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Formulation development of epidermal growth factor

J. Lee

The information in this paper is presented to summarise various investigations in recent years to develop epidermal
growth factor (EGF) delivery systems. EGF is a promising and well-characterised polypeptide that can be used in the
treatment of various types of wounds and ulcers. Many approaches have been employed to deliver EGF as a stimulant for
cellular activities involved in the processes of wound healing and tissue repair. Recently, emphasis is placed on the
development of sustained or controlled delivery technology to optimise EGF delivery.

1. Introduction

Growth factors are molecules that promote tissue regenera-
tion and differentiation [1]. Epidermal growth factor
(EGF) is a single chain polypeptide and also potent mito-
gen. The importance of this polypeptide becomes rapidly
recognised since its first discovery more than four decades
ago. Many researchers in various fields have studied EGF
not only as a therapeutic agent to cure or alleviate disease
states such as wound and ulcer but also as a tool to deli-
ver molecules of interest to the target site of cells [2–6].
Recently, the ability of EGF to accelerate cell proliferation
has shown potentials to be used in tissue engineering that
needs to stimulate cell growth and in cosmetics where it
has decreased cutaneous senescence [7–9].
Due to the rapid progress made in the 1980s in biotechnol-
ogy such as gene cloning and recombinant DNA technol-
ogy, a sufficient amount of biotherapeutics become com-
mercially available. This has made it possible to develop
peptide and protein pharmaceuticals. However, the devel-
opment of such biotech pharmaceuticals requires physico-
chemically stable formulations that can effectively deliver
active components to the target site. The aim of this paper
is to elaborate on EGF as a therapeutic agent and its for-
mulation development to achieve therapeutic goals.

2. Discovery and biological activities of EGF

EGF was first discovered by Stanley Cohen when he in-
jected crude submaxillary gland extract to new born mice
during the course of his studies on nerve growth factor
(NGF). The salivary gland extract unexpectedly led to an
increased development in the mice such as precocious
eyelid opening and tooth eruption [10]. After the isolation
of the active substance responsible for these effects from
murine submaxillary glands, he termed it epidermal
growth factor due to its ability to stimulate the prolifera-
tion of epidermal cells in skin and cornea [11]. Amino
acids analysis of mouse-derived epidermal growth factor
(mEGF) showed that it is a single-chain polypeptide com-
posed of 53 amino acid residues with the three intramole-
cular disulphide bonds [12]. It was in the mid-1970s that
Cohen and his colleagues identified human epidermal
growth factor (hEGF) from human urine [13, 14]. They
revealed that hEGF processes the same biological effects
that showed previously by mEGF even though the amino
acid sequences of human and murine EGF are not entirely
identical. In 1975, Gregory published that urogastrone, a
gastric antisecretory hormone, isolated from human urine

is identical to hEGF and can cause the similar biological
responses in all target cells [15]. hEGF also contains 53
amino acid residues with a molecular weight of 6045 dal-
tons. EGF has also been found in the milk, saliva, urine
and plasma of various species including rats, cows and
pigs [16, 17].
The early studies on the biological and physiological roles
of EGF in the body were well documented [18]. EGF has
demonstrated that the acceleration of proliferation and
differentiation of epidermis, skin and corneal epithelial
tissues, and lung and tracheal epithelia in a wide range of
experimental models [18]. EGF possesses multiple biolo-
gical and physiological effects like most peptide and
protein drugs [19]. Some of these biological effects are:
(a) inhibition of gastric acid secretion [20]; (b) enhanced
cell multiplication [21]; (c) stimulation of synthesis of
DNA, RNA, protein and hyaluronic acid [18, 22] and (d)
stimulation of neoangiogenesis [23]. The summarisation of
recent works on the biological activities of EGF may be
difficult as now over 23,000 articles are found in the Med-
line database since 1980. However, the readers can refer
to papers dealing with specific scopes of biological activ-
ities of EGF [24–29].

