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Poly(N-isopropylacrylamide) (NIPAAm)/polytetramethylene ether
glycol (PTMEG) interpenetrating polymer networks (IPNs) were
synthesized and their feasibility as thermosensitive hydrogels for
drug release was investigated. The release of indomethacin incor-
porated into these matrices showed pulsatile patterns in response to
temperature changes and was sensitive to a few degrees of temper-
ature fluctuation. The temperature inducing on—off release deviated
from the gel collapse temperature of unloaded gel, possibly because
of solute effects on network properties. The lag time and release
profile of indomethacin in the low-temperature region (on process)
of each temperature cycle were affected by the gel composition and
applied temperature. The results of this study demonstrate that sol-
ute release can be regulated by rapid deswelling of the surface of the
gels in response to temperature.

KEY WORDS: thermocontrol; on—off release; thermosensitive hy-
drogels; interpenetrating polymer networks; N-isopropylacrylamide;
polytetramethylene ether glycol.

INTRODUCTION

Many recent and interesting methodologies to control
the release rate of drugs have been explored in order to
obtain zero- or first-order release kinetics, as reviewed by
Kim et al. (1). The main emphasis of this research has been
to utilize polymeric matrices or membranes for diffusion
controlled drug release.

Another type of drug delivery system, where environ-
mental conditions or signals, such as pH, electric field, cer-
tain chemicals, and temperature, can modulate drug release,
termed stimuli-sensitive release, has been developed to sup-
ply bioactive agents on demand or to overcome the short-
comings of fixed release kinetics. This type of release system
may be applied to two categories: self-regulating and exter-
nally modulated drug delivery systems (2).

Stimuli-sensitive hydrogels have been investigated as
potential drug carriers, rate barriers, or sensors in both self-
regulating systems and externally modulated drug delivery
systems. A stimuli-sensitive polymer may change its struc-
ture and physical properties in response to a corresponding
external stimuli and would subsequently effect drug release
from the drug reservoir.

Temperature is one possible external stimulus for mod-
ulating drug delivery. Several polymers show dramatic
changes in physical properties in response to temperature.
The thermal collapse of poly(N-isopropylacrylamide) [poly-
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(NIPAAm)]} and its copolymers has been studied (3-6) and
applied to a separation process as extraction solvents (7),
temperature-modulated drug delivery (8,9), and others
(10,11). Other examples of temperature-modulated solute re-
lease systems include porous nylon capsule membranes with
grafted poly(NIPAAm) (12) or coated with a dialkyl surfac-
tant (13), the thermal transition of vesicle to micelle of lipids
(14), and the crystal-nematic liquid crystal transition (15).
Some of these approaches have utilized complex membrane
systems or reservoir-type devices with complicated fabrica-
tion procedures to achieve on~off release. An on—off release
control of solute from simple monolithic devices by changing
environmental conditions is a novel concept.

We reported, in paper I in this series (16), the temper-
ature dependence of equilibrium swelling and the deswelling
behavior of NIPAAm networks modified with hydrophobic
components. The swelling properties of these gels were af-
fected by modification methods and gel composition and
were observed to form a dense surface layer when the tem-
perature increased past the gel collapse point. This phenom-
enon retarded water efflux and thereby resulted in water
pockets at the membrane surface (6,16).

In this paper, the temperature-modulated on—off release
of indomethacin, as a model solute, from those gels is re-
ported.

EXPERIMENTAL

Polymer Matrices

The polymer matrices used in this experiment were
poly(N-isopropylacrylamide) [poly(NIPAAm)}/
polytetramethylene ether glycol (PTMEG) (MW 2000) inter-
penetrating polymer networks (IPNs). The feed composition
of the IPN system was varied from 0 to 50 wt% of PTMEG
and the polymerization products were denoted IPN(wt%
poly(NIPAAm)/wt% PTMEG), such as IPN(50/50). The de-
tailed synthetic conditions and feed compositions were de-
scribed in the previous paper (16). The synthesized mem-
branes (about 1-mm thickness) were cut into disks with a
cork borer (12-mm diameter). Unreacted compounds and
solvents were extracted by soaking the disks in water/
methanol (50/50, v/v%) for 1 week.

