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Early studies on the drug delivery system
(DDS) focused on the development of sustained
release dosage forms to achieve longer lasting
drug effects. Zero-order release kinetics have
been attempted by changing device geometry,
using controlling membranes, utilizing osmotic
pressure, and/or using biodegradable materials.
Recent advances in recombinant DNA technology
and biotechnology produced many biologically
active therapeutic peptides, polypeptides, and
proteins. For these macromolecular therapeutic
agents, new types of DDS are needed to deliver
them to the target site and release them when
required.

In very recent years, stimuli-sensitive(respon-
sive) polymers and hydrogels which change their
swelling in response to changing environmental
variables, such as pH (1,2), temperature (3-5), io-
nic strength (6), electric field (7,8), magnetic field
(9), light (10), ultrasound (11), or chemicals (12)
have been studied. They have been investigated
for application such as DDS, enzyme and cell
immobilization, solute separation, immunodiag-
nostic assays, and purification and partitioning in
biotechnology (13-17). For example, hydrogels
have been investigated for insulin releasing sy-
stem in response to change in glucose level in the
surrounding media (18). Electric current and
ultrasound triggered release of drugs from hyd-
rogels appears promising for the transdermal sy-
stemic or local delivery (19). Stimuli-induced drug
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delivery from hydrogels is mainly based on the
changing permeability of hydrogels with swelling
changes. Other mechanisms like reversible skin
formation or gel squeezing have been also pro-
posed (20,21). Of all responsive hydrogels and
polymers, most attention has been focused on
pH-and temperature-responsive gels. Tempera-
ture and pH offer the greatest possibilities for
controlled drug delivery and biomedical applica-
tions.

The response function of stimuli-responsive
hydrogels is based on the phenomenon that gels
can undergo phase transitions as a result of cha-
nging external conditions. There exist two types
of temperature responsive hydrogels. One type is
a positive thermosensitivity that shows an inc-
reasing swelling with increasing temperature and
the other one is a negative thermosensitivity that
shows a decreasing swelling with increasing te-
mperature. Negative thermosensitivity is obse-
rved with hydrogels having a lower critical so-
lution temperature(LCST) in aqueous solutions.
These polymers are soluble in water at low te-
mperatures but collapse and phase separate from
solution above LCST. Similarly, pH-sensitive po-
lymers synthesized with either acidic or basic
components demonstrate reversible swelling/de-
swelling in acidic or basic media.

For a successful polypeptide drug delivery sy-
stem, an appropriate polymeric carrier should be
designed to match the particular delivery appli-
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cation needed for the drug. Problems associated
with oral polypeptide drug delivery include poor
absorption across the gastrointestinal mucosa,
protection against enzymatic degradation, and
protection from the acidic environment of the
stomach. To improve the absorption of biologically
active polypeptide drugs through mucosal mem-
branes, utilization of formulation adjuvants, such
as enzyme inhibitors, permeation enhancers and
drug stabilizers have been reported (22). In ad-
dition, the role of polymeric drug carriers for oral
delivery are noted to protect the peptide from
enzymatic degradation and to provide controlled
release of an incoporated formulation.
Stimuli-responsive polymeric drug delivery,
especially using temperature responsive and pH
responsive hydrogels, can be applied to enhance
drug loading and provide protection for oral po-
lypeptide delivery. These two properties can be
combined by synthesizing crosslinked pH/tem-
pefature responsive hydrogels (23). This system
will allow polypeptide or macromolecular drug
loading at low temperature (high swelling). Once
the system is dried, acidic pH of the stomach
prevents the hydrogel from swelling (no drug
release). When the device reaches the neutral
pH of the intestine, polymer swelling will allow
drug release. The main drawback in using cros-
slinked hydrogels is the drug loading process.
Typically, drug loading into crosslinked hydrogels
has been performed by a solvent sorption tech-
nique. This procedure often requires an organic
solvent or water-solvent mixture to facilitate drug
solublity and enhance polymer swelling. Howe-
ver, polypeptide drugs are usually insoluble in
organic solvents and may lead to the denaturation.
Overall, the solvent sorption technique for large
molecule loading is considered as a time-consu-
ming and an inefficient process hampered by pa-
ssive diffusion, low loading due to the limited
partitioning, drying problems, and drug waste.
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In contrast to crosslinked hydrogels, this re-
search utilized linear pH/temperature sensitive
polymers for a novel approach to aqueous phase
loading of polypeptide or protein drugs into a
polymer matrix and to provide controlled release
of the drugs in response to pH. The solubilities
of these linear polymers are dependent on pH and
temperature in aqueous solutions. Specifically, the
polymer is soluble below its LCST and precipitate
above its LCST, and the LCST is also a function
of pH. To achieve a specific pH/temperature re-
sponsive swelling/solubility, it is necessary to in-
corporate a third component, a hydrophobic mo-
nomer, to adjust the LCST and optimize polymer
swelling and drug release. The utility of these
pH/temperature responsive terpolymers for po-
lypeptide drug loading and release was examined
by varying physical parameters for drug loading
and the pH of the release media. In addition, the
bioactivity and conformational change of a model
polypeptide, insulin released from these stimuli-
responsive hydrogels were assessed. Also, in this
study, the effects of various classes of enhan-
cers/stabilizers on gastrointestinal insulin absor-
ption in normal rats were ihvestigated for the
purpose of developing oral insulin delivery sys-
tem with pH/temperature responsive polymeric
carriers.

