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Modern therapeutic system has often been criticized for the toxicity associated with the drugs.To
minimize this drawback, many researchers have focussed attention towards developing modu-
lated drug delivery systems capable of releasing therapeutic agents in response to physiological
requirements. Another class of modulated drug delivery systems are those in which pulsatile
release of drugs is triggered by external signals. The former is known as self-regulated or respon-
sive systems while the latter is known as externally regulated or pulsatile delivery systems. This
article briefly describes the fundamental principles of various types of pulsatile as well as re-
sponsive drug delivery systems. Recent developments in the field of pulsatile systems based on
external triggers such as electrical, ultrasound, magnetic and massages have been reported. This
article also traces recent research in the field of polymer based temperature-sensitive, pH-re-
sponsive, inflammation-responsive and glucose-and other saccharide-sensitive systems; enzyme-
based urea-responsive, glucose-responsive and morphine-triggered systems; systems based on
antibody interactions, and systems utilizing chelation.

The conventional manner of introducing drugs to pa-
tients is inefficient and often leads to toxic side effects. The
dramatic advances in controlled and targeted drug delivery
system over the past few decades have lead to enormous
expectations for treatment of number of complicated ailments
with minimum side effects. One class of such systems is
Modulated Drug Delivery Systems (MDDS), which gener-
ated a lot of excitement in pharmaceutical area. These sys-
tems are based on the principle of altering drug release pro-
cess by sensing physiological events. This approach helps
to deliver drug as per requirement i.e. it releases the drug in
response to the condition of the patient. This is in contrast
to constant-rate drug delivery systems, which aim at main-
taining drug concentration in therapeutic range over a de-
sired period.

MDDS are implanted or injected into the body and are
capable of releasing drugs in response to certain pre-se-
lected stimuli. Such systems can be broadly classified into
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two categories, (a) open-loop systems also known as pul-
satile or externally regulated, and (b) closed-loop or self-
regulated or responsive systems. In the externally regulated
devices external triggers such as magnetic, ultrasonic, ther-
mal, electric, electromagnetic irradiation and mechanical
stimulation are applied for delivery of drugs. In such sys-
tems, the drug is generally released in a burst (pulse) on
the application of the external trigger and hence they are
also referred to as pulsatile systems. On the other hand, the
self-regulated devices utilize feedback information to con-
trol the release rate. The self-regulated systems utilize sev-
eral approaches as rate cortro! mechanism: pH-sensitive
polymers, enzyme-substrate reaction, pH-sensitive drug
solubility and competitive binding antibody interactions.

EXTERNALLY REGULATED OR PULSATILE DRUG DELIV-
ERY SYSTEMS ’
Ultrasonically modulated systems:

Ultrasonication has been employed to modulate re-
peated release of drug from ultrasonic controlled polymeric
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devices. Both bioerodible and nonbicerodible polymers have
been used as drug carrier matrices'. Miyazaki et al.? reported
the effect of ultrasound (1 MHz) on the release of insulin
from ethylene-vinyl alcohol copolymers when employed in
matrices and reservoir type drug delivery systems. A sharp
drop in blood glucose levels was observed after irradiation,
indicating a rapid release of insulin in implanted sites. The
latter has been attributed to increased temperature in deliv-
ery system due to ultrasound facilitated diffusion.

Over the years many researchers have worked on
phonophoresis?, which involves placing a topical prepara-
tion over the affected part of the skin and massaging the
area with an ultrasound probe. The possible application of
ultrasound in transdermal drug delivery system (TDDS) was
studied by Kost et al3* and Leavy et al.® The characteristic
lag time associated with TDDS was nearly eliminated by em-
ploying ultrasonication. Merely 3 to 5 min of ultrasound irra-
diation (1.5 W/cm? continuous wave or 3.0 W/cm? pulsed
wave) was enough to increase transdermal permeation of
insulin and mannitol in rats by 5-20 fold within 1-2 h. Miyazaki
et al® and Bommannan? studied permeation of indometha-
cin and lanthanum nitrate, respectively in rats employing ul-
trasound. Application of low frequency ultrasound waves to
enhance transdermal transport of lidocaine and insulin
across hairless mice skin has been reported®'?, En-
hancement in the transport of various low molecular weight
drugs (salicylic acid and corticosterone) as well as high
molecular weight proteins (insulin and erythropoeitin) across
the human skin in vitro and in vivo, utilizing a similar tech-
nique of low frequency ultrasound, was reported by Mitragotri
et al.'''2 Mitragotri et al.”? also evaluated the role played by
various ultrasound related phenomena including cavitation,
thermal effects, generation of convective velocities and
mechanical effects. Lavon and Kost' studied the mass trans-
port enhancement by ultrasound in non-erodible polymeric
controlled release systems. it was found that drug release
rates from polymeric matrices exposed to ultrasound can
be controlled by modifying various parameters like ultra-
sound frequency, molecular weight of incorporated drug and
structure of the polymeric matrix (size of pores in network).
The effect of continuous wave and pulsed 20 kHz ultrasound
on the doxorubicin uptake by HL-60 cells from the phos-
phate buffered saline solution and pluronic micellar solu-
tions were studied by Marin et al.'®* The main factor that ef-
fected the drug uptake was ultrasound power density.