3. Designing delivery systems of EGF

3.1. Design considerations for the development
of EGF formulations

Success in developing peptide and protein drugs requires
optimised delivery systems since the clinical utilities of a
large number of peptide and protein drugs are limited by
their poor stabilities and bioavailabilities (e.g. poor phar-
macokinetic properties that result in short duration of ac-
tion and ineffective drug concentration at the site of ac-
tion). Indeed, a large number of peptide and protein drugs
are abandoned due to their extremely low bioavailabilities.
Although peptide and protein drugs offer therapeutic ad-
vantages including high specificity and great potency in
their biological functions, they demand a more rational
approach to overcome these limitations.
Proteins and peptides undergo various physico-chemical
changes during purification, formulation and storage with
time. These alterations can be divided broadly into two
main categories, physical and chemical instabilities. Che-
mical instability refers to the change in covalent bonds
within polypeptides and proteins such as deamidation, oxi-
dation, hydrolysis, racemisation, isomerisation, b-elimina-
tion and disulphide bond breakage and formation whilst
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physical instability refers to the alteration of higher order
structures including denaturation, adsorption, aggregation
and precipitation. Physical and chemical degradations may
cause the loss of biological activity and undesired side
effects. In most cases, more than one pathway of physical
and/or chemical alteration is responsible for the stability
of peptides and proteins [30, 31]. Formulation factors can
also lead to the instability of peptides and proteins. They
are temperature, formulation pH, excipients containing
salts and metal ions, chelating agents, shaking and shear-
ing, non-aqueous solvents, polymorphism and pressure,
and concentration, source and purity of peptides and pro-
teins [32].

3.2. Stability and stabilisation of EGF

The most common chemical reaction found in hEGF is
deamidation, resulting from the hydrolysis of the side
chain amide group in glutaminyl or asparaginyl residues
[33, 34]. This deamidation reaction is accelerated with in-
creasing temperature, ionic strength, and in neutral or al-
kalic pH (pH > 6.0) [35]. The main cause of physical in-
stability of EGF is the polymerisation of the monomer
into dimer and trimer by disulphide exchange that may
lead to the alteration of biological activity or immunologi-
cal properties [36, 37].
Araki et al. have evaluated the stability of hEGF in various
solutions [38]. hEGF was degraded in phosphate buffered
saline (PBS, pH ¼ 7.2) and 0.1 N acetic acid, producing
unknown degradation products near the RP-HPLC peak of
intact hEGF. The chemical degradation of hEGF in aqu-
eous solution was spontaneous and temperature-depen-
dent. At �20 �C, practically no hEGF was degraded in
PBS (pH ¼ 7.2). Son and Kwon revealed that the deami-
dation of hEGF was greatly decreased in Tris-HCl solu-
tion (pH ¼ 7.0) as compared to the solutions containing
Na phosphate, PBS, Na borate, Na acetate and Na citrate
[39]. The deamidation of hEGF in aqueous formulations
could be inhibited to a larger extent by some additives
such as fibronectin (0.5%), hyaluronic acid (0.2%), su-
crose monocaproate or surfactants including Triton X-100
(0.02%), Tween 20 (0.01%) [39]. The deamidation did not
have an influence on the mitogenic activity exhibited by
hEGF and it was closely related to the degree of the peptide
bond cleavage [39, 40]. The above mentioned additives and
Zn ion showed the prevention of hEGF peptide bond clea-
vage. The addition of non-ionic surfactants such as Triton
X-100 and Tween 20 (0.01–0.1%) inhibited the aggrega-
tion of hEGF in an aqueous solution. The aggregation of a
polypeptide, producing higher molecular weight polymers
was responsible for reduced biological activities [41].
The experiment on the degradation of hEGF in the serum
suggested that hEGF was exponentially degraded by some
proteases with a half life of 17 min [38]. The simulated
gastric juice consisting of pepsin and hydrochloric acid
(pH ¼ 1.6) rapidly inactivated hEGF and the disappear-
ance rate half time for hEGF was only 1.4 min [38]. The
metabolic stability of hEGF in various gastrointestinal mu-
cosae has been examined [42]. hEGF showed a relative
stability in the colon and jejunum mucosal sites whilst it
was rapidly degraded in the duodenum. Some additives
such as sodium salicylate, bestatin and sodium caprate dis-
played the inhibition of the metabolic degradation of
hEGF at a certain mucosal site like duodenum. Although
Playford et al. demonstrated that EGF was labile in acidic
gastric juice [43], possibilities of the substantial survival
of ingested EGF in the stomach have been shown by

others [44–46]. hEGF was inactivated in the skin by a
number of enzymes such as protease [47]. The degrada-
tion of hEGF in the skin was decreased by adding inhibi-
tors such as bestatin, EGTA (ethylene glycol-bis-(b-ami-
noethyl) N,N,N 0,N 0-tetraacetic acid) and TPCK (N-tosyl-
phe chloromethyl ketone) [47].
The stabilisation of hEGF in pharmaceutical products can
be primarily achieved by controlling physico-chemical
parameters involved in the formulation process and storing
under cold conditions. Also, the addition of a variety of
inhibitors to prevent chemical and metabolic inactivation
can be useful. However, the optimisation of formulations
for local and systemic delivery of EGF might be difficult
since the mechanisms of physico-chemical and metabolic
instabilities of EGF (e.g. information on enzyme-sensitiv-
ity cleavage sites) have not been fully elucidated.

