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ABSTRACT

Recent advances in chronopharmacology and requirement of an appropriate technology to deliver the drug at specific time and site led to the development of novel type of drug
delivery systems as “chronotropic or Pulsatile drug delivery systems”. Rationale behind designing these drug delivery systems is to release the drug at desired time
(pathophysiological need of disease), which results into improved therapeutic efficacy and patient-compliance. These systems are meant for treatment of those diseases that are
caused due to circadian changes in body like asthma, peptic ulcer, cardiovascular diseases, arthritis and when zero order drug release is not desired. These drug delivery systems
are designed to release the drug within a short period of time, immediately after a predetermined lag time. The current article focuses on diseases requiring chronotropic systems
and their chronological behavior, various approaches like time controlled chronotropic systems, stimuli induced pulsatile drug delivery systems, externally regulated pulsatile
drug delivery systems to design them, recent technologies for chronotherapy and currently available marketed formulations.

KEY WORDS: Chronotherapy, circadian rhythm, pulsatile drug delivery system, time controlled chronotropic systems, stimuli induced pulsatile drug delivery systems,

externally regulated pulsatile drug delivery systems.

INTRODUCTION

By definition, colonic delivery refers to targeted delivery of drugs
into the lower GI tract, which occurs primarily in the large intestine
(i.e. colon). The site-specific delivery of drugs to lower parts of the
GI tract is advantageous for localized treatment of several colonic
diseases, mainly inflammatory bowel diseases (Crohn’s disease and
ulcerative colitis), irritable bowel syndrome, and colon cancer'
*Other potential applications of colonic delivery include
chronotherapy’ and treatment of nicotine addiction®.

Formulations for colonic delivery are also suitable for delivery of
drugs which are polar and/ or susceptible to chemical and enzymatic
degradation in the upper GI tract, in particular, therapeutic proteins
and peptides’”. Proteins and peptides such as insulin, calcitonin and
vasopressin may be delivered systemically via colonic absorption.
Other examples include novel peptides such as cytokine inhibitors
and antibiotics (e.g., nisin), which are useful in the treatment

of inflammatory bowel diseases and GI infections, respectively.
Apart from protecting these labile molecules, colon also offers an
opportunistic site for oral delivery of vaccines because it is rich in
lymphoid tissue. Therefore, the uptake of antigens through the
colonic mucosa may lead to rapid and local production of
antibodies'’.

Daily rhythms in plants and animals have been observed since early
times. In fourth century BC, Alexander the Great’s Scribe
Androsthenes noted that the leaves of certain trees opened during
day and closed at night, showing a clear rhythmicity''. Circadian
rhythms of behavior in mammals are known to be robust and
precise. The efficacy and toxicity of many drugs vary depending
upon the relationship between the dosing schedule and the 24 hour
rhythms of biochemical, physiological and behavioral processes.
Also several drugs cause alterations to 24 hours rhythms leading to
illness and altered homeostatic regulation. The alteration of
biological rhythm is a new concept of adverse effects, which can be
minimized by optimizing the dosing schedule'.

They are predictable resonating dynamic systems whom require
different amounts of drug at predictably different time within
circadian cycle which will maximize desired and minimize
undesired drug effects.

Hence a novel drug delivery approach; chronotropic systems have
been designed for the following reasons:

i. Chronopharmacotherapy of diseases in which circadian rhythms
play important role in their pathophysiology.

ii. To avoid degradation of drugs in upper gastrointestinal tract
(proteins and peptides).

iii. For programmed delivery of hormones, since continuous release
dosage forms may lead to disturbance in normal feedback
mechanism of body as well as development of resistance may also
take place.

iv. For drugs which develop biological tolerance/ (nitroglycerines),
undergoes extensive first pass metabolism and that are targeted to
specific site of gastrointestinal tract e.g. colon'’.

Chronotropic  system are designed over the concept of
chronopharmaceutics in which there is a specificity in delivering
higher amount of drug in a burst at circadian timings correlated with
specific pathological disorder to achieve maximum drug effect. In
these systems there is a transient release of certain amount of drug
within a short period of time immediately after a predetermined off-
release period.

Circadian time structure

Circadian rhythms are controlled by an inherited master clock
network composed of the paired suprachiasmatic nuclei (SCN) that
are situated in the hypothalamus and the pineal gland'*. The rhythmic
activities of specific, so called, clock genes, like perl, per2, per3,
bmal, clock, and CRY, among others, and their gene products, plus
the cyclic (nocturnal) secretion of melatonin from the pineal gland
comprise the central timekeeping mechanism. This master clock
network orchestrates the period and phase of the multitude of
subservient peripheral circadian clocks located in cells, tissues, and
organ-systems. The end effect is a rather exquisite temporal
organization of biological processes and functions. The daily
changes in light intensities are thought to be the major
environmental cue involved in circadian entrainment. Light- signals
are perceived by photoreceptor cells in the retina and transmitted to
neurons of the SCN via the retinohypothalamic tract. A great deal of
research shows that the inherited period of the human pacemaker
clock is not precisely 24 h. In fact, in most people, it is somewhat
longer, closer to 25 h. Environmental time cues, termed
synchronizers or zeitgebers, the strongest one being the daily light—
dark cycle occurring in conjunction with the wake—sleep routine, set
the inherited pacemaker circadian timekeeping systems to 24 h each
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day. The human circadian time structure was depicted in Figure 1.
The circadian variation in systolic blood pressure and heart rate is
shown in Figure 2.
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Figure 1: Human circadian time structure. Shown is the approximate peak time
of circadian (24-h) rhythms of selected biological variables in persons adhering
to a normal routine of daytime activity (~6—7 a.m. to ~10—-11 p.m.) alternating
with nighttime sleep.
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Figure 2: Schematic diagram of circadian variation in systolic blood pressure
and heart rate.