Electrically regulated systems:

Electrically regulated systems utilize action of an elec-
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tric field on a rate limiting membrane or directly on the sol-
ute or both to control the drug release. Grimshaw et al.'s
reported four different mechanisms for the transport of pro-
teins and neutral solutes across hydrogel membranes:

(1) Electrically-and chemically-induced swelling of mem-
brane to alter the effective pore size and permeability,

(2) Electro-phoretic augmentation of solute flux within a
membrane,

(3) Electro-osmotic augmentation of solute flux within a
membrane and

(4) Electrostatic partitioning of charged solutes into
charged membranes.

Electrically-controlled membrane permeability has also
been studied''® for application in the field of electrically-
controlled or enhanced transdermal drug delivery (e.g. ion-
tophoresis and electroporation). The effect of electric cur-
rent on positively charged solute (edrophonium chloride)
from crosslinked poly(2-acrylamido-2-methyl propane sul-
fonic acid-co-n-butylmethacrylate) was studied by Kwon et
al.'®* The mechanism was explained as fast release of the
charged solute from hydroge! following an ion exchange
between positive solute and hydroxonium ion. Hsu and
Block?® reported use of anionic gels as vehicles for electri-
cally modulated drug delivery. Agarose and combination of
agarose with anionic polymer (PAA, xanthum gum) were
evaluated and it was concluded that carbomer (polyacrylic
acid) in conjugation with agarose enables the formulator to
achieve zero order release with electrical application.

A drug delivery device consisting of a polymer reser-
voir with a pair of electrodes placed across the rate limiting
membrane was proposed by D'Emanuele et a/.®' The drug
release rate was modulated by altering the magnitude of
electric field. The same authors?? reported that parameters
such as buffer ionic strength, drug reservoir concentration
and electrode polarity have significant effect over drug per-
meability. Labhasetwar et al.?® proposed similar approach
for cardiac drug delivery modulation. The authors studied a
cardiac drug implant in dogs, which was amenable to elec-
tric current modulation. Cation exchange membrane was
used as an electrically sensitive rate-limiting barrier.

Nakhare et al.?* studied the iontophoretic drug delivery
of a non-steroidal antiinflammatory drug {diclofenac sodium)
across cellophane membrane, employing a four probe elec-
trode system. The effect of various parameters like on/off
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ratio, frequency, applied voltage and pH of the drug solution
on the iontophoretic transport of diclofenac sodium was stud-
ied. Langkjaer et al.?® have studied the influence of associa-
tion state and net charge of human insulin analogues on the
rate of iontophoretic transport across the hairless mouse
skin and the effect of different skin pretreatments on said
transport. No flux was cbserved with anodal delivery prob-
ably because of degradation at the Ag/AgCI anode. Wiping
the skin gently with absolute alcohol prior to iontophoresis
resulted in a 1000 fold increase in transdermal transport of
insulin relative to that across untreated skin. The alcohol
pretreatment reduced the electrical resistance of the skin,
presumably by lipid extraction. Enhanced transdermal de-
livery of AZT (zidovudine)) using iontophoresis and penetra-
tion enhancer across hairless mouse skin was studied by
Oh et al.?® The in vitro iontophoretic flux from AZT solution
increased to about 5-40 fold than that obtained by passive
diffusion, depending on the current density. Transdermal
delivery of drugs using iontophoresis with cation and anion
exchange fibres as controlled delivery vehicles was reported
by Jasaki et al.?” Complexation of charged model drugs with
ion exchange fibres was studied as a method to achieve
controlled transdermal delivery. Drug release from the cat-
ion exchange fibre into a physiological saline was found to
be dependent on the lipophilicity of the drug.