3.3. EGF delivery systems

3.3.1. Topical delivery of EGF

Wound healing is a localised process. The healing process
of cutaneous wounds involves a series of independent
stages like inflammation, re-epithelialisation, granulation
tissue formation, and matrix and collagen remodelling
[48]. The role of EGF in wound healing has been ad-
dressed for many years [49–52]. Topical application is
probably the most efficient way of delivering EGF to the
local wound sites [53]. Vehicles delivering EGF are impor-
tant since the local application of EGF in water and saline
solution has not shown appreciable effects on the wound
healing process [54, 55].
DiBiase and Rhodes have investigated three semisolid for-
mulations of EGF [56, 57]. Pluronic F-127 (polyoxyethy-
lene polyoxypropylene block copolymer) 25% gel and
Carbopol 934 P (carboxypolymethylene) 0.5% gel exhib-
ited potential for topical EGF delivery. Although the re-
lease of EGF from stearic acid-based vanishing cream was
slow compared to the Pluronic and Carbopol gels, it pro-
vided an additional advantage like taking up of discharge
into its oil in water vehicle structure when applied to open
wound. EGF exhibited faster regeneration of the epithe-
lium when applied in the crosslinked gelatin-hyaluronate
sponge, together with an antibiotic such as silver sulpha-
diazine [58]. However, there was evidence that the antibio-
tic decreased the initial proliferating activity measured at
day 5. Lanolin cream itself has demonstrated a significant
enhancement of the re-epithelialisation rate, thickness of
the dermis, and higher cell count in the dermis [59]. In
this formulation, the effect of EGF on healing of partial-
thickness wounds was marginal compared to the lanolin
cream alone. Care must be taken when using the lanolin
base since it induced strong inflammation reaction in the
wound [59].
Corneal epithelial wounds caused by surgery, chemical
burns or ulcers were also treated by the topical application
of EGF [60]. Although EGF improved the epithelial
wound healing in alkali-burned corneas, EGF did not have
effects on preventing recurrent erosions and secondary
breakdown of the corneal epithelial surface. Supply of
EGF appears to be important for accelerating epithelial
wound healing in corneas despite the fact that there was
no evidence of dose-dependent therapeutic response [61].
Two polymeric delivery systems have been investigated
for ophthalmic delivery of EGF in corneal epithelial
wound healing: a Carbopol gel and a Poloxamer gel [62,
63]. Drugs can be delivered via the ocular route with ad-

REVIEW

788 Pharmazie 57 (2002) 12



vantages such as relatively fast absorption rate. A dose
instilled into the precorneal site is absorbed systemically
by the conjunctiva. However, most doses are rapidly
cleared by drainage through the nasolachrymal duct into
the nasal passages from which absorption into the sys-
temic circulation can occur [64]. In most cases, the pro-
longed exposure of EGF in the healing of wound is im-
portant. Continuous EGF exposures of as few as 2 hours
caused a significant increase in wound healing rate and
increasing the time of exposure further increased the rate
of wound healing [65]. Poloxamer has been employed to
prolong residence time in the eye, leading to an avoidance
of the rapid loss of the drug from the precorneal site [66].
Also, the locally applied EGF incorporated into multila-
mellar liposomes demonstrated long term exposure to the
wound, resulting in the acceleration of wound repair [50].
Cyclodextrins were used in ophthalmic formulations of
EGF due to their stabilising effect against physico-chemi-
cal degradations [67, 68].
Ideal vehicles for topical application of EGF will not only
deliver EGF with capability of releasing desired amount
of an active form of EGF but also stay at the target site
for an extended period of time to provide sufficient expo-
sure to the target cells.