Synthesis and Characterization of pH/

Temperature Responsive Polymers

Linear terpolymers composed of N-isopropy-
lacrylamide(NiPAAm) as a temperature compo-
nent, butylmethacrylate(BMA) as a hydrophobic
component, and acrylic acid(AA) as a pH compo-
nent with varying feed ratio(NiPAAm/BMA/AA
mole ratio=90/10/0, 89/10/1, 88/10/2, 87/10/3,
86/10/4, or 85/10/5) were synthesized by the free
radical polymerization using 2, 2’-azobisisobuty-
ronitrile(AIBN) as a free radical initiator.

The weight average molecular weights of the
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Table I-Lower Critical Solution Temperatures(LCST)* of
the pH/temperature Sensitive Polymers

Polymer(NiPAAm/BMA/AA) oH 7.I;CST( Cp)H 20
90/10/0 13 14
89/10/1 15 14
88/10/2 16 14
87/10/3 20 14
85/10/5 31 14

*determined by turbidity at 450 nm

synthesized polymers determined by gel per-
meation chromatography were ranged from 48,
000 to 75,000, with polydispersities of around 2.5.

The LCSTs of each polymer solution at two
pHs(2 and 74) were determined by turbidity
measurement and the results are summarized in
Table 1. At pH 2, the LCSTs were constant at
around 14C, which was independent of the po-
lymer composition. However, at neutral pH, the
LCST increased with an increasing AA content.
With 5 mole % of AA, the polymer showed a LCST
about 31C at pH 7.4, which is close to that of
NiPAAm homopolymer.

Bead Fabrication With pH/Temperature
Responsive Polymer

As shown in Figure 1, aqueous polymer solu-
tions(5 or 10% w/v, pH 2.0, 4C) containing insulin,
polymer, and additives were dropped into mineral
oil kept at a temperature above the LCST of the
polymer solution using a syringe with a blunt-
ended needle. The oil was covered with a layer
of decane to reduce surface tension and to aid
penetration of the solution drop at the air/oil in-
terface. The formed beads were immediately fi-
Itered and washed with hexane to remove the
residual oil on the bead surface, and then dried
In a rotary evaporator with aspiration at room

temperature.

Macromolecule Loading and Release

10 w/v% polymer solution
at4°C

decane layer

thermostatted
o oil bath (30°C)

]_Q Q_[ filtration and washing

l aspiration

rotary evaporation

Figure 1- Bead fabrication procedure.

Model solutes used were insulin, albumin, and
FITC-dextran of various molecular weights. The
loading efficiencies measured under various co-
nditions are summarized in Table II. The solute
loading efficiencies were not significantly changed
within the tested polymer and drug concentrta-
tions. The critical factors for high loading were
found to be the ionic strength of aqueous solution
and the bath temperature. Low molecular weight
dextran(MW =4,400) showed almost 100% loa-
ding efficiency, while the loading efficiency dec-
reased as increasing molecular weight of dextran.
The loading efficiency of insulin increased as the
ionic strength increased, reaching a maximum
loading(about 90%) at the ionic strength of 0.25
and 30.