Sung et al.?® investigated the in vitro transport of
nelbuphine (NA) and its prodrugs across various skin in or-
der to assess the effects of prodrug lipophilicity on passive
as well as iontophoretic permeation. The passive diffusion
of NA and its prodrugs increased with the drug lipophilicity.
lontophoresis significantly increased the transport of NA and
its prodrugs. Rowland and Chilcott?® studied the
electrostability and electrically assisted delivery of an orga-
nophosphate pretreatment (physostigmine) across human
skin in vitro. This drug was selected as it prevents the deg-
radation of the electrodes. It was concluded that physostig-
mine did not penetrate the skin when electroporated at a
frequency of 0.1 Hz or 10 Hz, but significant amounts were
delivered at a frequency of 100 Hz. lontophoretic and
electroporative drug delivery of physostigmine sulphate was
found to be buffer dependent, which could be attributed to
combination of co-ion competition, mono/di cation ratio and
applied charge effect. Use of chitosan gels as a matrices for
electrically modulated drug delivery was studied by
Ramanathan and Block®. The cumulative gel mass loss in-
creased with increase in applied current. The release of the
model drug from the gel matrix in the descending order was
-benzoic acid, hydrocortisone and lidocaine, which is con-
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sistent with the electrokinetically competing forces that are
involved in these gels.

Magnetically modulated systems:

One way of fabricating magnetic modulated system is
based on the application of oscillating magnetic field, which
induces release of drug from elastic polymer containing drug
and magnetic beads. This in turn causes pulsatile release
of drug in the physiologic milieu, as and when required. It
has been demonstrated that insulin could be continuously
released by embedding ethylene-vinyl acetate co-polymer,
(EVAC)3'. This principle was also employed to design sub-
cutaneous implants of EVAC-insulin, which decreased glu-
cose levels of diabetic rats for 105 d®. In vivo studies® re-
vealed that, when polymeric beads were implanted in dia-
betic rats, glucose level could be repeatedly decreased on
demand by application of a oscillating magnetic field. This
type of systems are generally fabricated by adding 50% of
the drug polymer mixture to a glass mould that has been
chilled to -80° using dry ice. The magnetic beads are then
added followed by remaining drug polymer mixture3.

The factors that are critical in controlling the release
rates in these systems can be characterized by two main
groups (a) magnetic field characteristics, and (b) mechani-
cal properties of polymer matrix. The release of drug from
such a system depends on the amplitude of the magnetic
field. Saslavski et al.®® reported that magnetic field frequency
inversely affects the release of drug due to faster deple-
tions. As far as mechanical properties of the polymeric ma-
trix are concerned it has been reported®3” that release rate
is inversely proportional to modulus of elasticity of EVAC
polymer.

Photo-induced systems:

A photoresponsive polymer consists of photoreceptor,
usually a photochromic chromophore, and a functional part.
The optical signal is captured by the photochromic molecules
and then the isomerization of the chromophores in photore-
ceptor converts it to a chemical signal. Photo-induced phase
transition of gels was reported by Mamada et al.*® Copoly-
mer gels of N-isopropylacrylamide and a photosensitive
molecule, bis (4-dimethylamino)phenyl)(4-vinylphenyl)methy!
leucocyanide, showed a discontinuous volume-phase tran-
sition upon ultraviolet irradiation. Suzuki and Tanaka® re-
ported on phase transition in polymer gels induced by vis-
ible light, where the transition mechanism is due only to the
direct heating of the network polymer by light.
Photoresponsive degradation of heterogeneous hydrogels
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comprising cross-linked hyaluronic acid and lipid
microspheres for temporal drug delivery was reported by
Yui et al.*° The degradation of cross-linked hyaluronic acid
gels was induced by visible light and methylene blue was
used as photosensitizer.

The possibilty of active uptake and photo-induced re-
lease of the doxorubicin from liposomes incorporating a
photoisomerizable lipid was studied by Bisby et al*' The
isomerization on exposure to near-UV light results in change
in membrane permeability to solutes. The use of light to
stimulate the release of encapsulated compounds from li-
posomes has recently been reported by Bondurant et al.*?
PEG-liposome composed in part of the photosensitive lipid,
bis-SorbPC, was so prepared to effectively encapsulate
water soluble compounds, which could be released by in-
creasing the permeability upon exposure to ultraviolet light
in the presence of oxygen. The photoinitiated destabiliza-
tion of these PEG-liposomes is probably attributable to the
formation of defects in the bilayer during crosslinking of the
bis-SorbPC.

Massage-induced systems:

Trubetskoy et al4? have reported liposome-based ex-
ternally regulated drug delivery system, in which liposome-
encapsulated bioactive molecules can be delivered into the
blood in response to simple mechanical action. Subcutane-
ously injected 200 nm liposomes were trapped in the inter-
stitial space for prolonged time of which up to 40% could be
delivered to the blood via lymphatic pathway from the injec-
tion site by 5 min manual massage cycle. Modification of
liposome surface with polyethylene glycol was found to in-
crease blood localization of liposome-encapsulated drug
presumably due to decreasing the uptake of drug carrier by
lymph node macrophages.

