure is maintained and
that they are thermoreversible; that is, they recover their
original size and structure.

The PNIPA/CS core/shell nanoparticles made here by
SHP were subjected to drug delivery tests to determine their
potential as nanocarriers. As demonstrated in Figure 7, the
PNIPA/CS nanoparticles were able to dose the model drug,
doxycycline, in prolonged periods of time. As expected, due
to the sensitivity of the CS shell to pH, drug release is larger
at pH= 2 than at pH = 7, regardless of the test temperature.
Drug release is fast at early releasing tests and then becomes
slower after ca. 12 hrs for both temperatures and pHs. After
50 hrs, approximately the 55% of the drug had been released
at pH = 2 and at 37°C and ca. 38% at pH = 7 at 37°C. Notice,
however, that drug keeps being released even after 50 hrs,
indicating that the PNIPA/CS core/shell nanoparticles exhibit
long releasing activity. Moreover, temperature also has an
important effect on the drug release profiles. As shown in
Figure 7, drug release is larger at 25°C than at 37°C, which
is contrary to our expectation inasmuch as PNIPA collapses
at ca. 34°C. However, Huang et al. [15] proposed that, due to
the collapsing of the PNIPA at temperatures larger than 34°C,
the remaining drug molecules get trapped into the shrinking
PNIPA core because some of the drug molecules had some
interactions with PNIPA. These results suggest that some
drug molecules get trapped in the core/shell nanoparticles
inside the PNIPA nanocore even above the collapsing PNIPA
temperature and that, below the Typ, the drug molecules are
able to diffuse faster through the swollen PNIPA core and the
CS shell.

To determine the diffusion mechanism of the liberated
drug, several models were employed, mainly, those of order
zero, first order, Higughi, and Korsmeyer-Peppas [32]. Our
results (not shown) indicate that the Korsmeyer-Peppas
model is the one that fits better the drug release at earlier
releasing times, which indicate that the diffusion is non-
Fickian. This is to be expected inasmuch as the drug has to
diftuse first from the PNIPA core to the CS shell before exiting
the nanoparticles. Similar mechanisms has been proposed for
the drug release from a polymeric matrix.
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The comparison with Huang et al. [15] clearly demon-
strates that larger concentrations of drug are released in
similar times in our work, 471%, compared to 38% in Huang
et al. after 7 hrs of dosing at 37°C, which is the temperature of
interest for mammals drug release applications. Clearly, the
differences in the drug releasing times could be explained in
terms of the PNIPA molecular mass and internal structure,
evidently affected by the polymerization method [33]. Huang
et al. added the whole amount of NIPA over the CS micellar
solutions, which were at 70°C; hence, one should expect
a NIPA solution polymerization mechanism, which should
produce low molecular weights and loose porous-structured
particles [33]. However, the PNIPA produced by SHP has
larger molecular weight and more compact crosslinked struc-
ture as shown elsewhere [22]. Hence, the release of trapped
substance within these two different structures should be
quite different, as is the case here.

In conclusion, we have reported here the synthesis by SHP
of PNIPA/CS core/shell nanoparticles, which, when swollen
with water, exhibit a fast size decrease at ca. 34°C due to the
rapid expulsion of water, which is associated with Typp of
PNIPA; at higher temperature size also diminishes but less
rapidly with increasing temperature. The nanoparticles are
also pH-responsive, specially at acid pHs, which is related
to the transition from a soluble-to-insoluble gel structure of
the CS. These nanoparticles were thermoreversible; that is,
they recovered their size and shape after being submitted
to heating-and-cooling cycles in the range of 25 to 50°C.
QLS, FESEM, and TEM reveal that the nanoparticles are
spheroidal and polydispersed. Liberation studies of a model
drug were performed that demonstrate that the PNIPA/CS
nanoparticles exhibit a long-release behavior, which makes
them suitable as drug releasing carriers.
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