Insulin release patterns at neutal pH and 37C,
and at varying pH and 37C were demonstrated
in Figure 2. The insulin release in the media
(isotonic phosphate-buffered solution) at pH 74
and 37C was influenced by the content of acrylic
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acid(AA) (Figure 2a). Without AA, less than 10%
of the total insulin was released after 12 hours.

Table I1-Solute Loading Efficiencies of pH/temperature

sensitive Polymer* Beads

Ionic Bath Polymer Solute(0.5 Loading ef-
strength temp(C) conc(% w/v) ~10% w/v) ficiency(%)
Insulin 18+4
Albumin 17+5
005 40 5 FITC-Dex- 90 +5
tran 44 K
FITC-Dex-
22+t4
tran 94 K
FITC-Dex- 9+3
tran 356 K
Insulin 50+9
Albumin 55+7
005 30 5~10 FITC-Dex- 97 £5
tran 44 K
FITC-Dex-
+5
tran 94 K *
FITC-Dex-
+4
tran 356 K %
Insulin 898
025 30 10 Albumin 85 +4
FITC-Dex-
tran 356 K

*AA: 0~5 mole %

1004 2

%-Release of Insulin

0 L) T T 1
0 2 4 6 8 10 12
Time (hr)

This release rate was slightly increased when 3
mole % of AA was incorporated to the polymers,
while 5 mole % of AA dramatically enhanced the
release rate, resulting in most of insulin being
released within 8 hr. These results were corre-
lated to the effect of AA on the LCST of copo-
similar to that at constant pH 7.4 without changing
pH of the release media.

Stability and Bioactivity of Insulin

The bioactivities of insulin released from the
polymer beads in vitro and the recovered insulin
were studied by measuring blood glucose level
depression in male Sprague-Dawley rats. As pre-
sented in Figure 3, the blood glucose level dep-
ression activities of the released insulin at pH 7.4
and insulin recovered from the beads(5 mole %
AA) kept in rat stomach for 5 hours were almost
identical to the insulin standard solution. These
results suggest that the mild conditions used for
insulin loading into pH/temperature sensitive
polymer beads are adequate in terms of loading
efficiency and preservation of drug acitivity, and
this polymeric carrier is able to protect the loaded
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Figure 2—Effect of the acrylic acid(AA) content and pH on the release of insulin from the pH/temperature sensitive polymer
beads : (a) at a constant pH 7.4(isotonic PBS) and 37C(n=3, mean=s.d.) and (b) with varying pH 2 to 74.
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drug(especially polypeptide drug) from the acidic
condition of the stomach and gastric digestive
enzymes. These results were further supported
by CD spectra of insulin recovered from beads
which were kept in the rat stomach. Apparently,
there was no change in the conformation of the
recovered insulin compared to the standard in-
sulin.

Optimum Absbrption Enhancer
Formulationr

The effects of various classes of enhancers/
stabilizers on gastrointestinal insulin absorption
in normal rats were investigated for the purpose
of developing oral insulin delivery system with
pH/temperature sensitive polymeric carriers.
These compounds included steroidal surfactants
(bile salts and bile acid derivatives), alkyl sac-
charides, nonionic surfactants, cyclodextrins, and
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Figure 3—Blood glucose depression activity of insulin re-
leased from the pH/temperature sensitive polymer beads
in vitro (open squares) and insulin recovered from the
beads after keeping in rat stomach for 5 hours (closed
triangles) and standard insulin (closed circles) (17.5 pg/
m//Kg, normal rat, i.v., n=3, mean % s.d.).

mixtures of those.
lymers. The release rate was minimal at pH 2
regardless of the content of ionizable groups in
the tested polymers(Figure 2b). The release pro-
file at pH 7.4 following the release at pH 2.0 was
In vivo absorption study was performed in fa-
sted normal rats with bovine insulin containing
various amounts and types of enhancers instilled
with an implanted catheter through stomach into
duodenum. Among tested enhancers, steroidal
surfactants were found to be the most effective
in increasing insulin absorption. A more hydro-
phobic bile salt, sodium deoxycholate(NaDC) with
optimum concentrations of 0.5~ 1.0%w/v showed
large decreases in blood glucose level(Figure 4).
Less hydrophobic bile salts(sodium taurocholate,
sodium glycocholate, and sodium taurodeoxycho-
late) did not significantly enhance the intraduo-
denal(ID) insulin absorption at the same conce-
ntrations. The insulin solution containing NaDC
prepared by first dissolving insulin and adding
NaDC showed larger effects than that prepared
by first dissolving NaDC and adding insulin that
required 2 days at room temperature to become
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Figure 4— Effects of adding NaDC and insulin(1: NaDC-
insulin and 2: insulin-NaDC) on blood glocose depression
following ID administration of 150U/Kg insuling in normal
rats:
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Figure 5—Effect of CHAPS concentration on blood glucose
depression following ID administration of 150U/Kg insulin
in normal rats.

