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INTRODUCTION

 

Many proteins and protein-like materials are precipitated from aqueous solution by
the application of heat or the addition of electrolyte, and this general reaction can
be used to prepare solid particles with various particle size ranges. Under the right
conditions these particles can be made reproducibly and serve as drug delivery
systems in their own right, being especially suitable for the delivery of other proteins
or polypeptides. 
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However, one point needs to be made immediately in that many authors have
added their drug 

 

ab

 

 

 

initio

 

 and then proceeded to denature or chemically cross-link
the carrying system by heat or the addition of aldehydes in order to make it insoluble.
They are therefore apparently forgetting that the same consideration applies to any
proteinaceous incorporated drug. Cross-linked proteinaceous drug entities tend to
be ineffective and it needs to be emphasized that, in most cases, the drug needs to
be added to the preformed drug delivery system 

 

after

 

 these have been formed. In
the following section gelatin and albumin delivery systems will be discussed in
reasonable depth but this consideration needs to be borne in mind throughout.

 

COLLAGEN

 

Collagen is the main constituent of connective tissue in the body and is commercially
available when obtained mainly from cattle. The structural properties are described
elsewhere in this book but excellent reviews by Geiger and Friess (2002a) are
available. Friess has developed this subject and demonstrated how drug delivery
systems could be prepared from dried sheets of specially purified collagen by
incorporating a drug and punching pellets out of the sheet. Effectively this was the
method employed by Friess et al. (1996) when a high molecular weight antineoplastic
proteoglycan obtained from

 

 Mycobacterium bovis

 

 (Bacille Calmette-Guérin [BCG]
vaccine) was incorporated into collagen sheets and shown to be released in a con-
trolled fashion 

 

in vivo 

 

and

 

 in vitro.

 

Geiger and Friess (2002b) have described how collagen solutions can be foamed
and dried out to form sponges which can be used to revitalize skin or for hemostasis,
wound healing, and as drug delivery systems, especially for local antibiotic appli-
cations. The flexible and sterile sheets obtained by this technology would appear to
have considerable future application. However, as with gelatin, the only major issue
would appear to be the possible contamination with prions responsible for
Creutzfeldt-Jakob syndrome although to date this has not been demonstrated to be
a realistic concern.

 

GELATIN

T

 

HE

 

 O

 

RIGINS

 

 

 

AND

 

 C

 

ONSTITUTION

 

 

 

OF

 

 G

 

ELATIN

 

 

 

Gelatin is a ubiquitous pharmaceutical adjuvant and can be readily modified to form
insoluble macroparticles, i.e., particles larger than ~100 µm in diameter. However, by
careful attention to the details of the manufacturing process, microparticles (

 

<

 

1 µm)
or even nanoparticles (

 

<<

 

1 µm) can readily be made.
Gelatin is obtained commercially by the controlled hydrolysis of animal collagen

tissues. Native collagen consists of rods formed from triple helices that are held
together by covalent bonds. During the denaturation process these covalent bonds
are progressively destroyed and the helical structures disrupted. The hydrolytic
process consists of heating in the presence of either acid or base and this is usually
disclosed in the label, e.g., gelatin A or gelatin B. Gelatin solutions in water at
temperatures in excess of 37

 

°

 

C are liquids and the individual molecules behave
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effectively as polymeric coils. When allowed to cool to ambient room temperature,
solutions containing more than 0.5% gelatin change to the random chain molecules
which themselves revert to triple helix structures. The bulk (

 

>

 

58%) of the gelatin
chains consist of glycine, proline, and hydroxyproline that are weakly hydrophobic
in nature and it is their periodicity along the chain, combined with the inherent
structural flexibility of the glycine molecule, that facilitates the formation of helical
structures.

At about neutral pH the gelatin chain is effectively amphoteric and individual
groups such as lysine and arginine (~7.5%) are positively charged and others such
as glutamic and aspartic acids (~l 1.8%) are negatively charged. These entities allow
the formation of centers for electrostatic binding and this process is controlled by
the environmental pH.

Light, small angle neutron and x-ray scattering all provide evidence of the length
and stiffness of the average gelatin chain as being approximately 20 nm, with a
radius of gyration, Re, of ~35 nm. As the concentration is increased two separate
regions become evident by the quasi-elastic light scattering techniques. The fast
mode is apparently due to cooperative movements of the entangled network of chains
and appears to be generally persistent over a range of temperatures and concentra-
tions. The second, slower, mode has been associated with the diffusion coefficient
being inversely proportional to the bulk (Newtonian) viscosity of the solution and
is considered to be due to the self-diffusion of clusters of chains that effectively
form particles with a constant hydrodynamic radius, Re, of ~75 nm. Unlike the
properties of the individual chains, the clusters of chains are affected by the molec-
ular weight of the chains themselves, the temperature, and the presence of salts or
surfactants such as sodium dodecyl sulfate (SDS). Herning et al. (1991) concluded
that clusters were stabilized by hydrophobic interactions between apolar lateral
groups of the protein.

