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Abstract

The aim of this research project was to develop new temperature sensitive nanoparticles that have a
lower critical solution temperature (LCST) that is above body temperature and can be incorporated
with various molecules at the surface. The poly(N-isopropylacrylamide-co-acrylamide-co-
allylamine) (NIPA-AAm-AH) nanoparticles were synthesized through a free radical polymerization
method. NIPA was polymerized with AAm and AH to increase the LCST and to provide amine
groups for functionalization, respectively. Using transmission electron microscopy (TEM) and laser
scattering technology, the sizes of these nanoparticles were found to be inversely proportional to the
surfactant concentrations. In addition, the LCST of the 100-nm NIPA-AAmM-AH nanoparticles was
approximately 40 °C measured by a spectrophotometer. The chemical composition of the NIPA-
AAmM-AH nanoparticles determined with Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR) also confirmed the presence of functional groups of each monomer. The
nanoparticles were also successfully conjugated to bovine anti-rabbit IgG-Texas Red as a model for
future bioconjugation. Furthermore, nanoparticles did not show significant cytotoxicity activity
against human fibroblast cells. Finally, doxorubicin (DOX) was used in order to investigate the drug
release profiles of the NIPA-AAm-AH nanoparticles at different temperatures. The results indicated
that DOX was released more at 41 °C compared to that of 37 °C and 4 °C, which is evidence for
temperature sensitivity of the nanoparticles. Future work will investigate the pharmacological and
targeted capabilities of the synthesized nanoparticles conjugated to antibodies for possible
application in controlled and targeted drug delivery.

1. INTRODUCTION

Temperature sensitive polymers have been attracting much attention because of their
applications in various fields, especially in biotechnology and medicine. These applications
include cell culture, tissue engineering, wound healing, and drug delivery systems.176 For
instance, temperature sensitive nanoparticles have been developed as controlled release drug
delivery carriers used in cancer treatment and gene therapy.2' / A major advantage of the
temperature sensitive nanoparticles as a drug delivery system is their phase change due to
temperature. Temperature sensitive polymers undergo a reversible phase transition at a lower
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critical solution temperature (LCST), where the hydrogel hydrophobically collapses and
squeezes water out in an entropically favored fashion. A reversible swelling and shrinking
behavior based on this phenomenon has been used as a means to control loading and releasing
of various therapeutic agents. For example, drugs can be loaded in these nanoparticles at
temperatures below the LCST. These nanoparticles are then delivered to the specific locations
and collapsed to release the drugs when the temperature at these regions is raised above the
LCST. These drug release responses to changes in temperature make temperature-sensitive
nanoparticles attractive for controlled release drug delivery applications.

A variety of polymers have been used to produce the temperature sensitive nanoparticles as
drug delivery systems. Both natural polymers such as chitosan, peptide, and cellulose as well
as synthetic polymers like poly N-isopropylacrylamide (NIPA), poly(N-isopropylacrylamide-
co-acrylamide) (NIPA-AAmM), poloxamers, and poly(lactic acid-co-ethylene glycol) have been
employed.8=14 Of these polymers, NIPA and its copolymers have been studied extensively.
15+ 16 NIPA is capable of undergoing reversible swelling and shrinking events at a LCST of
34 °C. Block copolymers containing NIPA and AAm interpenetrating networks have been used
to formulate nanoparticles that have a LCST above body temperature.l” Although the
copolymer of NIPA and AAm is useful to develop controlled drug delivery systems, it is
difficult to incorporate other molecules such as antibodies and proteins onto NIPA-AAmM
nanoparticles to increase their targeted capabilities. With these nanoparticles, conjugation is
possible by performing additional synthetic steps which would introduce impurities altering
the LCST significantly. Consequently, there is a need to introduce another monomer to the
copolymer of NIPA and AAm to functionalize the nanoparticles without changing its LCST
dramatically.

