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Abstract

This paper provides an overview of controliettase mechanisms in temperature-
sensitive hydrogels used in drug delivery applargtiand focuses on the hydrophilic to
hydrophobic transition of Poly N¢isopropylacrylamide) (PNIAM) as a function of
temperature. At a temperature above the lowercafitsolution temperature (LCST), the
hydrophobic interaction becomes stronger causintARNchains to collapse, allowing the
captured molecules or drugs to be released fronydeogel matrix. This study proposed a
mechanism to control this transition in order toyvéne hydrophobicity of the hydrogel and
its LCST. This can be done through modifying potytamide hydrogel with the inclusion of
N-isopropylacrylamide (NIAM). The modification wasome by mimicking micellar
polymerization, which resulted in better arrangen@NIAM chains in the polyacrylamide
network. The degree of NIAM arrangement is desatiby Ny number. The hydrophilic to
hydrophobic transition was measured through thétyer coefficient, K, of Methylene Blue.
The study showed that the hydrogel with highgnfdlues resulted in better solubility of the
dye; yet still retained the temperature-sensitigityPNIAM.

Keywords. Temperature-sensitive hydrogels, Pdliyigopropyl acrylamide), partition
coefficient, the lower critical solution temperaytCST).

1. Introduction metabolized by the liver and the kidney to
In recent years, there has been anreduce the drug toxicity to unintended
explosion of advances in the fields of organs.
structured and intelligent materials. The
variety of chemical structure and control of
the molecular architecture and morphology
allows numerous uses of polymers in bio-
logical applications such as drug delivery
and scaffolds for tissue engineering [1].
Figure 1 illustrates the drug concen-tration

in plasma as a function of time. With con- = Minimum Effective Cohegntration
ventional drug administration methods such
as oral administration or intravenous in-

jection, the drug concen-tration in plasma

increases initially to reach the maximum Fi 1 Th ITimeh N _
concentration and decreases as the drug is '9ur€ 1 The plot shows the concentration
of a typical drug as a function time.
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In order to achieve a more effective ability to imbibe large amount of solvent
treatment, it is desirable to maintain the [16]. Due to their biocompatibility,
level of drug concentration within the hydrogels are suitable for the use in
therapeutic range over an extended period biological systems [3]. As a result,
of time [2]. Controlled drug delivery hydrogel technology has been widely
strategies are used to achieve this precisestudied in many biomedical applications
level of drug release [1, 3-6]. Figure 2 over the past few decades [11]. The high
shows the concentration profile of a water content in hydrogel allows it to be
controlled release system. With a drug flexible and resemble biological tissues [3].
delivery carrier, the drug is prevented from The water content of the hydrogel fills up
dissolving in the blood plasma all at once. the hydrogel pore space allowing selective
Instead, the drugs is slowly released from diffusion of solutes through the hydrogel
the delivery vehicles, thus the concentration matrix. This characteristic of the hydrogel is
of the drug is controlled, and can last a long required for controlled release drug delivery

time. systems [1, 6, 16].

Maximum Tolerated Concentration Since the diffusion of drug in
g hydrogels occurs in the space between the
i T polymer chains, any factor that affect the
‘:5 Therapeutic Range size of this space also affects the diffusion
k5 /—\ of drug through the hydrogel matrix [10].
E /\“ As a result, it is important to control the
z o - - swelling rate of hydrogels in order to
A~ / Minimum Effective Concentration controlgdiffusion thro)L/Jgh ?he matrix [1, 6, 7,

16].

2. Temperature-sensitive controlled re-

Time
Figure 2 The plot shows the desirable |easesystems
concentration profile of a drug with a _Inrecent development, temperature-
controlled —release delivery system. sensitive hydrogels have gained con-

siderable attention because they provide a
To achieve this goal, scientists and controlled-release system whose on-off