Thus, it can be argued that gelatin itself is not a single entity but in many ways
it does behave like a model protein. In bulk the material is deficient in some amino
acids, having only 18 constituent units, of which the principle constituents are
glycine (32–35%), proline (11–13%), alanine (10–11%), hydroxyproline (9–19%),
glutamic acid (7–8%), aspartic acid (4–5%), and arginine (5%). The parent collagen,
for the most part, consists of three subunits of approximately equal molecular weight
(~95 kDa). During the denaturation process to form commercial gelatin, the collagen
is broken down to form single chain fragments, the 

 

α

 

-chains, molecular weight 95
kDa, and 

 

β

 

-fragments, mw ~190 kDa. In addition there are low molecular weight
oligomeric fragments and some branched 

 

γ

 

-chains, mw 285 kDa, which actually
consist of three 

 

α

 

-chains joined near their mutual center points. 
The main commercial use for gelatin is in the preparation of food, approximately

70% of all production used for this purpose, with an additional 15% going to the
pharmaceutical industry, and 10% used for photographic film. The remaining 5

 

%

 

 is
used in wine making, printing, abrasive manufacturing, and paper production.

Photographic film-making has become a highly specialized use for gelatin and,
with this purpose in mind, Lorry and Vedrines (1985) used high performance liquid
chromatography (HPLC) and gel electrophoretic techniques to examine the consti-
tutional differences of gelatins from various sources. Skin and bone gelatins were
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found to be basically similar, the 

 

β

 

-chains being substantially absent from skin-derived
material. Differences between acid and alkali processed gelatins were noted, the former
contained more degradation products. These authors suggested that gelatins with
required properties could be obtained by blending low molecular weight (

 

α

 

) or high
molecular weight (

 

γ

 

) fractions according to the desired endpoint application.
As a side comment, it might be noted there is little evidence that the gelatin

producers would be willing to carry out this blending process for the pharmaceutical
industry, in part because there have been very few studies which have helped to
define the essential requirements of gelatin for pharmaceutical applications. The
main uses for gelatin in pharmacy are the preparation of hard or soft gelatin capsules
and coated tablets, and, in Europe, gelatin-based suppositories and ointments.
Another economic factor which must have an influence concerns the relatively small
requirement of the pharmaceutical industry which would make the returns unrealistic
or prohibitively expensive for even large quantities of specialized forms of gelatin.

The purest form of gelatin is probably used in food. Commercially, food-grade
material is supplied as sheets of brittle, transparent, and only faintly colored dried
solid bearing the marks of the support grid during the final drying process. In use,
these sheets are soaked in cold water for a few minutes, followed by gentle heating
and stirring to affect solution. Pharmaceutically, gelatin is usually supplied as a
coarsely ground powder, but this often contains solid impurities and wherever pos-
sible the sheet gelatin should be used.

 

P

 

HASE

 

 R

 

ELATIONSHIPS

 

 

 

OF

 

 G

 

ELATIN

 

 S

 

YSTEMS

 

Although gelatin behaves as a model protein in many respects, it has little or no
tertiary structure and is not denatured by heating at temperatures in excess of 100

 

°

 

C.
Albumin, on the other hand, is a true protein and is denatured at temperatures of
5–60

 

°

 

C, as well as being precipitated out of aqueous solution by the addition of
ethanol or by sodium or ammonium sulfates.

Gelatin is slowly precipitated by the addition of either of these desolvating
components, which results in a very complex phase diagram, strongly influenced by
temperature. Essentially, gelatin behaves like a mildly hydrophobic protein in dilute
aqueous solution and the addition of solutes such as ethanol usually results in two-
phase liquid systems, today called coacervates. It is the formation of coacervates that
constitutes a key step in the formation of many drug-encapsulated pharmaceutical
drug delivery systems. Although known for many years, only recently attempts have
been made to determine the effects of temperature and solute concentrations on the
transitional boundaries of the various elements. Ternary phase diagrams are often
utilized to demonstrate the effect of the addition of a third component on the behavior
of another material dissolved in water. Because of the complexity of gelatin-based
systems, it should be pointed out that determination of the phase boundaries requires
care and interpretive skill so that the published boundaries are rarely precise or exact.

Although the first studies on gelatin go back to the 1930s, a recent systematic
evaluation of the effects of ammonium sulfate and ethanol on the solubility or
constitution of gelatin B (Bloom 225) has recently been published by Elysée-Collen
and Lencki (1996). After the inspection of several hundred gelatin-water combinations
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these authors found that seven distinct morphologies could be distinguished visually,
although only six could be found in the presence of ethanol. It must be assumed that
these are stable states although this assumption may not be entirely justified. At
least 33% water is needed to break apart and hydrate the gelatin to form a solution
(Figure 8.1). Interestingly, the addition of ethanol does not appear to change this.
This observation suggests that powdered gelatin is itself relatively hydrophobic and
does not have a preference for either water or ethanol. Water-structure promoters such
as sodium chloride are capable of destabilizing gelatin structures so that almost 50%
water is required to form a solution in the presence of 5% sodium chloride. This
suggests that both gelatin and salt compete for the same water of hydration.

These authors pointed out that at below 40

 

°

 

C gelatin molecules begin to interact
with each other to form linkages stabilized by hydrogen bonds. This accounts for
the place of ethanol in encouraging gel formation, morphology I (Figure 8.2).
Nevertheless, these authors did not explain the nature of the opaque sols and gels
that are so often observed in practice.

Attention may be drawn to the fact that Herning et al. (1991) suggested that
clusters formed at concentrations in excess of 1% of high molecular weight gelatins,
with hydrodynamic radii of the component particles in the clusters of around 75 nm.
However, they also suggested that the radii were around 60 nm when the molecular

 

FIGURE 8.1

 

Phase diagram for water-gelatin-ethanol as a function of temperature. (Reprinted
with permission from Elysée-Collen, B. and Lencki, R. (1996). 