3.3.2. Sustained or controlled delivery of EGF

Polymeric materials have been widely used to achieve
sustained or controlled delivery of EGF to the gastroin-
testinal tract as well as to the open wound site. Polyvinyl
alcohol (PVA) sponge containing slow-release EGF pellets
was fabricated to achieve the local sustained presence of
EGF [69]. Slow release of EGF, delivered from sustained
release pellets in subcutaneous PVA sponge implants
caused a remarkable increase in the extent and organisa-
tion of the granulation tissue at day 7, a doubling in the
DNA content, and 33% increase in protein content and
wet weight, as compared with placebo controls. Biode-
gradable polymers such as poly(dl- or l-lactic acid)
(PLA) and poly(lactide-co-glycolide) (PLGA) have been
extensively used for the sustained delivery of drugs [70–
73]. hEGF incorporated into poly(l-lactic acid) micro-
spheres has been delivered for the treatment of chronic
gastric ulcer [74]. The microspheres were subcutaneously
injected and maintained a constant EGF level in the blood
for about 10 days. However, the preparation of delivery
systems using PLA and PLGA causes the use of organic
solvents, often resulting in the inactivation of peptide of
protein drugs including EGF. In another recent study, a
polymeric bilayer wound dressing containing EGF-loaded
gelatin microspheres, at high-dose EGF application,
showed a controlled release of EGF from the micro-
spheres, resulting in a higher degree of reduction in the
wound areas [75].
The hydrogel film of dextran dialdehyde cross-linked gela-
tin was able to deliver biologically active EGF in a sus-
tained manner [76, 77]. The in vitro release kinetics was
influenced by several formulation parameters such as the
mechanical properties of the hydrogel film, temperature,
storage time. The most advantageous feature of the poly-
meric hydrogel film over conventional wound dressings is
a capability of delivering therapeutic agents into the
wound site in a controlled manner. Also the proven bio-
compatibility of gelatine hydrogel film is expected to en-
hance its clinical usefulness. Polypeptide or protein re-
lease from polymeric matrices was sometimes incomplete
due to non-spontaneously dissociable non-covalent protein

aggregation and the surface adsorption of protein within
the polymer matrix [78].
Another method to provide long-term delivery of EGF is
to conjugate polyethylene glycol (PEG) to EGF [79]. The
physico-chemical stability of EGF was enhanced by pegy-
lation and a sustained release was achieved from biode-
gradable PLGA microspheres containing the pegylated
EGF. Indeed, the PEG conjugation of therapeutic proteins
has recently been introduced for increasing bioavailability
and functional stability of proteins [80, 81]. A micro-sus-
tained release system for ensuring the controlled release of
microgram and smaller amounts of biologically active
EGF has been reported [82]. Albumin in milligram quanti-
ties could facilitate the sustained release of picogram
amounts of EGF for at least 3 weeks. This technique in-
creased the proliferation rate of serum-starved cells.
Bioadhesives may also be useful in developing EGF deliv-
ery systems. Besides acting as platforms for sustained-re-
lease dosage forms, bioadhesive materials can offer addi-
tional advantages such as the localisation of the drug to
the site of absorption or administration, the protection of
the underlying cell layer, the reduction of gastric ulcers,
the inhibition of proteolytic enzymes, and increase in
epithelial permeability [83–85]. In an example of this ap-
proach, a bioadhesive gel was prepared in 0.2% Carbopol
940 polymer to administer EGF topically [86]. The bioad-
hesive gel released EGF slowly and caused a significant
increase in the wound tear strength in mice compared with
solution treated mice. The covalent attachment of pepsta-
tin A, a pepsin inhibitor, to a bioadhesive carrier (sodium
carboxymethyl cellulose) could allow the oral delivery of
EGF in order to treat gastric ulcer [87]. The conjugation
of the pepsin inhibitor also demonstrated a protective ac-
tion against the enzymatic degradation of peptide drugs in
the gastrointestinal tract.

4. Conclusions

EGF is emerging as a new generation therapeutic agent
for the treatment of a various types of wounds and ulcers.
A number of approaches have been suggested and exam-
ined for this purpose. Different wound types such as surgi-
cal incision, corneal epithelial defects or bulk loss of tis-
sue caused by burns, trauma and diabetes will need
different delivery systems. One of the most challenging
tasks in the development of EGF delivery systems is to
ensure its biological activity and therapeutic efficacy in
the delivery systems. The ideal delivery systems of EGF
for wound repair will contain an appropriate dose of EGF
and will have to control the release rate of EGF since
overexpressed EGF and its receptor often can cause un-
controlled cell proliferation as occurs in cancer [88–90].