CHRONOPHARMACEUTUICS

Definition and concept

Chronopharmaceutics consist of two words, “chronobiology” and

“pharmaceutics”. Chronobiology is the study of biological rhythms

and their mechanism. There are three types of mechanical rhythms

in our body:

a) Circadian rhythms: The term “circadian” was coined by Franz
Halberg from Latin words “circa” meaning “about” and “dies”
meaning “day”. Oscillations in our body that are completed in 24
hours are termed as circadian rhythms.

b) Ultrdian rhythms: Oscillations that are completed in a shorter
duration of less than 24 hours are termed as ultradian rhythms
(more than one cycle per day).

b) Infradian rhythms: Oscillations that are completed in more than
24 hours are termed as infradian rhythms(less than one cycle per
day).

Diseases of known pathogenesis associated with oscillatory

changes of body

Before designing a chronotropic or pulsatile drug delivery system,

understanding of a disease and role of circadian rhythm in its

pathophysiology is required. Diseases that are currently targeted by
chronotropic systems are those for which there is enough scientific
background to justify their need for chronotropic systems as
compared to conventional drug delivery systems. Particular rhythms
in the onset and extent of symptoms were observed in diseases such
as bronchial asthma, myocardial infarction, angina pectoris,
rheumatic disease, ulcer, diabetes, attention deficit syndrome,

hypercholestemia and hypertension. Table 1 enumerates various
diseases and their chronological behavior.

In case of asthma, aggravation of attacks occur in early morning or
after midnight, the reason is low lung function is promoted by
circadian changes at that time (due to release of nor epinephrine and
epinephrine). Also in case of cardiovascular diseases several
functions of heart (blood pressure, heart rate, stroke volume, cardiac
output, and blood flow) get affected according to circadian changes
leading to angina, hypertension, myocardial infarction, stroke etc.
Circadian variations of glucose and insulin in diabetes have been
extensively studied. Furthermore circadian changes also contribute
in lipid metabolism in patients as well as in normal subjects, leading
to complication in cholesterol synthesis in patients'”.

Advantages of Chronotherapy

1. Chronotherapy is drug-free

2. Chronotherapy is more effective when a person sleeps for several
hours.

3. While Chronotherapy patients often fall asleep this improves their
condition and confidence as well.

4. Chronotherapy is different from other treatments because it got
the beginning, middle, and an end. So one can predict easily the
point at which it will work.

5. It gives you a new schedule like getting up and sleeping early
which will be quite unusual for some days but it will give you a
period to adjust psychologically'®.

Disadvantages of Chronotherapy

1. It develops a non 24 hours sleep wake syndrome after the
treatment as the person sleeps for over 24 hours during the
treatment. It’s not quite common but the degree of risk is not known.
2. Person may also be sleep deprived sometimes.

3. Person become less productive during chronotherapy and staying
awake till the other schedule will be bit uncomfortable.

4. You will have to take some time off from your busy normal
schedule as its time taking therapy.

5. Medical supervision is mandatory for this therapy. And regular
consulting of sleep speacitists is recommended.

6. One has to keep himself awake till the next sleep schedule. So he
has to get himself busy so that he stay awake till the other schedule.
7. Person going through the therapy may feel unusually hot or cold
sometimes.

8. Have to consult the doctor regularly to avoid side effects'”.
Table 1: Various diseases and their chronological behavior

Disease Chronological behavior and Drugs used
symptoms
Asthma Precipitation of attacks after Beta-agonists,
midnight or at early morning antihistaminic
hours.
Cardiovascular BP lowers during sleep cycle but Nitroglycerin,
diseases rises steeply at early morning calcium channel
hours. blockers
Arthritis Increased conc. of c-reactive NSAIDS,
protein and interleukin-6 in blood. Glucocorticoids
Pain in early morning compared to
day time.
Diabetes mellitus | Increase in blood sugar level after Sulfonylurea,
meal. insulin
Attention deficit Increase in DOPA level in Methylphenidate
syndrome afternoon

Various Approaches To Design Chronotropic Systems To
Achieve Pulsatile Drug Release

Several methodologies have been developed and applied to design
chronotropic systems for desired Pulsatile drug release. These
methodologies can be broadly classified into 3 major categories:

1. Time controlled chronotropic systems.

2. Stimuli induced pulsatile drug delivery systems

3. Externally regulated pulsatile drug delivery systems
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Time controlled chronotropic systems

In these type of systems, there is a burst release of drug within a
short period of time immediately after a predetermined off release
period. These systems can be further classified into different
subtypes according to methodologies applied to design them as
shown in Figure 3.