 

J. Agric. Food Chem.,

 

 44,
1651–1657.)
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weight was lower. Farrugia (1998) found that gelatin microparticles had diameters
of between 100–200 nm, consistent with the suggestion of Herning et al. that
molecular chain clusters of 150 nm diameter were present.

The exact mechanism of gel formation remains unclear at present but probably
involves the formation of triple helices at some stage. Certainly, as noted earlier, the
solid, nonhydrolyzed, collagen structure consists of triple helices covalently bonded
together. These bonds are broken by hydrolysis to allow subsequent reformation of
triple helices, facilitated by the presence of large numbers of glycine and proline
molecules along the gelatin chain. Since different segments of adjacent chains can
be involved, this suggests that the gel consists of linked three-dimensional structures.
These structures have been examined by various methods. Conclusions from these
researchers indicate that the chains themselves may be 16–20 nm long and a 5%
gelatin gel has three-dimensional structures with a mesh size of 5 nm, the exact size
being affected by the presence of salts or surfactants. 

Most coacervates explored as drug delivery systems consist of particles dispersed
in a liquid continuum. The questions as to how these systems are made and how
they may be presented as drug delivery systems depends to a large degree on the
individual formulator.

 

T

 

HE

 

 P

 

REPARATION

 

 

 

OF

 

 G

 

ELATIN

 

 P

 

ARTICLES

 

As noted earlier, gelatin can be converted to macro- or microparticulate systems,
depending on the conditions of preparation.

 

FIGURE 8.2

 

Response surface diagram for the mean particle size of gelatin microparticles
prepared with variation in concentration and volume of type B, Bloom 225, gelatin solutions.
(From Öner, L. and Groves, M.J. (1993a). 
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Emulsification Processes

 

A number of authors have made gelatin microparticles containing relatively stable
drugs such as 5-fluorouracil, mitomycin, or adriamycin by an emulsification process
in which aqueous solutions of drug and gelatin, with an appropriate emulsifier, have
been emulsified in an appropriate inert oil phase. The water-in-oil system is then
hardened with an aldehyde, usually glutaraldehyde, and the particles collected by
centrifuge or filtration. However, the overall process requires the use of solvents
such as chloroform or diethylether to remove the adhering oil phase. Quantities of
these environmentally undesirable solvents may be large and this makes it extremely
difficult to scale the process up from the laboratory to industrial production, quite
apart from heat generation and chemical interactions which may be detrimental to
the required properties of the incorporated drug (Öner and Groves 1993c).

 

Precipitation Processes

 

With a view to employing unmodified gelatin particles as immunological drug
delivery systems in their own right, the concept of precipitating gelatin into cold,
water miscible, solvents such as ethanol was explored by Öner and Groves (1993c).
The basic process involved placing 500 mL of a water-miscible solvent such as
anhydrous ethanol, acetone, or 2-propanol in a flask suspended over a bath of
granules of solid carbon dioxide. The system was slowly stirred until the temperature
had dropped to 15

 

°

 

C, at which point various volumes of 1% aqueous gelatin were
slowly stirred into the cold solvent. The temporary particles or droplets were held
under these conditions for another 15 minutes, and glutaraldehyde solution added
to cross-link the dispersed gelatin particles. The system was then placed in a refrig-
erator overnight or for up to 48 hours and the cross-linking process stopped by
adding the contents of the flask to 1500 mL of 5% sodium metabisulfite at 4

 

°

 

C
before collecting the particles by filtration. After this the particles were repeatedly
washed with 0.01 M phosphate buffer at pH 7.0 before suspending in 5% aqueous
mannitol. The system was then lyophilized and stored in the refrigerator.

Two aspects of this simple process need to be noted. The first point is that the
cross-linking process takes an appreciably longer time than those described in the
literature. Using literature times described for the process resulted in particles that
visibly dissolved while being analyzed by Coulter Counter but this issue went away
if the cross-linking times were prolonged. The other point is that prolonged washing
with water is involved, precluding the prior addition of any drug at the beginning
of the process. However, it was shown that the final particles could be conveniently
loaded by soaking in an aqueous or ethanolic solvent containing the drug, the solvent
being removed by an additional lyophilization process.

The authors applied factorial design to their experiments and were able to
demonstrate that the optimal solvent was ethanol, with the smallest particles, ~1 µm
diameter, resulting when dilute concentrations of gelatin at acidic pH were utilized
(Figure 8.3). Interestingly, the Bloom number or the acid or base-derived gelatin did
not make a great deal of difference (Figure 8.2 and Figure 8.3). At high pH the
diameter of the resulting particles tended to become bimodal (Figure 8.4) with one
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population around 1 µm and the other around 4–5 µm in diameter (Table 8.1). In
addition, the precipitation temperatures had a profound influence on the resulting
precipitated particle diameters (Figure 8.7).

In an effort to improve the process Öner and Groves (1993a) evaluated the use of
a popular form of nebulizer, the Turbotak atomizer (Turbotak Ltd., Waterloo, Ontario,
Canada). The desolvating solvent was again maintained at 15

 

°

 

C but the system was
enclosed in order to reduce the volume of solvent required and to minimize the risk
of the operators inhaling the generated droplets (Figure 8.7 and Figure 8.8). The

 

FIGURE 8.3

 

The relationship of pH of gelatin solutions and particle size. Type A, Bloom
60; type B, Bloom 225. (From Lou and Groves 1995.)