SELF REGULATED OR RESPONSIVE SYSTEMS
Temperature-sensitive polymer-based systems:

Recently several groups* have studied responsive
drug delivery systems based on temperature-sensitive poly-
mers. Bioactive agents such as drugs, enzymes and anti-
bodies may be immobilized on or within the temperature
sensitive polymers. Temperature-sensitive polymers can be
classified into two groups based on the origin of the
thermosensitivity in aqueous media. The first is based on
polymer-water interactions especially specific hydrophobic/
hydrophillic balancing effects and the configuration of side
groups. Second group is based on polymer-polymer inter-
actions as well as polymer-water interaction. All
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thermosensitive polymers which are characterised by low
critical solution temperature (LCST), usually shrink as the
temperature is increased through LCST. Lowering the tem-
perature below LCST results in the swelling of the polymer.

Kurisawa et al® have synthesized a thermosensitive
copolymer and evaluated its in vitro gene transfection effi-
ciency at different incubation temperatures. Jeong et al.s?
have studied the drug release from biodegradable inject-
able thermosensitive hydrogel of PEG-PLGA-PEG triblock
copolymers with a specific composition as a free flowing sol
at room temperature that becomes a gel at body tempera-
ture.

A novel positively thermosensitive, controlled release
microcapsule with membrane of nano-sized poly(N-
isopropylacrylamide) gel dispersed in ethyl ceflulose matrix
were studied by Ichikawa and Fukumori®. Hinrichs et al.®* -
have used different thermosensitive polymers as carrier for
DNA delivery. In their studies they concluded that copoly-
mers of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and
N-isopropylacryl amide (NIPAA) having various monomer
ratios and molecular weights can be used as a carrier for
DNA delivery. The results of their studies showed that the
formation of stable copolymer/plasmid complexes with a size
of around 200 nm is a prerequisite for efficient transfection.
Transfection effeciency and cytotoxicity are directly propor-
tional to zeta potential.

Needham et al.% have developed a new thermosensitive
liposomal drug delivery system containing doxorubicin for
local control of solid tumor. The system was found to be sig-
nificantly more effective tha.: free drug or current formula-
tions. A positively charged thermosensitive drug release mi-
crocapsule (MC) was designed and prepared by Ichikawa
and Fukumori®®. The MC had a core layered with
carbazochrome sodium sulfonate particles and a
thermosensitive coat composed of an ethylcellulose matrix
containing nano-sized thermosensitive hydrogel. This MC
demonstrated a positive thermosensitive drug release; the
release rate was remarkably enhanced at temperature above
a lower gel collapse point of 32°, Sershen et al.*” have re-
ported photothermally modulated drug delivery of methyl-
ene blue by composites of thermally sensitive hydroge! and
optically active nanoparticles. Copolymers of N-
isopropylacrylamide (NIPAAm) and acrylamide exhibit a
LCST that is slightly above body temperature. When the tem-
perature of the copolymer exceeds the LCST, the hydrogel
collapses causing burst release of the drug. A temperature
change is achieved in response to light irradiation by incor-
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porating nanoparticles {gold-gold sulphide nanoshells) into
poly(NIPAAm-co-Aam) hydrogels that convert light into heat.
Recently, Shin et al.% have reported hybrid nanogel com-
posed of thermosensitive poly(N-isopropyacrylamide) gels
and tailored nonporous silica, in which temperature sensi-
tive shrinkage ot the polymer induces squeezing of the drug
into porous channels, from where it diffuses out slowly.

pH-responsive systems:

pH-sensitization constitute an interesting therapeutic
avenue, since certain pathological conditions (e.g. tumor)
and cellular compartments (e.g. endosomes) are associated
with a relatively acidic pH®®7°, Studies by several research
groups”'8 have been performed on polymers containing
weakly acidic or basic groups in polymeric backbone.
Change in the pH of the solution causes swelling or
deswelling of the polymer as the charge density of the poly-
mers depends on pH and ionic strength of the outer solu-
tion. Thus, the drug release from devices made from these
polymers will display release rates that are pH-dependent.
Polyacidic polymers will be unswolien at low pH because
the acidic groups will be protonated and hence unionized.
With increasing pH, polyacid polymers wili swell. The oppo-
site holds for polybasic polymers. Siegel et al.* found that
the swelling properties of the polybasic gels get influenced
by buffer composition (concentration and pKa). Giannos et
al.% proposed temporally controlled drug delivery systems
by coupling pH oscillators with membrane diffusion proper-
ties. By changing the pH of solution relative to pKa, a drug
may be rendered charged or uncharged. Because only the
uncharged form of drug can permeate across lipophilic mem-
branes, temporally modulated delivery profile may be ob-
tained with a pH oscillator in the donor solution.