Time controlled chronotropic systems based on capsule

Capsular systems are generally comprised of “Pulsincap system”,
which consists of an insoluble capsule body, swellable and
degradable plugs made of approved substances such as hydrophilic
polymers and lipids and bioactive molecule. The lag time is
controlled by plug, which is pushed away by swelling or erosion and
drug is released as a pulse from the insoluble capsule i.e. Pulsincap.
A swellable hydrogel seals the drug contents into the capsule body.
When this capsule body comes in contact of dissolution medium, the
hydrogel plug swells and after a lag time, the plug pushes itself
outside the capsule and rapidly releases the drug. The polymers
generally used for plugs include hydroxyl propyl cellulose, poly
vinyl acetate, polyethylene-oxide etc. The swelling strength of plug
decides the lag time. The dosage form comprises of a multitude of
multicoated particulates. The time controlled series of pulses occur
several hours of oral administration with or without immediate
release. The composition and thickness of polymeric membranes
determine the lag time and duration of drug release from each of
multiparticulate formulations. Many of the drugs have been
formulated in form of pulsincap systems for hypertension, angina,
peptic ulcer etc. Gohel and Sumitra developed a system wherein
weighed quantity of dicalcium phosphate was filled into the capsule
body followed by drug (Diltiazem HCI). Weighed amount of the
hydrophilic swellable polymers such as HPMC/guar gum was placed
on top and compressed lightly using a rod to form a compact plug'®.
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Figure 3: Key steps in designing of chronotropic systems

Time controlled reservoir systems with rupturable polymer
coating

These are either single unit or multipartiulate reservoir systems with
outer rupturable barrier. Upon water ingress, a hydrostatic pressure
develops within the system and this leads to rupturing of
surrounding polymeric layer resulting drug release from the core of
system. Pressure build up required to rupture the coating can be
achieved by using swelling agents, gas producing effervescent
agents or osmogens. Rate of water permeation and mechanical
resistance of the outer membrane are major factors affecting the lag
time.

Mechanism of drug release is either diffusion or dissolution
according to the nature of drug. Ueda et al. discovered time
controlled explosion systems for water insoluble drugs in both single
as well as multiple unit dosage forms'***. Both types of dosage
forms contain a core of drug plus osmotic agent and super
disintegrants. Finally the cores are coated with a protective
polymeric rupturable layer and a top water insoluble semi permeable
layer, which is the rate controlling membrane for influx of water into

osmotic core. Different type of release pattern can be obtained in
different types of dosage forms, e.g. rupture mechanism of double
walled tablets is shown in Figure 4. In case of tablets, drug is
released quickly after the explosion of outer membrane while in case
of pellets or granules, drug is released with zero order pattern after a
definite lag time because of the time variance of the explosion of the
outer membrane. In each bead or granule, drug release is time
controlled by the rupturing of external water insoluble membrane
caused by explosive swelling effect of the swelling agents. The lag
time increases with increasing coating level and higher amount of
talc and plasticizer in coating. Drug release from time controlled
explosion systems was found to be complete, independent of
environmental pH and drug solubility. But these systems has a
drawback of failing to release drug if swelling agents fail to rupture
the water insoluble coating and having limited flexibility in the
release pattern and also maximum lag time of approximately four
hours has been reported.

To have a better control over release pattern ,water soluble polymer
(mainly pH dependent) can be incorporated in insoluble polymeric
membrane so that at elevated pH of small intestine, polymer begins
to dissolve thus weakening of membrane can be assured after a
predetermined lag time. Also by varying the coat thickness as well
as proportion of soluble and insoluble material in the coating, the lag
time before drug release can be prolonged with better control and
relia‘%ility, with eventual disintegration of coating ensuring release of
drug™.

FELO/PVP 10/90 wiw _Qm layer

W R

HPMC/PVP

(a} (b} {c) (d) () f)

Figure 4: Rupture mechanism of double wall tablets. (a) Initial tablet, (b) gel
forming on the coating layer due to the water penetration and tablet swelling (c)
erosion inception of the coating layer (d) extended erosion (e) rapture of coating

layer and initiation of core dissolution and (f) extended FELODIPINE release.

Time controlled reservoir systems with soluble or eroding
polymer coating

These systems are another class of reservoir type pulsatile systems
with a barrier layer, which dissolves or erodes after a specific lag
time followed by burst release of drug from the reservoir core.
Generally in these types of systems, the lag time prior to drug
release is controlled by thickness of coating layer. For instance, a
chronotropic system which consists of a drug containing core
layered with HPMC and a top layer of enteric coating, the lag time
before drug release will be dependent upon the thickness and
viscosity grade of HPMC layer. Since drug release mechanism in
these types of systems is dissolution, that’s why, a high degree of
drug solubility relative to dose of drug is essential for rapid release
of drug after the lag period. Various grades of hydroxyl propyl
methyl cellulose and Eudragit (acrylate) polymers have been studied
to in an attempt to deliver drugs to various sites in gastrointestinal
tract due to their solubility and eroding properties. Formulations
dependent on slow dissolution behavior of high viscosity polymers
is described by Gazzaniga et al. It consists of mini tablets with
therein dispersed a drug substance which is coated with a high
viscosity polymer (HPMC 40000) and an outer enteric coating .the
outer film protects the system from fluids in the stomach and
dissolves upon entering in small intestine. HPMC layer delays the
drug release for 3-4 hours when the system is transported through
small intestine’®. Expected behavior and release profile of
swellable/erodible reservoir systems for oral pulsatile delivery is
depicted in Figure 5.
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Figure 5: Expected behavior and release profile of swellable/erodible reservoir
systems for oral pulsatile delivery