 

FIGURE 8.4

 

Cumulative size distribution of gelatin (lime-cured type B, bloom number 225)
microparticles prepared at high pH obtained using a Coulter Counter and plotted as a log-
probit function. (From Lou, Y. and Groves, M.J. (1995). 

 

J. Pharm. Pharmacol.,

 

 47, 97–102.
With permission.)
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TABLE 8.1
Size Characteristics of Gelatin (Type B, Bloom Strength 
225) Microparticles as Measured by Coulter Counter

 

Mean volume diameter

 

a

 

Expt 1

 

Expt 2

pH l

 

m s l

 

m s

 

Type of distribution

 

3 3.2 1.22 3.1 1.29 Unimodal
4 2.4 1.28 2.4 1.29  
5 2.9 1.24 3.0 1.20  
6 3.0 1.26 3.0 1.30  
7 1.1 1.36 (15%)

 

b

 

1.1 1.27 (17%) Bimodal
4.7 1.24 (85%) 4.9 1.25 (83%)  

8 1.1 1.49 (20%) 1.1 1.52 (19%)  
5.9 1.32 (80%) 5.7 1.30 (81%)  

 

a

 

 The mean values and standard deviations (SD) are geometric and geometric
standard deviations, respectively, of distributions.

 

b

 

 Percentage of total distribution.

 

FIGURE 8.5

 

Diagram of single-stage carbon dioxide activated spray system. A. Magnetic
stirrer; B. hot gelatin solution; C. peristaltic pump; D. carbon dioxide tank; E. solid carbon
dioxide pellets; F. gas regulator; G. 0.45-mm membrane filter venting to atmosphere; H.
Turbotak; I. vent tube; J. cold stirred anhydrous ethanol. (From Öner, L. and Groves, M.J.
(1993a). 
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direct mixing process described above consistently produced ~1 µm particles, but
the closed atomization process produced submicron particles ~800–900 nm in
diameter (Table 8.2A, Table 8.2B). 

These authors suggested that the process could be scaled up industrially and
was attractive because, although the water-miscible solvents have potential for flam-
mability, it was operated under carbon dioxide gas and at low temperatures which
considerably improved the safety of the overall operation.

Taking the process to successful delivery of drugs is another issue. Lou and
Groves (1995) made gelatin particles of around 2 µm using the open process and
incorporated thiotepa, an alkylating agent which does not appear to have been
extensively studied from a formulation point of view. 

The kinetics of absorption of the drug following administration of the formula-
tion of thiotepa in gelatin particles to rabbits suggested that not only was the blood
level elevated compared to a control but the area under the curve (AUC) was
essentially more than doubled. Since this represents the amount of drug absorbed
the authors suggested that administration of a simple gelatin particulate formulation

 

FIGURE 8.6

 

Diagram of two-stage carbon dioxide-activated spray system. A. Hot protein
solution; B. magnetic stirrer; C. peristaltic pump; D. Turbotak; E. sleeve cut from Masterflex
tubing, 1.5 cm below base of Turbotak; F. empty 2-L glass conical flask; G. gas regulator;
H. CO

 

2

 

 tank; I. 0-45-

 

µ

 

m membrane filter. (From Öner, L. and Groves, M.J. (1993a). 
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FIGURE 8.7

 

Effect of precipitation temperature on the size (dvn) of the resulting gelatin
microparticle (lime-cured type B, bloom number 225). Bar = s.e., n = 3. (From Lou, Y. and
Groves, M.J. (1995). 

 

J. Pharm. Pharmacol.,

 

 47, 97–102. With permission.)

 

FIGURE 8.8

 

Effect of D-arabinose loading on the release profile from gelatin microparticles
in 1/15 M phosphate buffer (pH 7.4) at 25

 

°

 

. •- - •, D-Arabinose loading 2.5%,  — 5%, 50%.
Bar 

 

=

 

 s.e., n 

 

=

 

 6. (From Lou, Y. and Groves, M.J. (1995). 

 

J. Pharm. Pharmacol.,

 

 47, 97–102.
With permission.)
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of thiotepa would enable the amount of drug administered to be halved, thereby
reducing the side effects associated with this otherwise effective but toxic drug. This
suggestion has not been followed up clinically.

Another paper by the same authors demonstrated that the adsorption process of
D-arabinose, itself highly water soluble, onto preformed gelatin particles could be

 

TABLE  8.2A
Size Characteristics of Gelatin Microparticles Prepared 
Using Chilled Dehydration Techniques

 

Direct Mixing

 

CO

 

2

 

 atomization

Lot No. Mean diameter (l

 

m) s

 

a

 

Mean diameter (l

 

m) s

 

1 1.15 1.39 0.85 1.76
2 1.15 1.47 0.90 1.83
3 1.20 1.54 0.85 1.94
4 1.20 1.62 0.90 1.77
5 1.20 1.41 0.85 1.82
6 1.15 1.74 0.80 1.88

Mean 1.18 1.53 0.86 1.83
CV

 

b

 

2.3% 8.7% 4.4% 3.7%

 

a

 

 Geometric standard deviation (log probit).

 

b

 

 Coefficient of variation.

 

* Significantly different (p < 0.05).