Drug Loading

Dried IPN disks were equilibrated with a saturated so-
lution of indomethacin (a model drug) in a t-
butanol/ethanol/water (60/20/20, v/v/v%) mixture for 3 days.
The swollen gels were vacuum dried by gradually increasing
the temperature from —23 to 23°C for 6 hr and keeping them
at 23°C for more than 1 week to evaporate the residual t-
butanol. The dried, yellow-colored disks had dimensions of
10 to 11 mm in diameter and 1.0 to 1.1 mm in thickness.

Drug Release

Indomethacin release experiments were conducted in
externally stirred, constant-temperature PBS solutions (pH
7.4, 1 liter) equipped with an external stirrer. The sample
was held in the release medium by using a sample holder.
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The concentration of released drug was monitored by taking
3-ml aliquots of the medium at specific time points, replacing
the solution with fresh PBS, and determining the drug con-
centration at 265.9 nm on a UV spectrophotometer (Perkin
Elmer Lambda 7). The release experiments were also con-
ducted by fluctuating the water bath temperature between
two specified temperatures.

To study detailed on—-off release behavior, a monitoring
system for drug release rate using a flow cell was devised. In
this system, the monolith was kept in a flow cell held in a
water bath. The flow cell (volume, 4 ml) was consisted of a
polycarbonate chamber frame positioned between two sili-
cone rubber gaskets and pressure plates to provide a uniform
flow. The release medium was pumped from the bottom to
the top of the cell at a flow rate of 2.32 ml/min. The out-
stream was directly connected to a UV flow cell for contin-
uous measurement of drug concentration. The lag time of the
system was 1.4 min. This was determined by the time at
which a maximum peak of output function was reached after
injection of tracer (1 ml) for 10 sec into the bottom of the
flow cell. The lag time was counted from the starting point of
input injection.

RESULTS AND DISCUSSION

Indomethacin was loaded into polymer matrices by a
solvent sorption method. Problems associated with this
method, including drug migration onto the surface and poor
recovery to original shape after drying, were avoided using a
cold drying technique (17). Solvent formulations and low
temperatures (below —15°C) in the initial drying step, as
described under Experimental, resulted in device shape re-
covery and an absence of drug migration. These results may
be due to slow solvent evaporation, reduced drug solubility,
sol-like solvent properties by frozen water (high viscosity),
and low drug diffusivity at low temperatures. No noticeable
heterogeneities were found by visual observation of the final
dried disks, which appeared to be uniformly drug dispersed
monolithic devices. The loading content of indomethacin
was determined by the total amount of released indometha-
cin, as summarized in Table 1.

As discussed in paper I in this series (16), complete gel
deswelling of all the IPN copolymers was observed between
30 and 32°C. Thus, an attempt was made to simulate on—off
release of indomethacin by changing the external tempera-
ture of the drug/IPN system between 30 and 35°C. There
were, however, no significant differences in the indometha-
cin release rate at these two temperatures, regardless of the
IPN compositions, as seen in Fig. 1. IPN(95/5) and IPN(90/
10) showed negligible drug release at these temperatures. At
25°C, indomethacin release was greatly enhanced and frac-

Table I. Indomethacin Loading Content

Loading content (wt %)

Matrices n=4
IPN(95/5) 24.0 = 0.3
IPN(90/10) 26.0 = 0.5
IPN(75/25) 21.6 £ 0.5
IPN(50/50) 11.2 = 0.2
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Fig. 1. Fractional release of indomethacin as a function of time from
IPN matrices at 30/35°C: open triangles, IPN(50/50); filled squares,
IPN(75/25); filled triangles, IPN(90/10); open circles, IPN(95/5).