Previously we have reported the synthesis of NIPA nanoparticles that has LCST of 34 °C.21
The objective of this research project was to develop novel temperature-sensitive nanoparticles
that consist of both a LCST above body temperature for controlled drug delivery in response
to changes in temperature and functional groups for conjugation. These nanoparticles could be
used in targeted and controlled drug delivery applications. We applied an alternative approach
to functionalize NIPA-AAmM nanoparticles with allylamine. Polymerization of NIPA with
allylamine has shown to not significantly alter LCST of the NIPA polymer.18 In addition,
allylamine has amine groups for conjugation of bioactive molecules including antibodies and
specific ligands.18 The novel NIPA-AAm-AH nanoparticles were synthesized by a free radical
polymerization. The size and size distribution of the nanoparticles were analyzed utilizing a
laser scattering particle sizer (Nanotrac.) and transmission electron microscopy (TEM). In
addition, the chemical composition of these nanoparticles was investigated using Fourier
transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance (*H NMR), and
carbon-13 nuclear magnetic resonance (13C NMR).In order to assess the conjugation capability
of the synthesized nanoparticles, fluorescent antibodies were further incorporated to the NIPA-
AAmM-AH nanoparticles, and its fluorescence was imaged via an enhanced optical microscope
(Cytoviva) to assess the success of this conjugation. Furthermore, MTS assays and 3T3
fibroblast cells were used in order to investigate the cytotoxicity of the NIPA-AAm-AH
nanoparticles. The amount of drugs (e.g., doxorubicin, DOX) released from the nanoparticles
at temperatures below and at its LCST was also analyzed using a fluorometer.

2. MATERIALS

All chemicals such as monomers, N-isopropylacrylamide (NIPA), acrylamide (AAm),
allylamine hydrochloric acid (AH), initiators, ammonium persulfate (APS), surfactant, sodium
dodecyl sulfate (SDS), activator, N,N,N’,N’-tetramethyl ethylene diamine (TEMED), and
cross-linking agent, N,N’-methylenebisacrylamide (BIS), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), 2-(N-Morpholino)ethanesulfonic acid sodium salt
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(MES) buffer solution, and doxorubicin hydrochloride were purchased from Sigma-Aldrich,
unless otherwise specified. Bovine anti-rabbit IgG-Texas Red (IgG-TR) was purchased from
Santa Cruz. Cell media, serum, and supplements were obtained from Invitrogen.

3. METHODS

3.1. Synthesis of Poly(NIPA-co-AAm-co-AH) Nanoparticles

The polymerization of poly(N-isopropylacrylamide-co-acrylamide-co-allylamine) was carried
out in de-ionized water at room temperature using BIS as the cross-linking agent, SDS as the
surfactant, and APS and TEMED as a pair of redox initiators as previously described.1® To
make (NIPA-AAm-AH) nanoparticles, 1.108 g of NIPA, 0.143 g of AAm, 378 uL of AH, and
0.0262 g of BIS were dissolved in 100 ml of de-ionized water. SDS was added to the solution
at various concentrations (1.53, 0.298, 0.198, and 0.0243 mM) under continuous stirring. The
solution was purged with argon for 30 minutes. Then, 0.078 g of APS and 101 uL of TEMED
were added to the solution and the reaction was carried out at room temperature under Argon
for 2 hours. After the reaction was completed, the nanoparticles were dialyzed against de-
ionized water using 10 kDa molecular weight cut off for 3 days to remove surfactants and un-
reacted materials.

3.2. Particle Size and Particle Size Distribution

Measurement of the average diameter of nanoparticles was performed in de-ionized water by
the dynamic light scattering technology (Nanotrac. 150, Microtrac. Inc.). The size
measurement was performed at room temperature (25 °C).

3.3. Transmission Electron Microscopy (TEM)

TEM (JEOL 1200 EX) was used to determine the size and shape of the synthesized
nanoparticles. In general, samples were prepared by drop casting an aqueous dispersion of
nanoparticles onto a carbon coated copper grid. The grid was then dried at room temperature
before viewing under the microscope. The nanoparticles were stained with phosphotungstic
acid (PTA) at a concentration of 0.01 wt% before observation.

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

Dried samples were dissolved in dichloromethane and a drop of this solution was placed on
NaCl discs. FTIR spectra were recorded in the transmission mode using a Thermo FT-IR
Nicolet-6700. The spectrum was taken from 4000 to 400 cm 1.

3.5. IH NMR and 13C NMR Studies

1H NMR and 13C NMR spectra were recorded at 25 °C on JEOL 300 and 500 MHz
spectrometers, respectively. Chemical shifts were measured relative to residual non-deuterated
solvent resonances. The spectrum of the NIPA-AAmM-AH was recorded in deuterated dimethy!l
sulfoxide (DMSO) solution.

3.6. LCST Determination

Optical transmittance of the aqueous nanoparticle solution (2 mg/ml) at various temperatures
(25-45 °C with 1 °C intervals) was measured at 650 nm with a UV-Vis spectrophotometer
(Cary 50 UV-Vis spectrophotometer coupled with PCB-150 circulating water bath).