TABLE 8.2B
Size Characteristics of Albumin Microparticles Prepared 
Using Chilled Dehydration Techniques

Direct Mixing CO2 atomization

Lot No. Mean diameter (lm) sa Mean diameter (lm) s

1 3.00 2.27 1.70 1.71
2 3.00 1.77 1.80 1.88
3 2.80 1.94 1.90 1.78
4 2.90 2.12 1.70 1.72
5 3.00 1.64 1.85 1.64
6 3.00 1.84 1.75 1.88

Mean 2.97 1.93 1.78 1.76
CVb 3.4% 12.0% 4.6% 5.1%

a Geometric standard deviation (log probit).
b Coefficient of variation.
* Significantly different (p < 0.05).
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reversed but, effectively, slowed the release process in vitro for as long as 14 hours
(Figure 8.8 and Figure 8.9). Subtracting the initial amount of D-arabinose released
over the first hour of the dissolution process from subsequent results allowed the
release rates to be determined. Surprisingly, these rates were effectively steady until
the sugar had been stripped off the gelatin particles. The effect was to produce a
zero-order release pattern after the initial burst effect. The same effects were observed
with a polysaccharide of significantly higher molecular weight, PSI (Table 8.3).

It may be surprising to realize that sugars are adsorbed to a protein-like material
although, in practice, this is the principle underlying some chromatographic sepa-
ration processes used with proteinaceous systems.

What was interesting about this study is that it was possible to demonstrate that
the sugar was adsorbed onto the internal gelatin particle matrices as well as the
visible external particle surface (Table 8.3). This factor needs to be taken into account
in any studies on the use of gelatin particles as drug delivery systems, especially if
the initial production process is likely to have any influence on the intrinsic char-
acteristics of the matrix.

Submicron Diameter Gelatin Particles

Marty and her colleagues (1978) pointed out that colloidal drug delivery systems
were well suited for parenteral administration and may have use as sustained release
products. Since gelatin is readily available, has low antigenicity, and has been utilized

FIGURE 8.9 Effect of glutaraldehyde concentration on release profile of D-arabinose from
gelatin microparticles (D-arabinose loading 16%) in 1/15 M phosphate buffer (pH 7.4) at
25°C.  —  4% glutaraldehyde,    6%, •- - - •, 8%. Bar = s.e., n = 6. (From Lou, Y. and Groves,
M.J. (1995). J. Pharm. Pharmacol., 47, 97–102. With permission.)
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TABLE 8.3
The Effect of Glutaraldehyde Concentration on the Absorption of D-Arabinose and PS1 from the External or Internal Surface 
of Gelatin

Glutaraldehyde

External specific
surfacea

(cm2 g−1 × 104)

Amount adsorbed
in external surface

(mol g−1 × 10−6)
Maximum adsorbedb 

surfacec (mol g−1 × 10-3)

Total specific 
surface 

(cm2 g−1 × 10−3)

Amount adsorbed
in internal surface

(mol g−1 × 10−5)

Internal specific
surfaced

(cm2 g−1 × 103)

D-Arabinose  PSI D-Arabinose   PSI D-Arabinose  PSI D-Arabinose PSI D-Arabinose PSI

4% 3.466 10.5 0.763 51.8 0.478 1.713 2.17 50.7 0.402 16.78 1.823
6% 1.340 4.07 0.295 47.4 0.436 1.567 1.98 46.9 0.406 15.54 1.846
8% 0.964 2.93 0.213 39.1 0.403 1.293 1.83 38.8 0.382 12.83 1.734

a Calculated from gelatin particle size and density (based on Coulter Counter measurements and the Hatch-Choate relationship).
b Obtained from Langmuir isotherm.
c Calculated from Langmuir isotherm and BET equation. 
d Obtained from total surface substrate less that adsorbed on the external surface.
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in parenteral products, Marty et al. were able to describe a method for preparing
gelatin nanoparticles. Although this paper has been extensively cited since its pub-
lication over 25 years ago, in fact the methodology has proved to be exceptionally
difficult to replicate (Farrugia 1998).

GELATIN PRECIPITATION

The process described by Marty et al. (1978) involves adding ethanol slowly to a 1–3%
solution of gelatin in water containing surfactant such as polysorbate 20 and buffering
salts at 37°C until the turbidity disappears. At this point a cross-linking agent such as
formaldehyde or glutaraldehyde is added to harden the particles. Excess cross-linking
agent is then removed and the system is then lyophilized to remove the water and the
ethanol. The particles were claimed to be spherical, with diameters of around 200 nm.
However, closer examination of their electron photomicrographs suggested that the
authors were somewhat optimistic in their estimates of both size and sphericity.

Others have attempted to repeat these experiments. As discussed above, Öner
and Groves (1993a) demonstrated that it was possible to prepare micron-sized
particles by effectively reversing the process described by Marty et al. (1978) in that
warm 1% gelatin solutions were added to stirred dehydrating solvents such as
anhydrous ethanol (95% ethanol plus 5% isopropanol). By using solid carbon dioxide
around the reaction flask the temperature inside was maintained at 15°C. However,
longer periods of contact with glutaraldehyde were required and environment con-
ditions such as pH, volume, and concentration of the initial solution as well as
temperature all required careful control (Figure 8.2).

Scanning electron photomicrographs taken by these authors suggested that the
cross-linked microparticles were comprised of aggregates of small primary particles
of ~200 nm in diameter. This invited comparison with the estimate of sizes obtained
by Marty et al. and the measurements of stable gelatin chain clusters by Herning
et al. Lou and Groves (1995) demonstrated that the resultant diameter of particles
was only modestly affected by the origin of the gelatin but was significantly affected
by the pH (Figure 8.4). Moreover, systems with high pH were shown to have a
bimodal size distribution, the smaller particles having diameters ~2.5 µm at low pH
(<<6.0) were preserved throughout and larger particles of ~5.0 µm started to appear
as the pH was increased. The response curve is illustrated in Figure 8.2 for systems
made at 15°C.