Bioerodible hydrogels containing azoaromatic moieties
were synthesized by Ghandehari et al.*® Hydrogels with lower
cross-linking density underwent a surface erosion process
and degraded at a faster rate. Hydrogels with higher cross-
linking densities degraded at a slower rate by a process
where the degradation front moved inward to the centre of
the polymers.

Recently Petka®” used recombinant DNA methods to
create artificial proteins that undergo reversible gelation in
response o changes in pH and temperature. The protein
consists of terminal leucine zipper domains flanking a cen-
tral, flexible, water soluble polyelectrolyte segments.
Ganorkar et al.5” proposed modulating insulin-release pro-
file from pH responsive polymeric beads of acrylic acid and
butyl methacrylate of various molecular weights. Studies
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revealed that the low MW polymeric beads may be used for
immediate delivery of protein drugs in the duodenum, the
intermediate MW polymeric beads may be used for lower
small intestine targeting, while the high MW polymeric beads
may be used to target protein drugs predominantly to the
colon. Pillay and Fassihi® reported crosslinked pellets of
sodium alginate bearing diclofenac sodium for pH depen-
dent site specific delivery to gastro-intestinal tract. it is con-
cluded that the proper selection of rate-controlling polymers
and their interactive potential for crosslinking is important,
and will determine the overall size and shape of pellets, the
duration and pattern of dissolution profiles, pH sensitivity,
drug loading capacity and mechanism of drug release.
Taillefer et al.*® prepared and characterized pH responsive
polymeric micelles (PM) consisting of random copolymers
of N-isopropylacrylamide methacrylic acid and
octadecylacrylate. These PM were used for the delivery of
photosensitizing anticancer drug aluminium chloride phtha-
locyanine {Alctpc). PM loaded with Alclpc were found to ex-
hibit higher cytotoxicity against EMT-6 mouse mammary cells.
De Jaeghere et al.*® reported pH sensitive nanoparticles and
microparticles made of the poly(methacrylic acid-co-
ethylacrylate) copolymer Eudragit containing poorly water
soluble HIV-1 protease inhibitor (CGP 70726) for oral deliv-
ery. The results showed that bioavailabity of the drug has"
been improved by using this system. Risbud et al.*' devel-
oped a pH-sensitive chitosan/polyvinyl pyrrolidone (PVP)
based controlled drug release system for antibiotic delivery
(amoxicillin). Porous freeze dried hydrogels exhibited supe-
rior pH-dependent swelling properties over non-porous air
dried hydrogels. Hydrophobically modified copolymers of N-
isopropylacrylamide bearing a pH-sensitive moiety were in-
vestigated for the preparation of pH responsive liposomes
and polymeric micelles by Leroux et a/.% Release of both a
highly water soluble fluorescent contents marker, pyranine,
and an amphipathic cytotoxic anti-cancer drug, doxorubi-
cin, from copolymer-modified liposomes was found to be de-
pendent on pH, concentration of copolymer, the presence
of other polymers (such as polyethylene glycol) and the
method of preparation.

Inflammation-responsive systems:

Yui et al.*® proposed an inflammation-responsive drug
delivery system based on biodegradable hydrogels of
crosslinked hyaluronic acid. Hyaluronic acid is specifically
degraded by hydroxyl radicals which are produced by ph-
agocytic cells such as leukocytes and macrophages locally
at inflammatory sites. A biodegradable, inflammation-respon-
sive microsphere system for the intraarticular delivery of

Indian Journal of Pharmaceutical Sciences 519



therapeutic proteins was reported by Brown et al.®
Microspheres were synthesized by complex coacervation.
Radiolabeled protein release and microsphere degradation
were assessed by exposing the microspheres to human syn-
ovial fluids (SF) and recombinant gelatinase. Significant (up
to 100%) release of encapsulated protein occurred in SF
samples with measurable metalloprotease activity while re-
lease was minimal in SF with negligible activity.