3.7. Conjugation

In order to test the conjugation capability of the NIPA-AAm-AH nanoparticles, red IgG-TR
(bovine anti-rabbit 1gG-Texas Red) was used. These fluorescent antibodies were conjugated
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onto the nanoparticle surfaces via carbodiimide chemistry. In brief, 0.01 g of NIPA-AAm-AH
nanoparticles were dissolved in 0.5 ml of MES (0.1 M) buffer solution containing 0.01 g of
EDC. The reaction was mixed well for 10 minutes at room temperature.0.2 mg of IgG-TR was
added to the above solution and allowed to react with nanoparticles for 2 hours at room
temperature under stirring and dark conditions. The nanoparticle solution was dialyzed under
dark conditions (MWCO 100 kDa) against DI-H,O for 1 week to remove unreacted 1gG-TR.
The sample was lyophilized and resuspended in 50% glycerol in water before imaging by an
enhanced optical fluorescent microscope (Cytoviva).

3.8. Cytotoxicity Studies

Cytotoxicity studies were carried out on human 3T3 fibroblast cells (NIH) using (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-sulfophenyl) - 2H-tetrazolium
(MTS) assays (following manufacturer (Promega)'s instructions).20 This assay is based on the
competence of the live cells to reduce the MTS into formazan. In order to investigate the
biocompatibility of our nanoparticles, the cell viability of 3T3 fibroblast cells was studied. The
cells were incubated with synthesized nanoparticles at various concentrations (16, 31, 62, 125,
250, and 500 xg/ml). The cell viability was determined after 24 and 48 hours incubation. The
cytotoxicity results were presented as the percentage of viable cells in each sample in
comparison to controls (cells not treated with the nanoparticles).

3.9. Drug Loading

For drug loading and release studies, a cancer drug, doxorubicin (DOX), was used. In brief,
10 mg of lyophilized nanoparticles and 5 mg of DOX were dispersed in phosphate buffer
solution (PBS). The solution was stirred at 4 °C for 3 days to allow DOX to entrap within the
nanoparticle network. The nanoparticle solution was dialyzed against PBS for 3 hours (this
time was predetermined for optimal separation of the unencapsulated drug) to remove the free
DOX. The dialysate was then analyzed using an Infinite M200 plate reader (Tecan) in order
to determine the amount of DOX in the dialysate (Agx 470 nm and Agm 585 nm). This value was
then compared with the total amount of DOX to determine the DOX loading efficiency of the
nanoparticles. Loading efficiency was calculated according to the following formula:

total [DOX] used—[DOX] present in dialysate

1
total [DOX] used x 100%

% Loading Efficiency=

3.10. In Vitro Drug Release Kinetics

In order to study the drug release profile of the synthesized nanoparticles, 2 ml of the drug
loaded nanoparticle solution was placed inside dialysis bags with a molecular weight cutoff
(MWCO) of 10,000 Da. Samples were dialyzed against PBS at 4 °C, 37 °C, and 41 °C. At
designated time intervals, 1 ml of dialysate was removed from each sample and stored at —20
°C for later analysis. The dialysate volume was reconstituted by adding 1 ml of fresh PBS to
each sample. After experiments, the dialysate samples were analyzed using an Infinite M200
plate reader (Aex 470 nm and A¢m 585 nm) to quantify the amount of DOX released.

4. RESULTS AND DISCUSSION

In this work we intended to synthesize temperature sensitive nanoparticles with a copolymer
of NIPA (NIPA-AAmM-AH), which have both the LCST above body temperature and the amine
functional groups for incorporation of biomolecules.Free radical polymerization was used to
synthesize NIPA-AAmM-AH nanoparticles. Several techniques such as particle sizer, TEM,
FTIR, NMR, enhanced optical microscopy (Cytoviva), and UV-Vis spectrophotometer were
used to characterize the synthesized nanoparticles. In addition, the cytotoxicity of the
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nanoparticles on 3T3 fibroblast cells was evaluated using MTS assays. Finally, the drug release
behavior from these nanoparticle was analyzed using DOX as a model drug. The results from
each characterization method are discussed below.