Pulsatile systems based on changed membrane permeability
These systems are designed when a sigmoidal release pattern is
desired, therapeutically beneficial for timed release and colonic drug
delivery. Drug release is achieved by change in permeability of
polymeric coating layer in presence of certain counter ions of
surrounding media, based on this Narisawa et al, developed a device
capable of pulse-release depending on the change in diffusion
properties of Eudragit RS25,26. They analyzed that core of
theophylline coated with Eudragit RS showed very slow release in
pure water but significant increase in release rate was found when
the microcapsules were immersed in an organic acid solution
containing succinic acid, glutaric acid, tartaric acid, malic acid or
citric acid. The reason behind that was higher hydration of film
containing quaternary ammonium groups in the polymer chain, were
not affected by succinic acid, suggesting that the quaternary
ammonium groups of Eudragit RS are essential to produce unique
drug release profile. The release profile of systems based on
permeability changes depend strongly on physicochemical
properties of the drug and its interaction with membrane. Therefore,
with this system a pulsatile release profile may be obtained for some
particular drug molecules in a specific formulation but cannot be
generally applied to all drugs.

Time controlled, low density floating pulsatile systems

As the name suggests these systems are comprised of low density
floating pulsatile dosage forms, reside in stomach only and not
affected by variation in gastric pH, local environment or gastric
emptying rate. These dosage forms may be either single unit
(floating tablets) or multiparticulates (beads, pellets, granules,
microspheres) with capability of gastro-retention. These are
specifically advantageous for drugs either absorbed from the
stomach or requiring local delivery in stomach. Polysaccharides are
widely used in oral delivery systems because of simplicity to obtain
the desired drug delivery system and drug release profile, by the
control of cross linking, insolubility of cross linked beads in gastric
environment and broad regulatory acceptance. Badave et al
developed hollow calcium pectinate beads for floating pulsatile
release of diclofenac sodium intended for chronotherapy”’.

Stimuli induced pulsatile drug delivery system

These systems are designed on the basis of physiochemical
processes of body. In other words these systems are novel drug
delivery approaches meant for targeted drug delivery at specific site
due to induction of certain physiochemical stimuli at target site.
Biological stimuli like release of certain enzymes, hormones,
antibodies, pH of the site, temperature of the site, presence of certain
cells, concentration of biomolecules (glucose, neurotransmitters,
inflammatory mediators) etc act as stimuli to trigger the release of
drug from these type of drug delivery systems. These systems can be
further classified into two sub categories:

1. Chemical stimuli induced pulsatile drug delivery systems.

2. Temperature induced pulsatile drug delivery systems.

3. Chemical stimuli induced pulsatile drug delivery systems

These systems can be described by certain examples of chemical
stimuli like:

Glucose-responsive insulin release devices

In Diabetes-mellitus Type-1, it was depicted earlier that there is an
increase in blood glucose concentration rhythmically and several
systems were developed which responded to changes in glucose
concentration. One such stimuli induced system includes pH
sensitive hydrogel containing glucose oxidase enzyme immobilized
in hydrogel. As the blood concentration of glucose rises, glucose-
oxidase converts glucose into gluconic acid, which changes the pH
of system. Due to change in pH, swelling of polymer takes place and
these results into insulin release. Insulin decreases the blood glucose
level and consequently the gluconic acid level also declines and
system turns to deswelling and hence decreasing the insulin release.
Examples of pH sensitive polymers include n-dimethyl amino ethyl
methacrylate, chitosan, polyol etc.

Okan et al developed the system based on the fact that boronic acid
moiety forms reversible bonds with polyol compounds including
glucose. They used water soluble copolymers containing phenyl
boronic acid side chains which showed formation of a reversible
complex gels with polyol compounds such as PVA. Such complexes
are dissociated after the addition of glucose in a concentration
dependent manner.

Inflammation induced pulsatile drug delivery systems
Inflammation caused by any physical or chemical stress (injury,
fracture etc.) acts as a stimulus due to hydroxyl radicals produced
from inflammation responsive cells.yui et al designed and developed
inflammation responsive pulsatile drug delivery system which
responded to hydroxyl radicals and degraded in a limited manner.
They utilized hyaluronic acid which is specifically hydrolyzed by
hyaluronidase or free radicals present at inflammatory site
abundantly w. r. t. normal tissue. Hence it became possible to treat
patient with inflammatory diseases like rheumatoid arthritis, using
NSAIDS incorporated into hyaluronic acid gels as a new
implantable drug delivery system.