engineers have recently developed hydrogel Switch is triggered by the temperature of the
systems to use as “drug delivery vehicles” environment [15]. This is achieved from
[6]. These vehicles carry drugs to the the change in hydrophobicity of the
disease site, after which a change in the Polymer hydrogels as the temperature
chemical environment such as a change in changes [10]. These polymers demonstrate
pH [7-9] or temperature [10-12] triggers a @ trgnsmon from hydrophilic to hydro-
release of their content [4, 13-15]. Thus the Phobic structures at the temperature known
therapeutic molecules are protected until @s the Lower Critical Solution Temperature
their release at the target sites, and the (LCST) [17]. When the temperature is
healthy organs are protected from exposure below LCST, the hydrophilic chains are
to the toxic chemotherapeutic agents. In hydrated, and the hydrogels become
addition, the drug delivery vehicles allow Swollen, allowing the drugs to diffuse into
for maintaining the desirable drug concen- the hydrogel void space. As the temperature
tration in the body over an extended period increases past LCST, the hydrophobic
of time [2]. interaction becomes stronger, thus the
Hydrogels are three-dimensional balance between hydrophilic/ hydrophobic
hydrophilic polymer networks with the interactions break down, causing the gel to
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collapse. This allows the solute to diffuse
outside the gel [10, 13].
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Figure 3 Schematic of drug loading and

drug release with temperature-sensitive
Poly  (N-isopropylacrylamide)  system

(excerpt taken from [10]).

Table 1 provides some examples of
the polymers exhibiting temperature-
sensitive properties with LCST ranges from
32 -125°C.

Table 1 Examples of polymers showing a
LCST in water [15].

Polymer LCST
(°C)

Poly(N-isopropylacrylamide), ~ 32

PNIAM

Poly(vinyl  methyl ether), ~ 40

PVME

Poly(ethylene glycol), PEG ~120

Poly(propylene glycol), PPG ~50

Poly(methacrylic acid), PMAA ~ 75

Poly(vinyl alcohal), PVA ~125

In the past few decades, the
hydrogels of Poly N-isopropylacrylamide)
(PNIAM) has been extensively studied
because the normal range of the LCST for
PNIAM is close to physiological condition
and make it applicable in biomedical
applications [4, 12-14]. The hydrophilic-to-
hydrophobic transition is due to the
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presence of the hydrophilic amide groups
and the hydrophobic isopropyl group on its
side chain.

In addition, the LCST of PNIAM
can be further tuned by adding ionic
polymers such as Poly(acrylamide) (PAM)
or Poly(acrylic acid) (PAA) [14, 18]. LCST
of PNIAM hydrogel increases as more
acrylamide is incorporated in the PNIAM
network [14]. Thus the LCST can be tuned
by varying the amount of acrylamide in the
polymer network. This approach also
helped to overcome the strength setback
posed by using PNIAM homopolymer,
which tends to collapse when highly
swollen. In order to retain the temperature-
sensitive properties but to correct for the
low mechanical strength problem, PNIAM
is trapped in a PAM hydrogel network to
form a semi-interpenetrating network,
(semi-IPNs). This is proven to be stable and
preserves the temperature-sensitive property
[11].

For the control of the molecular
release mechanism, the hydrophobic
structure in the PNIAM plays a crucial role.
Since, the semi-IPNS of PNIAM trapped in
PAM appears in random orientation, the use
for wider applications that can be achieved
through a better control of PNIAM
arrangement will help achieve a better
control of release mechanism and a wider
range of LCST.

We proposed a better method to
control the arrangement PNIAM chains in
PAM  hydrogels through  mimicking
micellar polymerization [19, 20], which is a
technique used to synthesize hydropho-
bically-modified polyacrylamide (hmPAM)
used as a thickening material [21]. The
proposed material is shown in Figure 4.
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polymerization where the hydrophobic and
22 4 hydrophilic monomers are polymerized in a
) random order, whereas the micellar
=~ - polymerization results in addition of
22 hydrophobes on the hydrophilic backbone
I in a block-like structure [20, 21].

° 22 \ As a result, an important parameter
used to characterize the polymers is the
number of hydroprobes per micelle

Figure 4 Schematic of Polyacrylamide (referred to as Nnumber). It is determined
(PAM) hydrogel with N-isopropyl acry- from the following equation [20, 23].
lamide polymerized with micellar poly-

merization technique. Refered to as _ [Hydrophobes] _ [Hydrophobes| (1)
modified-PAM hydrogels " [Micelles] ([wrfactant]—cmc)
The principles of micellar poly- Nagg

merization were first described by Candau Where cmc is a critical micellar concen-
et al. [20] based on the technique developed tration of surfactant and .y is a surfactant
by Turner et al. [22] for water-based aggregation number.

polymer syntheses with hydrophobic A higher N, value means more
comonomer by using surfactants. hydrophobes are incorporated, which results
in a higher degree of blocking whereas a
lower number results in more evenly
distribution of hydroprobes along the
backbone [20].