tional release rate was not affected much by gel composition
and loading content (Fig. 2). The fractional release rate of
indomethacin at higher temperatures increased as PTMEG
content increased. This, along with the evidence of phase
separation and the swelling characteristics of the homopoly-
mers, given in paper I (16), indicates that indomethacin per-
meability in the poly(NIPAAm) phase of the IPN is negligi-
ble at 30 and 35°C when compared with 25°C. On the other
hand, the PTMEG phase had a higher permeability, even
though this phase is not swollen, resulting in enhanced re-
lease rates with an increased PTMEG content. In the cases
of TPN(95/5) and IPN(90/10), the PTMEG phase may be a
completely isolated ‘“‘island’’ in a poly(NIPAAm) phase
““sea’” resulting in negligible release rate.

After release experiments were conducted at higher
temperatures (30 and 35°C), the temperature was fluctuated
between 25 and 35°C or between 25 and 30°C. The total
amounts of indomethacin released during high- and low-
temperature periods in each temperature cycle are summa-
rized in Table II. The on—off release of indomethacin was
obtained from matrices of IPN(95/5) and IPN(90/10). IPN(75/
25) and IPN(50/50) showed high release rates in the high-
temperature period during the first cycle, but the release
rates in high-temperature periods during subsequent cycles
were remarkably reduced. The release profiles of indo-
methacin from IPN(90/10) at 25°C during each temperature
cycle are illustrated as an example in Fig. 3. There are lag
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Fig. 2. Fractional release of indomethacin as a function of time from

IPN matrices at 25°C: open circles, IPN(95/5); filled triangles,
IPN(90/10); filled squares, IPN(75/25); open triangles, IPN(50/50).
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Table II. Total Released Amount of Indomethacin from Poly(NIPAAm)/PTMEG IPNs in Each Temperature Cycle

High-temperature period

Low-temperature period

Period Temp. Amount Period Temp. Amount

Sample (hr) (WO (mg) (hr) O (mg)
Ist cycle

IPN(95/5) 48 30/35 1.5 7 25 13.6

IPN(90/10) 48 30/35 1.6 7 25 12.8

IPN(75/25) 48 30/35 7.4 7 25 39
2nd cycle

IPN(95/5) 17 35 0 7 25 5.5

IPN(90/10) 17 35 0 7 25 7.3

IPN(75/25) 17 35 1.0 7 25 2.6
3rd cycle

IPN(95/5) 20 30 0 9 25 5.7

IPN(90/10) 20 30 0 9 25 6.0

IPN(75/25) 20 30 0.3 9 25 2.4
4th cycle

IPN(95/5) 15.5 30 1.2 10.5 25 49

IPN(90/10) 15.5 30 0.9 10.5 25 6.0

IPN(75/25) 15.5 30 0.7 10.5 25 2.4

times in the third and fourth cycle, which may be caused by
depletion of indomethacin in the outer region of the mono-
lithic device.

As mentioned before, the on—off switching temperature
was not consistent with the gel collapse temperature ob-
served during swelling studies. A study was performed to
estimate on—off temperature of a real device, as well as the
influence of drug release near the on—off temperature. With
an IPN(90/10) device, the short-term drug release profile was
obtained at several fixed temperatures to approach the tem-
perature inducing on—off drug release. Here, after keeping
the initially dried device in buffer solution at 30°C for 4 hr,
the temperature was decreased stepwise. The accuracy of
the thermostat was 0.1° and the temperature was readable up
to 0.01°. After keeping the device at a given temperature for
20 min, the release profile for 1 hr was obtained by contin-
uous monitoring of the drug concentration in 1 liter of release
medium. The bath temperature was readjusted to the next
lower temperature and the indomethacin release for 1 hr was
monitored after 20 min. These procedures were repeated at
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Fig. 3. Indomethacin release profile from IPN(90/10) at 25°C in each

cycle: open circles, first cycle; filled triangles, second cycle; filled
squares, third cycle; open triangles, fourth cycle.