Glucose and other saccharide-sensitive-polymer based
systems:

The preparation of glycosylated insulins, which are
complementary to the major combining site of carbohydrate

binding proteins such as concanavalin A (Con A) was first-

suggested by Brownlee and Cerami®, It was subsequently
found that the release rate of insulin was also dependent on
the binding affinity of the insulin derivative to Con A and
could be influenced by the choice of saccharide group in
glycosylated insulin®%3, By encapsulating the glycosylated
insulin-bound Con A with a suitable polymer that is perme-
able to both glucose and insulin, the glucose influx and in-
sulin efflux would be controlled by the encapsulated mem-
brane. Kokufata et al.'"® reported a gel system that swells
and shrinks in response to specific saccharides. The gel con-
sists of a covalently cross-linked polymer network of N-iso-
propy! acrylamide in which the lectin, Con A is immobilized.
When the saccharide dextran sulphate is added to the gel,
it swells to a volume up to 5 times greater. While replacing
dextran sulphate with non-ionic saccharide a-methyl-D-
mannopyronoside brings about collapse of gel back to al-
most its native volume.

Taylor et al.'% proposed a self-regulating insulin deliv-
ery device, responsive to glucose. The device comprises a
reservoir of insulin and a gel membrane that determines the
delivery rate of insulin. The gel consists of a synthetic
polysucrose, lectin and Con A, Obaind and Park'®17 L ee
and Park'®® also presented a similar approach of preparing
glucose-sensitive membrane based on the interaction be-
tween polymer bound glucose and Con A. Kitano'® proposed
a glucose-sensitive insulin release system based on a sol-
gel transition. Insulin was incorporated into a polymeric com-
plex, which on addition of glucose transforms from gel to sol
state, resulting in release of insulin from the polymeric com-
plex. Hisamitsu et al.''® modified the approach suggesting
glucose-responsive gel based on the complexation between
polymers having PBA groups and PVA. The introduction of
an amino group into PBA polymers caused increase in the
complexation ability and the glucose responsivity at physi-
ological pH.
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Urea-responsive delivery:

Heller and Trescony'"! were the first to attempt use of
immobilized enzymes to alter the local pH and thus cause
change in polymer erosion rates. This system is based on
the conversion of urea to NH,CO, and NH,OH by the action
of urease. In this case a polymer is required which is sub-
jected to erosion at high pH. Polymers like esterified methyl
vinyl ether and maleic anhydride which show pH dependent
erosion have also been suggested''2. The pH-sensitive poly-
mer containing dispersed hydrocortisone is surrounded with
urease immobilized in a hydroge! prepared by crosslinking
a mixture of urease and bovine serum albumin with
gluteraldehyde. When urea diffuses in to the hydrogel, its
interaction with the enzyme leads to a pH increase, there-
fore enhancing erosion of the pH sensitive polymer with
concomitant changes in the release of hydrocortisone.

Ishihara et al.''3"'% suggested a nonerodible system
comprised of a pH-sensitive membrane prepared by copo-
lymerizing 4-carboxyacrylanilide with methacrylate, sand-
wiched within a membrane containing urease immobilized
in free radically crosslinked N,N methylenebisacrylamide.
The permeation of a model substance (1,4-bis-(2-
hydroxyethoxy) benzene) varied with the urea concentra-
tion in the external solution.

Glucose-responsive insulin delivery:

These systems are based on pH-sensitive polymers
consisting immobilized glucose oxidase in a pH-responsive
hydrogel, enclosing a saturated solution of insulin''519, As
glucose diffuses in to the hydrogel, glucose oxidase cata-
lyzes its conversion to gluccnic acid, thereby lowering the
pH in the microenvironment of the hydrogel and causing
swelling. As insulin permeates the swelled hydrogel more
rapidly, faster delivery of insulin in the presence of glucose
is anticipated. With the decrease in glucose concentration
in response to the released insulin, the hydrogel should con-
tract and decrease the rate of insulin delivery.

Kost et al.'?®, Horbett and coworkers'2"'?? jimmobilized
glucose oxidase in a crosslinked hydrogel made from N,N
dimethylaminoethyl methacrylate (DMA), hydroxyethyl meth-
acrylate (HEMA) and tetraethylene glycol dimethacrylate
(TEGDMA). To obtain sufficient insulin permeability through
the gels, porous HEMA/DMA gels were prepared by poly?
merization under conditions that induce a separation into
two phases during polymerization; one phase rich in poly-
mer and the other rich in solvent plus unreacted monomer.
When gelation occurs after the phase separation, the area
where the solvent/monomer phase existed, become fixed in
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place as pores in the polymer matrix. The rate of insulin
permeation through the membranes was measured in the
absence of glucose in a standard {ransport cell. Thereafter
glucose was added to one side of the cell to a concentration
of 400 mg/di while the permeation measurement was con-
tinued. The results indicated that the insulin transport rate
is enhanced significantly by the addition of glucose. The
average permeability after addition of 400 mg/dl, glucose
was 2.4 to 5.5 times higher than before glucose was added.
A mathematical model describing these glucose responsive
hydrogel demonstrates two important parameters, (a) pro-
gressive response to glucose concentration over a range of
glucose concentration can be achieved only with a suffi-
ciently low glucose oxidase loading; otherwise depletion of
oxygen causes the system to become insensitive to glucose;
and (b) a significant pH decrease in the membrane, with
resultant swelling, can be achieved only if the amine con-
centration is sufficientl'y low, that pH changes are not pre-
vented by bufferring of the amines.