Targeted delivery by pulsatile release intelligent gels responding to
antibody concentration

In many infectious diseases, microbes become resistant towards
antibiotic concentration due to development of tolerance. Therefore
in order to kill all microbes, that are multiplying as well as in
dormant phase, a pulsatile release of antibiotic is desired. Novel
kinds of gels have been developed the respond to change in
antibiotic concentration to alter their swelling/ deswelling
characteristics. Utilizing the difference in association constants
between polymerized antibody and naturally derived antibody
towards specific antigens reversible gel swelling/ deswelling and
drug permeation changes occur.

pH sensitive pulsatile release chronotropic systems

It is a widely accepted and versatile approach to design chronotropic
systems to attain specified lag time prior to drug release by using ph
dependent polymers. These can be single unit or multiparticulate
dosage forms with reliable and predictable drug release profile.
These type of systems posses the advantage of fact there exists
different pH environment at different parts of gastrointestinal tract.
Hence by employing pH dependent polymers targeting at specific
site of gastrointestinal tract is possible as well as a desired lag time
can be achieved due to dependency of polymer solubility only at a
particular ph of gastrointestinal tract. Examples of pH dependent
polymers include copolymers of methacrylic acid (various grades of
Eudragit), phthalates, carboxy methyl cellulose etc. these polymers
are utilized for enteric coating to protect the drug from degradation
in upper GI tract and attain drug release at specific part of intestine
(according to solubility of polymer at particular pH and specific site
of intestine) after a predetermined lag time. A number of
chronotropic systems have been developed and marketed for
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chronotherapy utilizing pH dependent polymers for asthma, angina,
rheumatoid arthritis, cancer, diabetes, ulcer etc. Akhgari et al studied
on the optimum ratio of eudragit L100 and Eudragit S100 for
colonic delivery of indomethacin pellets for chronotherapy of
rheumatoid arthritis®®.

Enzyme catalyzed pulsatile chronotropic systems

These systems are generally designed for colonic delivery of drug
where release rate is dependent upon the catalysis of polymeric
membrane by enzymes secreted by colonic microflora. Hence it
enables the more specific targeting, independent of pH variations
along the gastrointestinal tract. Many natural polysaccharides such
as chondroitin sulphate, pectin, dextran, guar gum etc. have been
investigated for their potential in designing colon specific drug
delivery. The use of polysaccharides for coating purposes has been
tried with limited success. Most of the non starch polysaccharides
suffer from the drawback of lacking good film forming properties.
Also they tend to swell in gastrointestinal tract and become porous
resulting in early release of drug. Chronotherapy of rheumatoid
arthritis has been tried by utilizing these polymers to deliver
NSAIDS in colon after a lag time of 4-6 hours to relieve pain in
early morning. Also pulsatile delivery of 5-aminosalicylic acid has
been attempted in case of irritable bowel syndrome.

Temperature induced pulsatile drug delivery systems

Among various types of cells inside the body, no all of them are at
same physiological temperature. Certain cells posses somewhat
different temperature (either higher or lower) with respect to other
cells like tumor cells, in which cellular temperature is raised due to
their higher metabolic rate. For targeting tumors, a pulsatile drug
delivery system can be designed by utilizing thermoresponsive
hydrogel system. As the name suggests, these polymers undergo
swelling/ deswelling phenomena in response to temperature change
(at different metabolic rates of tumour cells) which modulates drug
release from these systems. Bae YH et al developed indomethacin
pulsatile drug delivery system in temperature range of 20-30°C by
using reversible swelling properties of copolymers of N-isopropyl
acrylamide and butyrylacrylamide. Kataoka et al developed the
thermosensitive polymeric micellies as drug carrier to treat cancer.
Externally regulated pulsatile drug delivery systems

These systems are modulated to release drug by some external
stimuli like magnetic field, ultrasound, electrical effect and
irradiation. When these external forces are applied on the system,
conductors present in the delivery system get sensitized to trigger
the release of drug from the dosage form and as the external stimuli
is removed, drug release ceases, demonstrating the pulsatile release
of drug from the system. Due to advances in technology, a no of
externally regulated systems have been developed for targeted
delivery of drug at specified time and desired site of body. Examples
of such systems include magnetic beads in an implant; photo
chemically controlled delivery systems prepared by interfacial
polymerization of polyamide microcapsules.

CLASSIFICATION OF PULSATILE SYSTEMS

Pulsatile systems can be classified into single and multiple-unit
systems. Single-unit systems are formulated either as capsule-based
or osmosis-based systems. Single-unit systems are designed by
coating the system either with eroding/soluble or rupturable coating.
In multiple unit systems, however, the pulsatile release is induced by
changing membrane permeability or by coating it with a
soluble, erodible, or rupturable membrane.

a)Single-unit pulsatile systems

Single-unit pulsatile systems are further subdivided into capsule
based and tablet based systems.

b) Capsule-based systems

+»Capsular system with a swellable plug

A general architecture of such systems consists of an insoluble
capsule body, housing a drug and a plug. The plug is removed after a

predetermined lag time owing to swelling, erosion, and/or
dissolution.