o

each temperature and relative initial slopes (slope at 25°C =
1) were plotted as a function of temperature, as shown in
Fig. 4. As can be seen, no release was detected above
28.9°C. At 28.7°C, a low indomethacin release rate was de-
tected and there was a sudden increase in release rate at
28.6°C. Below this temperature, the initial slope increased
gradually with decreasing temperature. These slopes were
obtained within the release of 20% of loaded drug in the same
device. This result suggests that the on—off release occurs at
a temperature between 28 and 29°C. The on—off release of
indomethacin from IPN(90/10) matrix occurred a few de-
grees below the gel shrinking temperature of the unloaded
matrix. This is probably caused by the interaction of the
polymer matrix with indomethacin, which could alter
NIPAAm chain properties, such as hydrophobicity of the
polymer chain. A detailed study of solute effects on the
lower critical solution temperatures of water-soluble poly-
mer was reported by Taylor and Cerankowski (18).

There were difficulties in detecting the detailed behavior
of indomethacin release in the transition state during tem-
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Fig. 4. Relative initial slope vs temperature. The relative initial
slopes were obtained from indomethacin release for 1 hr from
IPN(90/10) after keeping the device for 20 min at each temperature.
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Table III. Temperatures and Time Period for Short-Term On-Off
Release of Indomethacin from IPN(90/10)

Temp Period

0 (hr)
On 30 2 Cycle 1
Off 25 4
On 30 7.66 Cycle 2
Off 25 4

37 36
On ;(5) ; Cycle 3
Off
On ;(5) i Cycle 4
Off
On ;(5) i Cycle 5
Off
On 35 5 Cycle 6

25 1.5

perature changes by monitoring the cumulative released
amount of indomethacin, namely, dilution effects and errors
in detecting a small amount of indomethacin released for a
short transition period of on—off process in a total of 1 liter of
release medium. Thus, release rates were directly measured
in a flow system, especially at the transition state for on—off
release. The applied temperature, period, and cycle number
are summarized in Table III. The temperature cycles (high
—> low — high temperature) were repeated in relatively short
times as a comparison with previous experiments. In addi-
tion, changes from one temperature to another were com-
pleted within 3 min during each cycle. The off process during
release is demonstrated in Fig. 5 with indicated cycle num-
bers and temperature changes. When the temperature was
increased from 25 to 30°C, there were sharp double peaks
within 20 min and a diminished concentration profile within
1 hr. Figure 5 suggests that the off process at 30°C, for the
IPN(90/10) matrix, involves a “‘burst’” of drug release. Dis-
solved drug existing in the outer layer of the device may be
expelled quickly, followed by shrinking of the outer mem-
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Fig. 5. Indomethacin release rates from IPN(90/10) in the off pro-
cess. The figures indicate cycle number (e.g., 4 = four cycle). The
duration of the on step in each cycle was about 4 hr. The arrows
indicate the time point at which the temperature was changed.
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Fig. 6. Indomethacin release rates from IPN(90/10) in the on pro-
cess. The arrows indicate the time point at which the temperature
was changed.

brane and blocking of drug release by a rigid surface layer.
At 35°C, the burst effect was significantly reduced with a
shorter lag time.

The significance of the double peaks in the off process is
not clear at this time. However, higher temperatures may
more effectively block the drug release, with a reduced burst
effect and shorter lag time. The on process was also affected
by the applied temperature in the previous off process as
seen in Fig. 6. When indomethacin release was not initiated
at 25°C by decreasing the temperature from 30°C, the initial
release rate decreased and the lag time increased in subse-
quent cycles. This may be caused from the gradual depletion
of drug from the outer layer after each cycle and consistent
with our previous results (Fig. 3). But the on process from
35°C showed a short lag time and an enhanced initial release
rate, which may result from the rapid blocking effect during
the previous off process.