Ishihara et al.'?3126 reported insulin delivery by prepar-
ing polymers from 2-hydroxyethyl acrylate (HEA)-DMA and
4-trimehylsilystyrene (TMS) by radical polymerization of the
corresponding monomers in dimethylformamide. Poudal et
al.'?¥” reported similar approach of insulin delivery based on
hydrogels of poly (diethyl aminoethyl methacrylate-g-ethyl-
ene glycol) containing glucose oxidse and catalase. Iwata
and Matsuda'?, |wata'?® employed pretreated porous
poly{vinyledene fluoride) membranes containing glucose
oxidase by air plasma and subsequently acrylamide was
graft-polymerized on the treated surface. lto et al.'* used
porous cellulose membrane with surface grafted poly(acrylic
acid) as a pH sensitive membrane. This membrane became
responsive o glucose concentration when immobilized by
glucose oxidase. Siegel'*!, Siegel and Firestone'* proposed
an implantable “mechanochemical” pump that functions by
converting changes in biood glucose activity into a mechani-
cal force, generated by the swelling polymer that pumps in-
sulin out of device, Siege!'® reported self-regulating oscilla-
tory drug delivery based on a polymeric membrane whose
permeability to the substrate of an enzyme catalyzed reac-
tion is inhibited by the product of that reaction. This nega-
tive feedback system can, under certain conditions, lead to
oscillations in membrane permeability and in the levels of
substrate and product in the device.

Heller et al.'***% suggested a system in which insulin
is immobilized in a pH-sensitive bioerodible polymer pre-
pared from 3,9-bis (ethylidene 2,4,8,10-tetraoxaspirol-{5,5)-
undecane and N-methyldiethanolamine which is surrounded
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by a hydrogel containing immobilized glucose oxidase. The
diffusion of glucose causes the formation of gluconic acid.
This resultant lowering of pH triggers enhanced polymer
degradation and release of insulin from the polymer in pro-
portion to the concentration of glucose. Glucose-dependent
insulin release was proposed by Brown and coworkers'3s'37
based on the fact that insulin solubility is pH-dependent.
insulin was incorporated into poly(ethylene vinyl acetate)
copolymer (EVAc) matrices in solid form. Thus, the release
was governed by its dissolution and diffusion rates.

Morphine-triggered naltraxone delivery system:

Heller and coworkers!?®'43 have developed a naltraxone
drug delivery system that would be passive until drug re-
lease is initiated by the appearance of morphine external to
the device. Activation is based on the reversible inactivation
of enzymes achieved by the covalent attachment of hapten
close to the active site of the enzyme-hapten conjugate with
the hapten antibody.

Systems utilizing antibody interactions:

The utilization of hapten-antibody interaction to sup-
press enzymatic degradation and permeability of polymeric
reservoirs or matrix drug delivery system was first proposed
by Pitt'*. The delivery device consists of naltrexone con-
tained in a polymer reservoir or dispersed in a polymer ma-
trix configuration. The device is coated by covalently graft-
ing morphine to the surface. Exposure of the grafted sur-
face to antibodies to morphine results in coating of the sur-
face by the antibodies. The presence of the antibodies on
the surface or in the pores of the delivery device will block
or impede the permeability of naltrexone in a reservoir con-.
figuration or enzyme-catalyzed surface degradation and con-
comitant release of the drug from a matrix device.