References

1 Haller, M. F.; Saltzman, W. M.: J. Control. Rel. 53, 1 (1998)
2 Singh, G.; Foster, C. S.: Am. J. Ophthalmol. 103, 802 (1987)
3 Meyer-Ingold, W.: Trends in Biotech. 11, 387 (1993)
4 Chen, J.; Gamou, S.; Takayanagi, A.; Shimizu, N.: FEBS Lett. 33, 167

(1994)
5 Milani, S.; Calabro, A.: Micro. Res. Tech. 53, 360 (2001)
6 Kircheis, R.; Blessing, T.; Brunner, S.; Wightman, L.; Wagner, E.: J. Con-

trol. Rel. 72, 165 (2001)
7 Mooney, D. J.; Kaufmann, P. M.; Sano, K.; Schwendeman, S. P.; Maja-

hod, K.; Schloo, B.; Vacanti, J. P.; Langer, R.: Biotechnol. Bioeng. 50,
422 (1996)

8 Baldwin, S. P.; Saltzman, W. M.: Adv. Drug Del. Rev. 33, 71 (1998).
9 Brown, G. L.: US Patent no 5,618,544 (1997)

10 Cohen, S.: Proc. Natl. Acad. Sci. USA 46, 302 (1960)
11 Cohen, S.: Dev. Biol. 12, 394 (1965)

REVIEW

Pharmazie 57 (2002) 12 789



12 Savage, C. R., Jr.; Hash, J. H.; Cohen, S.: J. Biol. Chem. 248, 7669
(1973)

13 Starkey, R. H.; Cohen, S.; Orth, D. N.: Science 189, 800 (1975)
14 Cohen, S.; Carpenter, G.: Proc. Natl. Acad. Sci. USA 72, 1317 (1975)
15 Gregory, H.: Nature 257, 325 (1975)
16 Shen, W. H.; Xu, R.-J.: Life Sci. 59, 197 (1996)
17 Rao, R. K.; Baker, R. D.; Baker, S. S.: Peptides 19, 495 (1998)
18 Carpenter, G.; Cohen, S.: Ann. Rev. Biochem. 48, 193 (1979)
19 Sadée, W.: Pharm. Res. 3, 3 (1986)
20 Bower, J. M.; Camble, R.; Gregory, H.; Gerring, E. L.; Willshire, I. R.:

Experientia 32, 825 (1975)
21 Hutchings, S. E.; Sato, G.: Proc. Natl. Acad. Sci. USA 75, 901 (1978)
22 Hoober, J. K.; Cohen, S.: Biochim. Biophys. Acta 138, 357 (1967)
23 Gospodarowicz, D.; Bialecki, H.; Thakral, T. K.: Exp. Eye Res. 28,

501 (1979)
24 Carpenter, G.; Zendegui, J. G.: Exp. Cell Res. 164, 1 (1986)
25 Greenhalgh, D. G.: J. Trauma 41, 159 (1996)
26 Murphy, M. S.: Nutrition 14, 771 (1998)
27 Polk, D. B.; Tong, W.: Am. J. Physiol. 277 (Cell Physiol. 46), C1149

(1999)
28 Howarth, G. S.; Shoubridge, C. A.: Curr. Opinion Pharmacol. 1, 568

(2001)
29 Hardy, K.; Spanos, S.: J. Endocrinol. 172, 221 (2002)
30 Hider, R. C.; Barlow, D. (Eds.): Polypeptide and Protein Drugs: Pro-

duction, Characterization, and Formulation, p. 120, Ellis Horwood,
New York 1990

31 Manning, M. C.; Patel, K.; Borchardt, R. T.: Pharm. Res. 6, 903 (1989)
32 Wang, W.: Int. J. Pharm. 185, 129 (1999)
33 Robinson, A. B.; Rudd, C. J.: Current Topics in Cellular Regulation

vol. 8, p. 247, Academic Press, New York 1974
34 Geiger, T.; Clarke, S.: J. Biol. Chem. 262, 785 (1987)
35 Scotchler, J. W.; Robinson, A. B.: Anal. Biochem. 59, 319 (1974)
36 Brake, A. J.; Merryweather, J. P.; Coit, D. G.; Heberlein, U. A.; Masiarz,