By employing the micellar
polymerization technique, it is possible to
synthesize hydrophobically-modified poly-
mer with the same degree of hydrophobic
substitution but different degree of
blocking. These polymers exhibited unique
rheological characteristics [19, 20, 24, 25]
Figure 5 Micellar polymerization process. due to interaction among the hydrophobic
o represents hydrophilic monomers; side chains. Hydrophobically-modified
represents hydrophobic monome O, — polymer with the higher degree of blocking
represents surfactants (Excerpt from [20]). (or higher N, value) exhibited stronger

interaction even if the degree of hydro-

The process is depicted in Figure 5. phobic substitution remained the same. The
The hydrophobic monomer is soluble inside result suggested that the hydrophobic
the surfactant micelles, while the jnteraction can also be moderated by having
hydrophilic monomer is soluble in the other hydrophobic chains in the vicinity. As
aqueous continuous medium. The reaction a result, the hydrophobic interaction can be

is a microheterogeneous copolymerization moderated by changing the,Nalues [21,
system in which micelles act as micro- 23, 26, 27].

domains where the hydrophobes concen- We will use a similar technique to
trate. This system differs from solution moderate the interaction among the NIAM
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chains in the PAM hydrogels. Incorporating
the micellar polymerization technique with
the temperature-sensitive properties of the
NIAM, we proposed a method of preparing
a modified PAM hydrogel by mimicking
micellar polymerization technique. As such,
we can produce modified PAM hydrogels
with different properties, depending on
different Ny values of PNIAM.

We will examine the effects of the

arrangement of N-isopropyl acrylamide
(NIAM), through the wuse of micellar
polymerization technique [6], on the

temperature-sensitive properties of the

modified PAM hydrogel.

3. Experimental
3.1 Raw Material

The acrylamide monomer (Fluka,
01200) and Sodium Dodecyl Sulfate, SDS
(Fluka, 75370) were used as receivdH.
isopropylacrylamide (NIAM, Acros Orga-

continued to degas for another 15 minutes.
Solution B was prepared with 42nol/ml
NaPS degassed for 20 minutes. After
degassing, 90 mL of solution A was mixed
with 10 mL of solution B. The mixture was
quickly injected between two glass plates
with  circular spacers [11]. The
concentrations of PNIAM and SDS for the
synthesis are described in Table 2. The
mixture was allowed to set for 24 hours at
room temperature. After the gel was
formed, it was removed from the mold, and
washed with excess methanol 3 times to
remove excess SDS. The gel was rinsed
with excess water in the final step before
using in the partition coefficient
measurements.

Table 2 Concentration of Acrylamide
(AM), N-Isopropyl Acrylamide (PNIAM),
the initiator (MBAM), and Sodium Dodecyl
Sulfate (SDS) used for synthesis of
hydrogel. Concentrations are expressed as

nics, 412780250) was precipitated in pmol/ mL

hexane. Methylene-bis-acrylamide

(MBAM, Fluka, 66670) was used as a| "o | Hydroge [PNIAM] [[SDS] Ne

cross-linking  agent, and N,N,N,N- 1| [2.5-0-] 0 0 0

Tetramethylenediamine (TEDEM, Sigma-

Aldrich, T22500) was used as an accele- 2 | [2.5-0-H] 0 0 0

rator. Sodium persulfate (NaPS, Fluka,| 3 |[2.5-1-l] 20 1.21 1

71890) was used as an initiator. 4| 251-H | 20 1.01 1

3.2 Sample Preparation

3.2.1 Hydrogel Synthesis 2 | el Gt s 2
The modified PAM hydrogel 6 | [2.5-5-H] 20 0.24 5

synthesis was carried out following the
example of Guilhermet al. [11] with the
addition of a surfactant, SDS during
polymerization. To synthesize hydrogels,
two aqueous solutions were prepared.
Solution A was prepared with 25¢M1/mL

of acrylamide and degassed for 1 hour.
Later, 200uM/mL (1.3 wt %) of NIAM and
an appropriate amount of SDS were added
to solution A (see Table 2). Degassing was
continued for the next 30 minutes [20].
Subsequently, 50mol/mL MBAM and 3.2
pumol/ml of TEDEM were added and
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3.2.2 Partition coefficient measurements

The partition coefficient measure-
ments were done following the procedure
detailed byGuilherme et al. [11]. Aqueous
solution of Methylene Blue was prepared
with a concentration of 140mol/mL. The
hydrogels prepared in part A, were cut into
equal size and immersed in 25 mL of the
dye solution. After 24 hours of immersion,
the concentration of the remaining dye in
the aqueous solution was determined by
UV-Vis spectroscopy at wavelength 664



Thammasat Int. J. Sc. Tech., Vol. 15, Special BdjtSeptember 2010

nm. The partition coefficient, K, was deter-

mined from the ratio of the dye
concentration in the hydrogel vs. that in the
solution according to the following
equation.