Pitt'44.145 afso proposed hypothetical reversible antibody
system for controlied release of ethinyl estradiol (EE). EE
stimulates biosynthesis of sex-hormone-binding globulin
(SHBG). High serum levels of EE stimulate the production
of SHBG, which increases the concentration of SHBG bound
tc the polymer surface and reduces the EE release rate.
When the EE serum level falls, the SHBG level falls, as does,
binding of the SHBG to the polymer surface, producing an.
automatic increase in the EE release rate. '

Systems utilizing chelation:

In this system delivery of drugs is self-regulated by
chelation'. These include certain antibiotics and drugs for
the treatment of arthritis as well as chelators used for the
treatment of metal poisoning. The concept is based on the
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ability of metals to accelerate the hydrolysis of carboxylate 8.  Tachibana, K., Pharm. Res,, 1992, 9, 52.
or phosphate esters and amides by several orders of mag- 9. Tachibana, K. and Tachibana, S., Anesthesiology, 1993, 78,
nitude. Attachment of the chelator to a polymer chain by a 1091; .
. . . 10. Tachibana, K, and Tachibana, S., J. Pharm. Pharmacol., 1991,
covalent ester or amide link serves to prevent its premature 43, 270.
loss by excretion and reduces its toxicity. Hydrophilic 11.  Mitragotri, S., Blankschtein, D. and Langer, R., Pharm. Res.,
desterrioxamine (DFO) and the lipophilic salicylaldehyde 1996, 13, 411,
isonicotinoyl hydrazone (SIH) are iron chelators which in- 12, Mitragotri, S., Blankschtein, D. and Langer, R., Science, 1995,
hibit in vitro proliferation of Plasmodium falciparum with simi- 269, 850.
lar potency. The in vivo assessment of these drugs was 13. Mitragotri, S,, Edwards, D., Blankschtein, D. and Langer, R., J.
performed'*” on Swiss mice infected with Plasmodium vinckei Pharm. Scl, 1995, 84, 697.
petteriwith novel modes of drug administration and release. 14. Lav‘_)n‘ l.and Kc'>st, J., J. Control. Release, 1995, 54, 1.
. Lo . . 15. Marin, A., Muniruzzaman, M. and Rapoport, N., J. Control.
This study indicates that polymeric devices for slow drug Release, 2001, 71, 239.
release might be highly advantageous for both hydrophilic 16. Grimshaw, PE., Grodzinsky, A.J., Yarmush, M.L. and Yamush,
and lipophilic drugs whose antimalarial efficacy might de- D.M., Chem. Eng. Scl., 1989, 104, 827.
pend on the maintenance of sustained blood levels. 17. Prausnitz, M, Bose, R., Langer, R, and Weaver, J., Proc. Natl.
Acad. Sci. US.A,, 1993, 90,10504.
CONCLUSION 18. Rolf, D., Pharm. Technol., 1988, 12, 130.
Research in the field of MDDS or Intelligent Drug De- 1% :‘W"”- '1'5518379' T;go“a""' T.and Kim, S.W., J. Control. Re-
livery systems as they are sometimes referred to, has taken 20. :::e’c_ and’B1!0;3k, L.., Pharm. Res., 1996, 13, 1865.
a quantum leap over the last few decades. Need for devel- 21. D Emanuele, A. and Staniforth, J.N., Pharm. Res., 1991, 8,
opment of safe drug delivery systems particuiarly for treat- 913,
ing conditions such as cancer, diabetes, angina pectoris and 22. D Emanuele, A. and Staniforth, J.N., Pharm. Res., 1992, 9,
arthritis, which require prolonged drug interaction coupled 215.
with enabling technological advancements particularly in 23. Labhasetwar, V., Underwood, T., Schwendemann, S. and Levy,
polymer technology have lead to intensive research towards R., Proc. Natl. Acad. Sci. U.S.A., 1995, 92, 2612.
- 24. Nakhare, S., Jain, N.K. and Verma, H.V., Pharmazie, 1994,
development of MDDS. Presently, such systems are largely 49, 672,
in developmental stage and there is long way to go before 25. La;wgkiaer, L., Brange, J., Grodsky, G.M. and Guy, R.H., J. Con-
they can be put to practical applications. From this view- trol. Release, 1998, 51, 47.
point, portability shall be the single most important factor in 26. Oh, S, Jeong, S.Y,, Park, T.G. and Lee, JH., J. Control.
case of pulsatile drug delivery systems. In case of respon- Release, 1998, 51, 161.
sive systems, stability of the formulation and elimination of 27.  Jaskari, T, Vuorio, M., Kontturi, K., Urtti, A., Manzanares, J.A.
accidental release shall also be important from practical and Hirvonen, J., J. Control. Release, 2000, 67, 179.
applicability viewpoint. There is no doubt that this field will 28. gf’mf’ K.C.,Fang, J.Y., and A, O.Y,, J. Control. Release, 2000,
continue to attract attethion of researchers all over the world 29, Ro,wh::md, C.A. and Chilcott, R.P, J. Control. Release, 2000,
due to sheer potential it holds for the mankind. 68, 157.
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