F. R.; Mullenbach, G. T.; Urdea, M. S.; Valenzuela, P.; Barr, P. J.:
Proc. Natl. Acad. Sci. USA 81, 4642 (1984)

37 Heath, W. F.; Merrifield, R. B.: Proc. Natl. Acad. Sci. USA 83, 6367
(1986)

38 Araki, F.; Nakamura, H.; Nojima, N.; Tsukumo, K.; Sakamoto, S.:
Chem. Pharm. Bull. 37, 404 (1989)

39 Son, K.; Kwon, C.: Pharm. Res. 12, 451 (1995)
40 DiAugustine, R. P.; Walker, M. P.; Klapper, D. G.; Grove, R. I.; Willis,

W. D.; Harvan, D. J.; Hernandez, O.: J. Biol. Chem. 260, 2807 (1988)
41 Chawla, A. S.; Hinberg, I.; Blais, P.; Johnson, D.: Diabetes 34, 420

(1985)
42 Han, K.; Choi, M. S.; Chung, Y. B.: Int. J. Pharm. 168, 189 (1998)
43 Playford, R. J.; Marchbank, T.; Calnan, D. P.; Calam, J.; Royston, P.;

Batten, J. J.; Hansen, H. F.: Gastroenterol. 108, 92 (1995)
44 Britton, J. R.; George-Nascimento, C.; Udall, J. N.; Koldovsky, O.: Gut

30, 327 (1989)
45 Shen, W. H.; Xu, R.-J.: Life Sci. 59, 197 (1996)
46 Shen, W. H.; Xu, R. J.: Life Sci. 63, 809 (1998)
47 Ryou, H.-W.; Lee, J.-W.; Yoon, K. A.; Park, E.-S.; Chi, S.-C.: Arch.

Pharm. Res. 20, 34 (1997)
48 Kelley, W. N. (Ed.): Textbook of Internal Medicine, 2. Ed., p. 913, J.

B. Lippincott Co., Philadelphia 1992
49 Laato, M.; Ninikoski, J.; Lebel, L.: Ann. Surg. 203, 379 (1986)
50 Brown, G. L.; Curtsinger, L. J.; White, M.; Mitchell, R. O.; Pietsch, J.;

Nordquist, R.; von Fraunhofer, J. A.; Schultz, G. S.: Ann. Surg. 208,
788 (1988)

51 Kingsnorth, A. N.; Vowles, R.; Nash, J. R.: Br. J. Surg. 77, 409 (1990)
52 Hennessey, P. J.; Black, C. T.; Andrassy, R. J.: J. Pediatr. Surg. 25, 893

(1990)
53 Brown, G. L.; Nanney, L. B.; Griffen, J.; Cramer, A. B.; Yancey, J. M.;

Curtsinger, L. J.; Holtzin, L.; Schultz, G. S.; Jurkiewicz, M. J.; Lynch,
J. B.: New Engl. J. Med. 321, 76 (1989)

54 Thornton, J. W.; Hess, C. A.; Cassingham, V.; Bartlett, R. H.: Burns 8,
151 (1981)

55 Arturson, G.: Scand. J. Plast. Reconstr. Surg. 18, 33 (1984)

56 DiBiase, M. D.; Rhodes, C. T.: J. Pharm. Pharmacol. 43, 553 (1991)
57 DiBiase, M. D.; Rhodes, C. T.: Pharm. Acta Helv. 66, 165 (1991)
58 Hong, S. R.; Lee, S. J.; Shim, J. W.; Choi, Y. S.; Lee, Y. M.; Song, K. W.;

Park, M. H.; Nam, Y. S.; Lee, S. I.: Biomaterials 22, 2777 (2001)
59 Chvapil, M.; Gaines, J. A.; Gilman, T.: J. Burn Care Rehabil. 9, 279

(1988)
60 Singh, G.; Foster, C. S.: Am. J. Ophthalmol. 103, 802 (1987)
61 Daniele, S.; Frati, L.; Fiore, C.; Santoni, G.: Graefes Arch. Clin. Exp.