K - [dyesin hydrogel] @

[dyesin water]

The partition coefficients were determined
at both 25°C and 45°C.

4. Results and Discussions

Methylene Blue exhibited hydro-
phobic characteristic [11]. This character
influenced the solubility of the dyes in the
modified hydrogels, which were observed
in terms of the partition coefficients, K.

N
2

H.C. /@ D\

8 y S =

CH;  +3H.0

cl-

- cH
N7
[}
CH3

Figure 6 Molecular Structure Methylene
Blue.

The partition coefficients, K, of
Methylene Blue in the modified hydrogels
were measured at two different tempera-
tures (25°C to 45°C), and the results are
plotted in Figure 7 and Figure 8. The K
values of the dye in the PAM hydrogel
before the addition of the hydrophobic
NIAM remained relatively constant (K =
2.7) as the temperature increased from 25
°C to 45°C. The same trend is seen in the
modified PAM hydrogels with the addition
of NIAM for Ny = 1. However, when the
Ny value increased to N= 5, the K value
of Methylene Blue in the modified PAM
hydrogel increased from 2.7 to 9.6 as the
temperature increased from 25 to 45°C.

Because Methylene Blue is hydrophobic,
the increase in the K values demonstrates
the hydrophilic to hydrophobic transition as
the temperature increases above the LCST
for PNIAM, which is approximately 31 — 33
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°C [4, 12-14]. As the modified hydrogel is
warmed and temperature increased above
the LCST of PNIAM, the hydrophobic
interaction among the NIAM side chains
becomes stronger, and the hydrophobic
chains collapse creating a more
hydrophobic environment , allowing more
Methylene Blue to partition into the
hydogel [11, 28].

Figure 7 also shows that for the
modified PAM hydrogel with higher N
values (N, = 5), the transition from lower K
value at lower temperature to higher K
value at high temperature, is more dramatic
than the unmodified hydrogel or the
modified hydrogel with lower N values
(N = 1). The result suggests that by having
the NIAM side chains arranged in block-
like manner enhances the hydrophobicity of
the modified PAM hydrogels. The results
are similar to the thickening properties of
hydrophobically modified polymers seen by
Candactet al [20, 23, 29].
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Figure 7 The partition coefficient, K, of
Methylene Blue in hydrogels as a function
of temperaturee represents K values for
PAM hydrogel,m represents K values for

modified PAM hydrogel with N= 1, ande

represents K values for modified PAM
hydrogel with N, = 5.
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Figure 8 The partition coefficient, K. of
Methylene Blue in hydrogels as a function
of Ny at two different temperatures.e
represents K values at 45C and =
represents K values at 26.

5. Conclusion

The study showed that the modified
PAM hydrogel prepared by the proposed
method retained the temperature sensitivity
of Poly(N-isopropylacrylamide). This be-
havior was observed through the increase in
K as the temperature increased. In addition,
transition was more dramatic with the
modified PAM hydrogel with higher N
values.

The result illustrates that the
arrangement of the hydrophobic molecules
in a ‘block-like’ structure contributes to
more hydrophobic interaction. As a result,
more grouping (high N value) of the
hydrophobicN-isopropylacrylamide on the
polyacrylamide gel network shows higher
hydrophobic characteristics, which result in
higher solubility of Methylene Blue. The
high solubility of the dye manifests itself in
terms of high partition coefficient (K
values) observed in the experiment.

This work is the first step in
showing that the hydrophobic interaction in
hydrogel network can be modified through
the organization of the hydrophobic chains
in a block-like structure, while the
temperature-sensitive property of Poly(
isopropyl acrylamide) can still be retained.

In future studies, we plan to
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investigate the temperature range of 30 - 35
°C in order to observe the transition at the
LCST of PNIAM. In addition, we will
develop a procedure to synthesize these
hydrogels in micron and submicron parti-
cles, and study their release behaviors.
These steps are essential to further develop
these hydrogels for their wuse in
pharmaceutical applications.
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