4.1. Particle Size, Size Distribution, and Morphology

The average size of the synthesized NIPA-AAm-AH nanoparticles was analyzed using
dynamic light scattering technology. Different concentrations of surfactant (SDS) were used
to synthesize nanoparticles with various sizes. The size of the nanoparticles increases as the
concentration of SDS decreases, as shown in Figure 1. It is evident that the size of the
nanoparticles is inversely proportional to the concentration of SDS. This type of relationship
between surfactants and the nanoparticle size is consistent with previous observations.21
However, the relationship was found to be nonlinear at SDS concentrations higher than 0.298
mM. Since we selected 100-nm nanoparticles for later studies, several characterization
techniques were performed for this particular size only. The nanoparticle size distribution of
100 nm particles is shown in Figure 2. The size of NIPA-AAmM-AH nanoparticles was also
analyzed using TEM. The black background around the nanoparticles is the phosphotungstic
acid stain that was used to define the outer edge of the nanoparticles (Fig. 3). TEM revealed
that the preparation procedure gave spherical nanoparticles. The size noted by TEM was within
the range of size measured by Nanotrac.

4.2. Particle Composition

The chemical composition of the synthesized nanoparticle was analyzed using both FTIR and
NMR. As shown in Figure 4(a) for FTIR, the stretching vibration appearing in the range of
2900-3100 cm™1 corresponds to C—H bands. The IR peak at 3423.6 cm™1 corresponds to the
stretching vibration of the primary amine group in the NIPA-AAmM-AH. The peak from the
secondary amine group of NIPA is observed around 3308.7 cm™L. Furthermore, the carbonyl
group of NIPA and AAm is observed at 1655 cm L. These peaks indicate that the NIPA-AAm-
AH consists of functional groups corresponding to their constitute monomers as shown in
Figure 4(b).

In order to analyze the chemical composition of the NIPA-AAm-AH in more detail, proton
(*H NMR) and carbon nuclear magnetic resonance (13C NMR) were used. In 1H NMR (Fig.
5(a)), we observed the backbone hydrogen of the NIPA-AAmM-AH at 1.89 (c, broad, 1 H) and
1.46 (b, broad, 2 H). The hydrogen attached to the isopropyl of NIPA was observed at 3.78 (d,
multiplet, 1 H), and the hydrogen of methyl groups in NIPA was observed at 1.02 (a, multiplet,
6 H). The broad peak at 7.40 to 7.80 ppm is from the hydrogen in the amide groups. The 13C
NMR (Fig. 5(b)) identified the carbonyl group of AAm at 177.98 ppm and the carbonyl group
of NIPA at 173.96 ppm. Furthermore, the composition of the NIPA-AAm-AH was determined
by using 13C NMR and titration. As shown in Table I, the composition of the NIPA-AAm-AH
was approximately close to those in the feed (or original amounts of materials), implying that
polymerization was as expected.

4.3. LCST Determination

To determine the temperature at which the phase transition occurs in the nanoparticles, UV-
Vis spectrophotometer was used. As shown in Figure 6, the LCST of NIPA nanoparticles was
34 °C. The rate at which the transition occurs slowly changes around 32 °C, and then the
intensity sharply decreases at 34 °C. Also shown in Figure 6, the phase transition of NIPA-
AAm and NIPA-AAmM-AH nanoparticles occurs sharply at 39 °C and 40 °C, respectively. In
addition to the LCST measurements, the phase transition of the nanoparticles can easily be
seen when the solution goes from clear to cloudy at each specific LCST, as shown in Figure
7.
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4.4. Conjugation

In order to assess the capability of our nanoparticles for future bioconjugation, 1IgG-TR was
utilized to conjugate onto the nanoparticles. IgG-TR was conjugated to nanoparticles using the
carbodiimide chemistry, as shown in Figure 8(a). Enhanced optical fluorescence microscopy
was used to assess the attachment of IgG-TR onto nanoparticles. As Figure 8(b) indicates, a
bright red color was observed in our NIPA-AAmM-AH nanoparticles, whereas this fluorescence
was not seen in NIPA-AAm nanoparticles (control). These results indicate that our NIPA-
AAM-AH nanoparticles have amine functional groups available which can be utilized for
conjugation of other molecules.

4.5. Cytotoxicity Studies

The cell viability was determined using MTS assays at different time points. As shown in
Figure 9, there is no significant difference in the cell viability between control cells and cells
exposed to nanoparticles, especially at concentrations less than 250 ug/ml. For all
concentrations, the values of the cell toxicity are less than 15% at both time points. These
results indicate that the synthesized nanoparticles exhibit low cytotoxicity, satisfying one of
the major criteria required for a new drug delivery system.