OPTIMIZATION OF GELATIN NANOPARTICLE PRODUCTION

As noted earlier, gelatin is a complex material, consisting of various fractions of
materials with different molecular weights (Table 8.4). Farrugia (1998) returned to the
method described by Marty et al. in 1978 in order to systematize the available infor-
mation and improve on the methodology which had proved to be somewhat variable.

Earlier literature had demonstrated that gelatin samples could be arbitrarily
subdivided into a number of molecular weight classes (Table 8.4), and these could
be identified by the careful use of size-exclusion chromatography (Figure 8.10). By
adding two more categories, a logical explanation for the structures found based on
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a single unit (the α-fraction) could be made. A process was devised based on the
need to eliminate the high molecular weight—but essentially amorphous—microgel
phase. The separation of different molecular weight fractions from various sources
of gelatin proved to be unrealistic but molecular weight profiles could be obtained
for each material and this was valuable information. As noted earlier it is unlikely
that gelatin manufacturers would be interested in taking this work to the next logical
stage, but at least methodology is now available for characterizing mixed samples
and matching performance with identity.

Thermal degradation studies demonstrated that deterioration of the high molec-
ular weight fractions occurred at temperatures in excess of 50°C, with virtually no
degradation being found at 37°C or room temperature. This pretreatment therefore
offers another way of removing or minimizing the quantities of higher molecular
weight fractions present, depending on the pH of the medium. It should also be
noted that these studies were carried out in dilute (0.1%) solutions of gelatin in order
to avoid the other molecular interactions that occur at higher concentrations. As
might be anticipated, the closer the pH came to the isoelectric point of the gelatin
sample, the lower was the net particle charge. This favored the formation of nonco-
valent interactions required for the formation of gelatin aggregation. However, the
systems were also shown to be extremely sensitive to environmental temperature,
which clearly requires careful control in order to obtain reproducible aggregate sizes.

THE TOXICITY OF GELATIN

Although widely perceived as being innocuous, studies on the intravenous use of
gelatin as a blood expander showed a number of unexpected toxicities in clinical
practice. For this reason, injected gelatin microparticles might be anticipated to suffer
from the same effects and should not be regarded as being completely innocuous.

TABLE 8.4
Molecular Weight Classes Used for the Analysis of the Size 
Exclusion HPLC Chromatograms of Gelatin

Molecular Weight
         Class

Molecular Weight Range
(kDa)

Approximate Number
of a Chains

Low molecular weight < 50 —
Sub-alpha 50–80 —
Alpha (α) 80–125 1
Beta (β) 125–225 2

Gamma (γ) 225–340 3
Epsilon (ε) 340–700 6 (2γ)

Zeta (ζ) 700–1000 9 (3 γ)
Delta (δ) 1000–1800 12 (4 γ)
Microgel >1800 >12

Source: From Farrugia (1998).
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For example, both collagen and gelatin adhere to fibronectin-enriched surfaces and
although this reaction is valuable for targeting particulate drug delivery systems to
tumor surfaces, the reaction is also important in the healthy body. The gelatin-based
plasma substitutes completely depleted plasma fibronectin, producing undesirable
effects on the plasma clotting cascade. This effect would be anticipated to be less
severe with gelatin microparticles than with gelatin in solution.

Two other issues need to be raised here although, again, they are more theoretical
than realistic. The first is the possible presence of prions, the causative organism
responsible for bovine spongiform encephalopathy (BSE) or “mad cow disease.” A
“new variant” of the so-called Creutzfeldt-Jakob prion is now known to have jumped
species, causing deaths in humans. At present this is mainly a European issue and
various remedies have been proposed, including the banning of all leather goods made
from cattle skins. The British now only slaughter young cattle for food and experience
is beginning to indicate that the disease is under control for the most part. As yet it
has not materialized in the United States and it might be noted that most collagen for

FIGURE 8.10 HPLC size exclusion chromatogram of B225 gelatin obtained using the Bio-
Sil SEC 400-5 and SEC 250-5 columns. (From Farrugia, C.A. (1998). The formulation of
gelatin nanoparticles and their effect on melanoma growth in vivo. Ph.D. thesis, University
of Illinois at Chicago. With permission.)
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gelatin production comes from India these days, so the issue is somewhat remote from
reality. Other, nonbovine sources of gelatin could be used such as porcine but this is
not acceptable in some cultures. Prions have not to date been found in gelatin samples
and the issue is substantially remote, no matter the origin of the gelatin.

The second issue is the slow release in the body of the cross-linking aldehydic
reagents used to cross-link and stabilize the gelatin microparticles. This will occur
slowly in vivo as the gelatin matrix itself dissociates and goes into solution. However,
the effect of low level, slow, localized, release of glutaraldehyde over a period of
time has not been evaluated clinically and the issue remains open for discussion.

STERILIZATION OF GELATIN PRODUCTS

As noted, the effect of heat on gelatin solutions is enough to cause the deterioration
of the highest molecular weight fractions and this usually manifests as a reduction
in the viscosity of the solution. However, after heating, gelatin has a tendency to
revert to structures found in the original collagen so the heated gelatin breaks down
initially but, on cooling, tends to recover some of its original properties. Undoubt-
edly, some irreversible degradation must occur and, if feasible, aseptic filtration of
dilute aqueous solutions should be used to sterilize gelatin intended for parenteral
administration. 