clear solutions. Coadministration of NaDC with
some Pluronics or dodecyl maltoside(DDM) re-
duced the enhancing potency of NaDC. Of the bile
acid derivatives studied, a zwitterionic compound,
CHAPS [3-(3-cholamidopropyl)-dimethylammo-
nio-1-propanesulfonate] was the most effective
enhancer at 2% concentration(Figure 5). Like
NaDC, CHAPS at concentrations higher and lower
than 2% was less effective. Among nonionic su-
rfactants, DDM was shown to be an effective
enhancer.

Acknowledgement

The author wishes to thank Dr. You Han Bae
for his helpful discussions and Dr. Sung Wan Kim
for his advice and financial support.

References

1) H. Bronsted and Kopecek, In Polyelectrolyte
Gels, RS. Harland and RK. Prud’homme
Eds., ACS, Washington D.C., (1992).

2) T. Tanaka, Phys. Rev. Lett. 45, 1636(1980).

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)

3) RES. Freitas and E.L. Cussler, Chem. Eng.
Sci. 42, 97(1987).

4) A.S. Hoffman, A. Afrassiabi, and L.C. Dong,
J. Controlled Release 4, 213(1986).

5) Y.H. Bae, T. Okano, and S.W. Kim, J. Polymer
Sci. Part B Polym. Phys. 28, 923(1990).

6) J. Ricka and T. Tanaka, Macromolecules 17,
2916(1984). '

7) S.R. Eisenberg and A.]J. Grodzinski, J. Membr.
Sci. 19, 173(1984).

8) 1.C. Kwon, Y.H. Bae, and SW. Kim, Nature
354, 291(1992).

9) D.S.T. Hsieh, R. Langer, and J. Folkman, Proc.
Nat. Acad. Sci. USA 78, 1863(1981).

10) K. Ishihara and I. Shinohara, J. Polym. Sci.,
Polym. Lett. 22, 515(1984).

11) J. Kost, KW. Leong, and R. Langer, Proceed.
10th Intern. Symp. Control. Rel. Bioact. Ma-
ter., CRS Inc., Lincolnshire, IL, USA, 1983.

12) K. Ishihara, M. Kobayashi, N. Ishimaru, and
1. Shinohara, Polymer J. 16, 625(1984).

13) H.G. Schild, Prog. Polym. Sci. 17, 163(1992).

14) Y.H. Bae, T. Okano, R. Hsu, and S.W. Kim,
Makromol. Chem., Rapid Commun. 8, 481
(1987). '

15) AS. Hoffman, J. Controlled Release 6, 297

- (1987).

16) H. Feil, Y.H. Bae, J. Feijen, and S.W. Kim, J.
Membrane Sci. 64, 283(1991).

17) A. Gustafsson, H. Wennerstrom, and F. Tje-
rneld, Fluid Phase Equilib. 29, 365(1986).

18) J. Kost, T.A. Horbett, B.D. Ratner, and M.
Singh, J. Biomed. Mater. Res. 19, 1117(1985).

19) LL. Miller, G.A. Smith, A.C. Chang, and Q.X.
Zhou, J. Controlled Release 6, 293(1987).

20) T. Okano, Y.H. Bae, and SW. Kim, In Mo-
dulated Controlled Release Systems, /. Kost
Ed, CRC Press, Boca Raton, Florida, 1990.

21) L.C. Dong and A.S. Hoffman, J. Controlled re-
lease 13, 21(1990).

22) LL. Wearley, Crit. Rev. Ther. Drug Carrier
Syst. 8, 331(1991).

23) L. Dong, Q. Yan, and A.S. Hoffman, /. Cont-
rolled Release 19, 171(1992).