Ophthalmol. 210, 159 (1979)
62 Sheardown, H.; Clark, H.; Wedge, C.; Apel, R.; Rootman, D.; Cheng,

Y. L.: Curr. Eye Res. 16, 183 (1997)
63 Kim, E.-Y.; Gao, Z.-G.; Park, J.-S.; Li, H.; Han, K.: Int. J. Pharm 233,

159 (2002)
64 Harris, D.; Liaw, J.-H.; Robinson, J. R.: Adv. Drug Del. Rev. 8, 331

(1992)
65 Sheardown, H.; Wedge, C.; Chou, L.; Apel, R.; Rootman, D. S.;

Cheng, Y. L.: Invest. Ophthalmol. Visual Sci. 34, 3593, 1993
66 Edsman, K.; Carlfors, J.; Petersson, R.: Eur. J. Pharm. Sci. 6, 105

(1998)
67 Haeberlin, B.; Gengenbacher, T.; Meinzer, A.; Fricker, G.: Int. J. Pharm.

137, 103
68 Loftssona, T.; Stefansson, E.: Drug Dev. Ind. Pharm. 23, 473 (1997)
69 Buckley, A.; Davidson, J. M.; Kamerath, C. D.; Wolt, T. B.; Wood-

ward, S. C.: Proc. Natl. Acad. Sci. USA 82, 7340 (1985)
70 Sanders, L. M.; Kent, J. S.; Mcrae, G. I.; Vickery, B. H.; Tice, T. R.;

Lewis, D. H.: J. Pharm. Sci. 73, 1294 (1984)
71 Urata, T.; Arimori, K.; Nakano, M.: J. Control. Rel. 58, 133 (1999)
72 Boyan, B. D.; Lohmann, C. H.; Somers, A.; Niederauer, G. G.; Woz-

ney, J. M.; Dean, D. D.; Carnes Jr., D. L.; Schwartz, Z.: J. Biomed.
Mater. Res. 46, 51 (1999)

73 King, T. W.; Patrick Jr., C. W.: J. Biomed. Mater. Res. 51, 383 (2000)
74 Han, K.; Lee, K.-D.; Gao, Z.-G.; Park, J.-S.: J. Control. Rel. 75, 259

(2001).
75 Ulubayram, K.; Cakar, A. N.; Korkusuz, P.; Ertan, C.; Hasirci, N.: Bio-

materials 22, 1345 (2001)
76 Draye, J.-P.; Delaey, B.; Van de Voorde, A.; Van Den Bulcke, A.; Bog-

danov, B.; Schacht, E.: Biomaterials 19, 99 (1998)
77 Draye, J.-P.; Delaey, B.; Van de Voorde, A.; Van Den Bulcke, A.; De

Reu, B.; Schacht, E.: Biomaterials 19, 1677 (1998)
78 Kim, H. K.; Park, T. G.: Biotechnol. Bioeng. 65, 659 (1999)
79 Kim, T. H.; Lee, H.; Park, T. G.: Biomaterials 23, 2311 (2002)
80 Kinstler, O. B.; Brems, D. N.; Lauren, S. L.; Paige, A. G.; Hamburger,

J. B.; Treuheit, M. J.: Pharm. Res. 13, 996 (1996)
81 Guerra, P. I.; Acklin, C.; Kosky, A. A.; Davis, J. M.; Treuheit, M. J.;

Brems, D. N.: Pharm. Res. 15, 1822 (1998)
82 Murray, J. B.; Brown, L.; Langer, R.; Klagsburn, M.: In Vitro 19, 743

(1983)
83 Lehr, C. M.: Crit. Rev. Therap. Drug Carr. Syst. 11, 177 (1995)
84 Lehr, C. M.: Eur. J. Drug Metab. Pharmacokinet. 21, 139 (1996)
85 Singla, A. K.; Chawla, M.; Singh, A.: Drug Dev. Ind. Pharm. 26, 913

(2000)
86 Celebi, N.; Erden, N.; Gonul, B.; Koz, M.: J. Pharm. Pharmacol. 46,

386 (1994)
87 Bernkop-Schnürch, A.; Dundalek, K.: Int. J. Pharm. 138, 75 (1996)
88 Yasui, W.; Hata, J.; Yokozaki, H.; Nakatani, H.; Ochiai, A.; Ito, H.;

Tahara, E.: Int. J. Cancer 41, 211 (1988)
89 Aaronson, S. A.: Science 254, 1146 (1991)
90 Woodburn, J. R.: Pharmacol. Ther. 82, 241 (1999)

Received June 25, 2002 Jaehwi Lee, Ph.D.
Accepted July 12, 2002 Akina, Inc.

Business and Technology Center
Suite E-130
1291 Cumberland Avenue
West Lafayette, IN 47906
U.S.A.
jaehwi@pharmacy.purdue.edu

REVIEW

790 Pharmazie 57 (2002) 12