TISSUE TARGETING WITH GELATIN MICROPARTICLES

For the most part, tissue targeting depends on the interaction between surface
fibronectin and gelatin at some site in the body or the free fibronectin in the plasma.
Fibronectin is a ubiquitous, asymmetric glycoprotein or, more accurately, a family
of at least 100 related glycoproteins with structural homology (Figure 8.11). They
each have two similar but not identical polypeptide chains joined near their C-termini
held together with disulfide bridges. This family of proteins have high molecular
weights (440 kDa) and are normal constituents of blood plasma besides being widely
dispersed on connective tissues, blood vessel walls and basement membranes.
Excreted onto the surface of a cell, the fibronectin functions as a cell-to-cell or cell-
basement membrane adhesive. Free fibronectin in the plasma serves as the main
opsonic protein, modulating the functional capacity of the reticuloendothelial sys-
tem. In addition, fibronectin is believed to be the main factor involved when tumor
cells metastasize from their original site to some other site in the body. This is
important since it is well recognized that the high mortality rates following the
diagnosis and surgical removal of many cancers is due to tumor cells becoming
detached during the surgery and finding other sites in the body to develop. Only
about half of the patients diagnosed and treated for their cancers survive beyond the
initial 5-year period following surgery, chemotherapy, or radiotherapy, and this is
inevitably due to metastases developing elsewhere.

Because of the complexity of its function in the biological environment, fibronec-
tin has been shown to have selected areas or domains along its chain which can be
associated to specific binding functions. For example, as shown in Figure 8.11, there
are at least two domains with direct cellular binding activity, another domain binds
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FIGURE 8.11 Model of the structure of a fibronectin dimer, showing molecular composition of the various domains,
and major amino acid sequences involved in cell binding. (From dos Santos (2005). Ph.D. thesis, University of Lisbon.)
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to DNA and yet others to fibrin and to heparin. However, one domain has been
identified as being specifically responsible for binding to collagen or, in its degraded
form, gelatin.

As a sidebar, it should be noted that there is a domain on the fibronectin molecule
which binds to the simple peptide RGD (arginine-glycine-aspartic acid) and this has
been explored as a means of interfering with the tumor adhesion process using
longer, more stable, polypeptide sequences and other analogues or derivatives
(Humphries et al. 1987).

In the clinical treatment of superficial bladder cancer with viable cells of an
attenuated Mycobacterium bovis vaccine, BCG (see Chapter 12), it became evident
that the bacterial cells adhered to the tumor cells through fibronectin produced at or
near the tumors. A fibronectin receptor on the bacterial cell wall has been identified
as an Antigen 86 complex homologue. Outside the scope of this present review, the
interested reader is referred to publications noted in the bibliography. However, by
analogy with the known reaction between collagen and gelatin, Lou and her col-
leagues (1995) suggested that the nonviable gelatin microparticles could be substi-
tuted for the viable organism, which is usually directly responsible for most clinical
side effects observed during treatment of bladder cancer with BCG. 

This supposition was essentially confirmed and Lou et al. were able to demon-
strate that high and low molecular weight antineoplastics could be loaded onto
gelatin particles following lyophilization.

Farrugia and Groves (1999b) demonstrated in vitro and in vivo that gelatin
microparticles, on their own, without any incorporated drugs, would block the
dissemination of melanoma cells. This is not surprising in view of the known ability

FIGURE 8.12 Response-surface diagram for the mean particle diameter of albumin micropar-
ticles prepared by variation of glutaraldehyde concentration and duration of cross-linking. (From
Öner, L. and Groves, M.J. (1993b). J. Pharm. Pharmacol., 45, 866–870. With permission.)
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of gelatin to interact directly with fibronectin. The clinical potential of this concept
has not been evaluated.

ALBUMIN MICROPARTICLES

INTRODUCTION

Albumin is ubiquitous in mammals: it comprises roughly half of the total plasma
proteins, ranging from 6–9 g/L in humans. It is a single chain protein with a
molecular weight of ~67 kDa and consisting of about 400 amino acid moieties.
About half of these are hydrophilic and the remainder hydrophobic in character.
Present in such large quantities, it might be anticipated that this protein serves more
than one function in the body. For example, it is responsible for maintaining the
osmotic pressure in blood, and therefore the blood volume, increases the buffer
capacity of blood and functions as a major reservoir for amino acids as well as being
involved in the binding and transport of smaller molecules.

Albumin is a major transport facilitator of hydrophobic compounds which would
otherwise disrupt cellular membranes. These compounds include free fatty acids and
bilirubin as well as hormones such as cortisol, aldosterone, and thyroxine when
these materials have exceeded the capacity of proteins normally associated with
them. Albumin also binds ions, including toxic heavy metals and metals such as
copper and zinc which are essential for normal physiological functioning but may
be toxic in quantities in excess of their binding capacity for their carrier proteins.
Binding of protons is the basis for the buffering capacity of albumin.

Albumin will not cross membranes, mainly because of its size, and exerts an
osmotic pressure counterbalanced by a counterflow of water into the circulation. If
the plasma concentration of albumin is increased this will cause dehydration of
tissues such as in lungs and cause an increase in blood volume. If the body is
dehydrated due to a reduction of fluid intake this results in a reduction in the volume
of blood and a decrease in the amount of blood albumin.