4.6. Drug Loading Efficiency and Release Kinetics

Using DOX as a model cancer drug, we found that approximately 66% of the incubated DOX
was loaded into the NIPA-AAmM-AH nanoparticles. In addition, the cumulative percent release
of DOX at 41 °C was significantly higher than at 37 °C and 4 °C (Fig. 10). This indicates that
the NIPA-AAmM-AH nanoparticles are temperature sensitive polymers whereby the
nanoparticles collapse upon themselves and squeeze the drug out at its LCST. After 72 hours,
84% of the encapsulated DOX was released at 41 °C, whereas at 37 °C and 4 °C approximately
31% and 38%, respectively, were released. The release profile of the DOX over the first 30
minutes is also shown in Figure 10. After 30 minutes, the cumulative percent release of DOX
is only 0.045% and 0.27% at 4 °C and 37 °C, respectively, whereas at 41 °C it is 2.5%.

5. CONCLUSION

In this study novel temperature-sensitive nanoparticles were developed from NIPA-AAmM-AH.
These nanoparticles have both a LCST above body temperature (40 °C) and amine functional
groups. These nanoparticles can be used for controlled drug delivery due to their temperature
sensitive properties. Due to their amine functional groups, these nanoparticles can also be
attached to various biomolecules for targeted drug delivery. Our results indicated that as the
surfactant concentration increased, the size of the nanoparticles decreased. The chemical
composition analysis has shown that the nanoparticles consist of three components with their
functional group clearly visible in FTIR and NMR. The amine groups of the nanoparticles were
successfully conjugated to 1gG-TR as a model for future bioconjugation. These nanoparticles
also demonstrated biocompatibility property as shown by the cytotoxicity study on fibroblast
cells. Furthermore, the drug release studies indicated that drugs released from these
nanoparticles were in response to changes in temperature with the highest percentage of release
occurring at the LCST of NIPA-AAmM-AH nanoparticles. In the future, we will investigate the
targeting capability of the synthesized nanoparticles and the pharmacological effects of drug-
loaded and antibody conjugated NIPA-AAmM-AH nanoparticles for drug delivery applications.
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Fig. 1.
Effect of SDS concentrations on the mean size of nanoparticles (the result is represented as
mean £ S.D., n =3).
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Particle size distribution of 100-nm nanoparticles.
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Fig. 3.
Transmission electron micrograph of NIPA-AAmM-AH nanoparticles.

J Biomed Nanotechnol. Author manuscript; available in PMC 2010 June 3.




1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rahimi et al.

% Transmittance

(a) 4
0% Ty
65 '
60 gl i
55 P |
s % 3
50 &
45 5
40 i
I
35 16550
30
25 i u1s 89%.0
20 }
15 it
10
5
o 1265.3 7389
-5
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™')
Fig. 4.

Page 12

Chemical composition analysis of the nanoparticle. (a) FTIR spectrum of NIPA-AAmM-AH

nanoparticle at room temperature (25 °C). (b) Structure of NIPA-AAM-AH.
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J Biomed Nanotechnol. Author manuscript; available in PMC 2010 June 3.

Page 13



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rahimi et al.

100 -

—e— NIPA
—=— NIPA-AAm
—aA— Tripolymer

0 |

20

22 32
Temperature (°C)

Fig. 6.
LCST of nanoparticles measured by using UV-Vis spectrophotometer.
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Fig. 7.

Photographs of NIPA, NIPA-AAm, and NIPA-AAmM-AH nanoparticles at different
temperatures. The nanoparticles were placed (A) at 34 °C, (B) at 39 °C, and (C) at 40 °C. A
color change was observed when the phase transition occurred.
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Fig. 8.

Conjugation of nanoparticles to IgG-TR (bovine anti-rabbit 1gG-Texas Red). (a) Schematic
diagram of the conjugation reaction of NIPA-AAmM-AH nanoparticles with IgG-TR. (b)
Fluorescent and phase contrast microscopy (cytoviva) images of NIPA-AAm and NIPA-AAmM-
AH nanoparticles reacted with fluorescent IgG.
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Fig. 9.

Cell viability of 3T3 fibroblast cells after 24 and 48 hours exposure to nanoparticles at various
concentrations. The cell viability was assessed using MTS assays. Cells without exposure to
nanoparticles served as controls.
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In vitro release profiles of DOX at 4 °C, 37 °C, and 41 °C over 72 hours. The insert is the
cumulative percent release of DOX over 30 minutes.
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Table |
Monomer ratio in the feed and in the NIPA-AAm-AH predicted by NMR and titration.

In the feed In the NIPA-AAm-AH

x10-% mole (% mole) % mole

NIPA 9.79 (58%) 61.9
AAM 2.00 (12%) 9.8
AH 5.05 (30%) 283
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