The Pulsincap® system was developed by RP Scherer International
Corporation, MI, USA, in 1990. The system comprises of gelatin
capsule body coated with ethyl cellulose to render it impermeable.
The molded hydrogel plug was used to seal the drug contents into
the capsule body. In the presence of fluids, the hydrogel plug
developed a frustoconical shape Figure 6 and slowly pulled itself out
of capsule at a controlled rate independent of nature and pH of the
medium giving a rapid bulk release™. The lag time was governed by
various factors such as length of plug, its insertion distance, and
tightness of fit. For water insoluble drugs, a rapid release was
ensured by inclusion of effervescent agents or disintegrants. The
hydrogel plug consists of insoluble but permeable and swellable
polymers (e.g. polymethacrylates), erodible compressed polymers
(e.g., hydroxypropylmethyl cellulose, polyvinyl alcohol,
polyethylene oxide), congealed melted polymers (e.g., saturated
polyglycolated glycerides, glyceryl monooleate), and enzymatically
controlled erodible polymer (e.g. pectin)’®*'. Ross et al’” used low
substituted hydroxypropylcellulose (HPC) in the expulsion system
for the release of propranolol over a time period of 2-10 h. This lag
could be controlled using compressed erodible tablets made of
lactose and HPMC. Krogel and Bodmeier studied the release of
chlorpheniramine utilizing the erodible plugs fitted in the capsules.
Altering the composition and the weight of the erodible plug could
control the release of drug. Stevens et al’. Designed a hydrophilic
sandwich capsule based on a system where the capsule was enclosed
within a capsule and the space in between was a gel barrier layer
composed of HPMC. When the outer capsule dissolved, the delay in
the second pulse was provided by the barrier gel layer.

-l @ >

Drug core Soluble gelatin
Swellable  capsule

Hydrogel plug

completely

hydrogel plug
swelled

>
® e

Plug expulsion
followed by
drug release

Figure 6: In the presence of fluids, the hydrogel plug developed a frustoconical
shape and slowly pulled itself out of capsule at a controlled rate independent of
nature and pH of the medium giving a rapid bulk release.

+ Capsular system based osmosis

The basic appliance in the osmotic system is a capsule enclosed with
a semipermeable membrane. Inside the capsule there is an insoluble
plug, osmotically active agent, and the therapeutically active agent.
When this capsule comes in contact with the body fluid, the
semipermeable membrane allows the entry of water, which causes
the pressure to develop and the insoluble plug is expelled due to
pressure after some lag time’”.

The Port® System (Therapeutic system research laboratory Ann
Arbor, MI, USA) is based on a semipermeable capsule body divided
into compartments by a slidable separator Figure 7. The technology
achieved made use of a hydrophilic swellable container such as hard
gelatin capsule coated uniformly with a layer of a semipermeable
membrane. The internal body contained two compartments
separated by a nonswellable slider plug. The upper compartment
contained immediate release drug, while the lower compartment had
an active therapeutic agent with an osmotically active agent. As
water diffuses through the semipermeable membrane into the
capsule body, osmotic pressure is build up due to solublization of
the osmotically active agent. The hydrostatic pressure developed
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pushes the non-swellable plug out as the drug is release in bulk after
a desired lag. The technology can be tailored by modifying the
thickness of the semipermeable layer and use of different non-
swellable separators™. Crison et al. proposed such system to deliver
methylphenidate for the treatment of attention deficit hyperactivity

disorder in school age children®®’.

Uncoated capsule cap

Immediate release dose

Slidable partition

Semipermeable
membrane

Drug with osmotically
active agent

Figure 7: The Port® System (Therapeutic system research laboratory Ann
Arbor, MI, USA) is based on a semipermeable capsule body divided into

compartments by a slidable separator.

+ Capsular system based on expandable orifice

The system was designed to deliver drugs as liquid formulations and
combine the benefits of extended release with high bioavailability.
The liquid formulation is well suited for delivery of insoluble drugs,
macromolecules such as polypeptides and polysaccharides. For

delivery of such molecules a liquid environment favors
solublization, dispersion, and protection from enzymatic
degradation’®.

The Liquid OROS Softcap ™ developed by Alza Corporation, USA,
includes a liquid drug layer, an osmotic engine, push layer, and a
semipermeable membrane coating. When the system is in contact
with the aqueous environment, water permeates across the rate-
controlling membrane and activates the osmotic layer. The
expansion of the osmotic layer results in the development of
hydrostatic pressure inside the system, thereby forcing the liquid
formulation to be delivered from the delivery orifice as shown in
Figure 8. The Liquid OROS hardcap ™ was framed to accommodate
more viscous suspension with higher drug-loading capacity. The lag
time can be delayed from 1 to 10 h, depending on the permeability
of the rate-controlling membrane and thickness of the barrier layer.
A variety of OROS" systems have been developed using this
technology such as Procardia XL® , Ditropan XL® , and
Concerta>***!,

Delivery orifice

Rate controlling
membrane

Soft gelatin
capsule

Osmotic
push
layer

Liquid
drug formulation

Barrier inner
membrane

Before operation After operation

Figure 8: The expansion of the osmotic layer results in the development of
hydrostatic pressure inside the system, thereby forcing the liquid formulation to
be delivered from the delivery orifice

¢ Delivery by a series of stops

This system is described for implantable capsules. The osmotically
driven delivery capsule contains therapeutically active agent and
water-absorptive osmotic engine separated by a slider partition to
deliver the drug in a pulsatile manner through the orifice as shown in
Figure 9. The lag time needed for pulsatile delivery is achieved by a
series of stops placed along the inner wall of capsule which obstruct

its movement. As the hydrostatic pressure rises above the threshold
level the partition is forced to deliver the next batch of drug. The
pulse intensity is controlled by the number of stops and their
position along the longitudinal axis*.