Use of albumin as an amino acid reservoir is analogous to the use of glycogen
for storing sugars. Starvation will result in serum albumin being broken down to
allow the synthesis of other proteins. In addition, the amino acids can function as
an energy source by being converted into glucose in the liver.

ALBUMIN MICROPARTICLES

Commercially albumins are obtained from avian eggs, fractionated blood products
of human or bovine origin, or from plant sources such as soy bean.

The use of albumin microparticles as a drug delivery system was first suggested
by Kramer (1974) and several methods for their production were subsequently devel-
oped (Gupta and Haung 1989). Most methods involved the application of emulsifi-
cation methodology and factors involved in this process have been evaluated by a
number of authors. However, studies of the in vitro disintegration process of protein
microspheres, induced by the presence of protease enzymes in the environment, are
limited (El-Samaligy and Rohdewald 1983).
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Emulsification Processes

Being a globular protein, containing hydrophobic entities that are retained in the
center of the molecule, and hydrophilic entities tending to point into the surrounding
aqueous medium, albumin is destabilized by heat. This process is readily illustrated
with egg albumin, known commercially as albumen. The mixture of albumins,
mucoids, and other materials starts to precipitate when heated at about 55°C and
the process is irreversibly complete in the case of egg albumen at about 61°C which
goes from a clear limpid liquid to a white, rubbery solid. It might be noted that, at
the lower end of the temperature range, the process is reversible but somewhat slow.
Denaturation is also induced by vigorous shaking, electrical currents, and various
chemicals such as acids or bases, heavy metal salts, and alcohols.

Micron-range insoluble particles are therefore readily made from albumins by
an emulsification process in which the protein is dissolved in water and emulsified
with a surfactant in oil. The protein is denatured by heating the system above its
denaturation point or with chemical cross-linking agents (e.g., glutaraldehyde) and
collected by removal of the oil using solvents (e.g., petroleum ether, chloroform, or
diethylether). These solvents are environmentally undesirable which makes the pro-
cess unattractive for large-scale manufacture and the resulting microparticles often
contain surfactants in them which can interfere with the resultant properties as drug
delivery systems.

Atomization Processes

As described earlier, Groves and his colleagues prepared gelatin microparticles by adding
or spraying aqueous solutions of gelatin into cold anhydrous alcohol (Figure 8.7 and
Figure 8.8). Öner and Groves (1993b,c) applied substantially the same process to
the preparation of albumin particles and applied factorial analysis to optimize the
conditions for the preparation of micron-ranged materials (Figure 8.13). 

In addition, the enzymic disintegration of the prepared albumin microparticles
was systematically evaluated by carrying out a dissolution process in the presence
of trypsin.

The response surface (Figure 8.13) suggested that the cross-linking process in
this case was essentially dynamic; particles becoming larger with time of exposure
and concentration of glutaraldehyde. This was completely unlike the situation
observed with gelatin where, once formed, the particles retained their original size.
This may be due to the higher molecular weight of the globular albumin molecule
which is more sensitive to structural changes induced by the cross-linking agent. In
addition, as noted, the gelatin particles tended to precipitate in units of about 200
nm diameter or aggregates of that initial size. 

Moreover, as noted, gelatin particles tended to redissolve unless they had been
exposed to the glutaraldehyde for a sufficiently long period of time. Albumin parti-
cles, on the other hand, formed very rapidly at low concentrations of reagent and
low temperatures and it appears that they grow in size as the attached water molecules
are removed by the excess of anhydrous alcohol. It is likely that the denatured,
insoluble, protein aggregates grow in size with time during the addition of the
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glutaraldehyde. Ideally, therefore, it should be possible to prepare albumin particles
of any predetermined size by very careful attention to the conditions of preparation.

This observation needs to be compared to the few literature reports on the
underlying factors that control the preparation of the albumin particles by the emul-
sification process. For example, it has been widely reported that parameters such as
the variability in stirring rates and temperature had a significant influence on the
size of the resulting beads and it has been concluded that the main process variables
were controlled by the oil phase of the emulsion.

Properties of the Particles

There have been relatively few studies of the properties of the albumin beads or
particles. Gupta and Haung (1989) demonstrated that beads made by the emulsifica-
tion process at temperatures over the range of 105–150°C varied in the release of
incorporated doxorubicin, rates decreasing with an increase of the denaturation tem-
perature. This indicated that the beads themselves were becoming hard or more dense. 

Öner and Groves (1993c), on the other hand, repeated the experiment and were
able to derive two response surfaces that correlated the production parameters of the
chilled cross-linking process with the disintegration process in the presence of enzyme
(Figure 8.13 and Figure 8.14). Although the relationship between the time for complete
enzymic disintegration and particle diameter was not linear, there were strong indica-
tions that particles made under different condition did have different properties. This
was considered to be related to the cross-linking activity which influenced the forma-
tion of an insoluble matrix as well as the actual nature of the matrix itself. Interestingly,

FIGURE 8.13 Response-surface diagram for the time of 100% in vitro enzymatic disinte-
gration of albumin microparticles prepared by variation of glutaraldehyde concentration and
duration of cross-linking. (From Öner, L. and Groves, M.J. (1993b). J. Pharm. Pharmacol.,
45, 866–870. With permission.)
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these authors did not see evidence of the swelling reported for cases in microparticles
made by the emulsification process. This may have been due to the lyophilization
stage which is an integral part of the chilled cross-linking process. The chilled cross-
linking process, apart from requiring relatively large volumes of ethanol, has many
features that make it attractive for scale-up.
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