REFERENCES

1. S. W. Kim, R. V. Petersen, and J. Feijen. Polymeric drug de-
livery systems. In J. Ariens (ed.), Drug Design, Vol. X, Aca-
demic Press, New York, 1980, pp. 193-250.

2. J. Heller. Chemically self-regulated drug delivery systems. J.
Control. Rel. 8:111-125 (1988).

3. S. Hirotsu, Y. Hirokawa, and T. Tanaka. Volume-phase tran-
sitions of ionized N-isopropylacrylamide gels. J. Chem. Phys.
87:1392-1359 (1987).

4. Y. Hirose, T. Amiya, Y. Hirokawa, and T. Tanaka. Phase tran-
sition of submicron gel beads. Macromol. 20:1342-1344 (1987).

5. S. Hirotsu. Critical points of the volume phase transition in
N-isopropylacrylamide gels. J. Chem. Phys. 88:427—431 (1988).

6. E. S. Matsuo and T. Tanaka. Kinetics of discontinuous volume-
phase transition of gels. J. Chem. Phys. 89:1695-1703 (1988).

7. R. E. S. Freitas and E. L. Cussler. Temperature sensitive gels
as extraction solvents. Chem. Eng. Sci. 42:97-103 (1987).

8. A. S. Hoffman, A. Afrassiabi, and L. C. Dong. Thermally re-
versible hydrogels. II. Delivery and selective removal of sub-
stances from aqueous solutions. J. Control. Rel. 4:213-222
(1986).

9. Y. H. Bae, T. Okano, and S. W. Kim. Thermo-sensitive poly-



628

mers as on—off switches for drug release. Makromol. Chem.
Rapid Commun. 8:481-485 (1987).

10. T. G. Park and A. S. Hoffman. Effect of temperature cycling on
the activity and productivity of immobilized galactosidase in a
thermally reversible hydrogel beads reactor. Appl. Biochem.
Biotech. 19:1-9 (1988).

11. C. A. Cole, S. M. Schreiner, J. H. Priest, N. Monji, and A. S.
Hoffman. N-Isopropylacrylamide and N-acryloxysuccinimide
copolymer. A thermally reversible, water soluble, activated
polymer for protein conjugation. ACS Symp. Ser. 350:245-254
(1987).

12. Y. Okahata, H. Noguchi, and T. Seki. Thermoselective perme-
ation from a polymer-grafted capsule membrane. Macromol.
19:493494 (1986).

13. Y. Okahata, H. Lim, G. Nakamura, and S. Hachiya. A large
nylon capsule coated with a synthetic bilayer membranes. Per-
meability control of NaCl by phase transition of the dialkylam-
monium bilayer coating. J. Am. Chem. Soc. 104:4855-4859
(1983).

14

18.

Bae, Okano, and Kim

. D. A. Tirrel. Macromolecular switches for bilayer membranes.
J. Control. Rel. 6:15-21 (1987).

. S. Shinkai, S. Nakamura, K. Ohara, S. Tachiki, O. Manabe,
and T. Kajiyama. ‘‘Complete’’ thermocontrol of ion permeation
through ternary composite membranes composed of polymer/
liquid/crystal/amphiphilic crown ehter. Macromol. 20:21-28
(1987).

. Y. H. Bae, T. Okano, and S. W. Kim. ‘‘On-off’’ thermocontrol
of solute transport. I. Temperature dependence of swelling of
N-isopropylacrylamide networks modified with hydrophobic
components in water. Pharm. Res. 8:531-537 (1991).

. W. D. Rhine, D. S. T. Hsieh, and R. Langer. Polymers for sus-

tained macromolecule release: Procedures to fabricate repro-

ducible delivery systems and controlled release kinetics. J.

Pharm. Sci. 69:265-270 (1980).

L. D. Taylor and L. D. Cerankowski. Preparation of films ex-

hibiting a balanced temperature dependence to permeation by

aqueous solution—A study of lower consolute behavior. J.

Polym. Sci. Polym. Chem. Ed. 13:2511-2570 (1975).