1. Tablet-based systems

¢ System with erodable or soluble coatings

Most of the PDDS are reservoir devices coated with a barrier layer.
This barrier erodes or dissolves after a specific lag period, and the
drug is subsequently released. The lag time depends on the thickness
of the coating layer.

Pozzi et al, (West Pharmaceutical Services Drug Delivery and
Clinical Research Centre) developed the Time Clock® pulsed
delivery system, which enabled fast and complete release of drug
after a predetermined lag time. The core tablet is coated at 75°C with
aqueous dispersion of a hydrophobic-surfactant layer (carnauba wax,
beeswax, poly (oxyethylene)-sorbitan monooleate). The aqueous
dispersion coat is followed by a water soluble coat to improve
adhesion to the core coat Figure 10. As the coated tablet comes in
contact with aqueous environment, the film rehydrates and
redisperses after a certain time lag proportional to the thickness of
coat. This approach is used to control the release onset time.
Because the drug core is formulated with soluble ingredients, shell
dissolution/disintegration becomes the key factor in controlling the
lag time. Furthermore, drug release is independent of normal
physiological conditions, such as pH digestive state, and anatomical
position at the time of release™"

Chronotropic” system consists of a core containing drug reservoir
coated by a hydrophilic polymer HPMC which is responsible for a
lag phase. An additional enteric-coated film is given outside this
layer to overcome intra-subject variability in gastric emptying rates.
The lag time and the onset of action are controlled by the thickness
and the viscosity grade of HPMC™. A release pattern with two
pulses was obtained from a three-layer tablet consisting of two drug-
containing layers, separated by a drug-free gellable polymeric
barrier layer. The three-layer tablet was coated on three sides with
an impermeable coating (ethyl cellulose) and the top side of the
tablet remained uncoated. Upon contact with dissolution fluids, the
initial dose incorporated into the top layer was released rapidly from
the uncoated surface of the tablet. The second pulse was obtained
from the bottom layer after the gelled barrier layer (HPMC) had
been eroded and dissolved*’.

Single semipermeable
membrane

Locking
points

Osmotic engine

Orifice

N
\ \ 7/

Slider Drug Reservoir

Figure 9: The osmotically driven delivery capsule contains therapeutically active
agent and water-absorptive osmotic engine separated by a slider partition to
deliver the drug in a pulsatile manner through the orifice.

+ System with rupturable barrier coatings

These systems are based upon a reservoir system coated with a
rupturable membrane. The outer membrane ruptures due to the
pressure developed by effervescent agents or swelling agents.
Pulsatile release tablet was developed that can suppress release of
the drug in the stomach and can release the drug rapidly after a
predetermined time of about 3 h in the intestine. The system consists
of a core, swelling agent of cross-linked PVP, and a coating film of
ethyl cellulose/ Eudragit L. Eudragit L dissolves in an environment
of pH above 6 and creates pores in the coating film. Penetration of
water molecules from the surroundings through the pores into the
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core causes expansion of the swelling agent, bursting the film and
releasing the drug with a single pulse. Manipulation of the thickness
of coating film can control the lag time*.

2. Multi-unit pulsatile systems

Multiparticulate dosage forms offer more reliability when compared
to single-unit dosage forms. The potential benefits offered such as
predictable gastric emptying, no risk of dose dumping, flexible
release patterns, and increase bioavailability with less intra and inter
subject variability. Multiparticulate systems are further classified as
systems based upon change in membrane permeability and systems
based upon rupturable coating.

e¢) Reservoir systems with rupturable polymeric coatings
Multiparticulate drug dosage forms are composed of small beads,
each small bead further comprised many layers. Some layers contain
drug substance, while others are rate-controlling polymers. With the
multiparticulate system, customized drug release profiles are created
by first layering active drug onto an inert core (such as a cellulose
sphere), then applying one or more rate-controlling, functional
polymers, to produce spherical, multi-layered particles. The drug-
layering process can be conducted either from aqueous or solvent-
based drug solutions. Many release profiles can be achieved using
this approach-including sustained release, time-delayed release, and
pulsatile release of active pharmaceutical ingredients for absorption
throughout the GI tract. Time-delayed release of the drug as either a
burst or sustained release profile can be achieved over a period of 1-
12 h, with a lag time of 4-10 h. The duration of drug release
following the lag-time depends on the composition and thickness of
the polymer barrier and the lag-time coating itself. The
multiparticulate system provides optimal release profiles for either
single drugs or for a combination of drugs**~.

Ueda et al.”"™* developed a time-controlled explosion system (TES),
where drug is released by explosion of the outer membrane. TES
was developed for multiple-unit dosage forms consists of a core
drug plus an inert osmotic agent and suitable disintegrates. The
osmotic pressure build up by water ingress causes the core to
explode, with an immediate release of the drug. The explosion of
formulation can also be achieved through use of swelling agents.

Chronotropic system

Time clock system

Water soluble
adhesion coat

|__ Drug
core

Hydrophobic
surfactant coat

Enteric coat Drug core

HPMC coat

Figure 10: The aqueous dispersion coat is followed by a water soluble coat to
improve adhesion to the core coat.

f) Reservoir systems with soluble or eroding polymer coatings
Another class of reservoir-type multiparticulate pulsatile systems is
in which the barrier dissolves or erodes after a specific lag time
followed by burst release of drug from the reservoir core. The lag
time in such systems is controlled by the thickness of the coating
layer. The basic principle employed in these systems is that of pH-
sensitive polymers complimenting to their large increase in
solubility at some point in the GI tract.

Gazzaniga et al.” developed a multi-unit system with a reservoir
drug coated with a high viscosity polymer (HPMC 4000) and an

outer enteric coating. The outer film protects the system from the
fiuids in the stomach and dissolves on entering the small intestine.
HPMC layer delays the release of drug for 3-4 h when the system is
transported through small intestine.
Another system was developed containing multicoated
multiparticulates for time controlled pulsatile release. One of the
coating membranes is an enteric polymer and the second membrane
barrier is a mixture of a water-insoluble polymer and an enteric
polymer. An organic acid, such as fumaric acid, citric acid, succinic
acid, tartaric acid, or malic acid, may be provided between the first
and second membrane layers to provide for the time-separated
pulses. The acids in between the membranes may delay the
dissolution of the enteric polymer in the inner layer, thereby
increasing the lag time as well as decreasing the rate of release of the
active ingredient from the coated microparticulates™.

g) Systems with changed membrane permeability

The release profile in this system depends on physic-chemical
properties of drug and its interaction with the membrane. A
sigmoidal release pattern obtained in this system is based on the
permeability and water uptake of Eudragit RS or RL and is
influenced by the presence of different counter-ions in the release
medium. Narisawa et al.’>® has developed a device capable of pulse
release depending on the change in diffusion properties of Eudragit
RS. They found that a core of theophylline coated with Eudragit RS
showed very slow release rates in pure water but a significant
increase in the release rate was found when the microcapsules were
immersed in an organic acid solution containing succinic, acetic,
glutaric, tartaric, malic, or citric acid. This was due to higher
hydration of the film containing quaternary ammonium groups on
interaction with the acids. Another such system was reported in
which theophylline and sodium acetate acting as permeability
modifiers were layered on the pellets followed by a coat of Eudragit
RS30D. The lag time was increase with increasing thickness of the
outer membrane™®'.

MARKETED TECHNOLOGIES

There are various types of pharmaceutical technologies used for the
preparation of drugs for chronotherapy®*. Technologies used for
the parenteral route in chronotherapy include the use of
chronomodulating infusion pumps (Panomat™) and controlled
release microchip strategies. And technologies used for oral
administration are-Ceform™. There are other methods like three
dimensionalprinting (3dp) which includes usage of erodible
polymers for the controlled release and changing the physiochemical
properties of the drug. The most recent was the floating pulsatile
system using high internal phase emulsion based porous material for
chronotherapy®. Low density floating multiparticulate pulsedrelease
dosage forms are also available® . The desired release of ranitidine
hydrochloride from the tablet with a coating successfully explains
the combined principles of floating and pulsatile used in
chronotherapy®’. Many marketed products in the form of
transdermal drug delivery system having chronopharmaceutical
applications are available®®; some of them are ChronoDose™,
crystal reservoir® and thermo responsive membrane systems’". For
rectal route-aminophylline delivery system was reported and many
novel chronopharmaceuticals has been used for this purpose’'. Some
of the marketed technologies of pulsatile drug delivery are
mentioned in table 2
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Table 2: Marketed technologies of pulsatile drug delivery

Technology Mechanism Proprietary name API Disease
and dosage form
OROS®: Osmot}c Covera-HS® XL Verapamil HCI Hypertension
Mechanism Tablet
CODOS® multiparticulate ph Verelan® PM; XL Verapamil HCI Hypertension
dependent system release capsule
DIFFUCAPS® multiparticulate Innopran®; XL Verapamil HCI, Hypertension
system tablets propranolol HC1
Three dimensional externally regulated TheirForm® chlophenac Inflammation
. system sodium
printing®
PulsincapTM Rupturable system PulsincapTM Dofetilide Hypertension

CONCLUSION
Both experimental and theoretical backgrounds, and market
constraints demonstrate the clinical relevance of
chronopharmaceutics, hence chronotropic systems are an emerging
approach to drug delivery. If drug released is designed in a time
controlled manner and maximum drug is made available at peak
time, optimization of the therapy can be achieved for diseases that
follows the circadian rhythm. Chronopharmaceutics assures
improved patient outcome and optimized disease management in the
future. Dependence of response over human action to trigger the
drug release is the major drawback associated with these systems.
Hence, an ideal chronotropic system should be self regulating, taken
any time and should take environmental factors in account (e.g.
awake— sleep, light—dark, activity-rest status). The overall success
of chronopharmaceutics will depend on the successful integration of
knowledge from future advances in development timing, system
biology and nanomedicine. The selection of the appropriate
chronopharmaceutical technology should take into considerations
the application range (e.g. targeted drugs of different
physiochemical properties), the ease of manufacturing, the cost-
effectiveness, and the flexibility in the pharmacokinetic profile. In
near future due to more advancement of technology, the hurdles in
manufacturing and processing steps will be overcome and a number
of patients will be greatly benefited by these systems.
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