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Aluminium-based vaccine adjuvants have been in use since the 1920s. Aluminium hydroxide (alum)
that is the chemical basis of Alhydrogel, a widely used adjuvant, is a colloid that binds proteins to the
particular surface for efficient presentation to the immune system during the vaccination process. Using
conventional TEM and cryo-TEM we have shown that Alhydrogel can be finely dispersed by ultrasoni-
cation of the aqueous suspension. Clusters of ultrasonicated aluminium hydroxide micro-fibre crystals

Keywords: have been produced (~10-100 nm), that are significantly smaller than those present the untreated Alhy-
Alhydrogel . . .

Aluminium hydroxide drogel (~2-12 p.m). However, even prolonged ultrasonication did not produce a homogenous suspension
Adjuvant of single aluminium hydroxide micro-fibres. The TEM images of unstained and negatively stained air-
Vaccine dried Alhydrogel are very similar to those obtained by cryo-electron microscopy. Visualization of protein

Ultrasonication on the surface of the finely dispersed Alhydrogel by TEM is facilitated by prior ultrasonication. Several
Protein binding examples are given, including some of medical relevance, using proteins of widely ranging molecular
TEM mass and oligomerization state. Even with the smaller mass proteins, their presence on the Alhydrogel
Negative staining surface can be readily defined by TEM. It has been found that low quantities of protein tend to cross-link
Cryo-TEM and aggregate the small Alhydogel clusters, in a more pronounced manner than high protein concentra-
tions. This indicates that complete saturation of the available Alhydrogel surface with protein may be
achieved, with minimal cross-linkage, and future exploitation of this treatment of Alhydrogel is likely to

be of immediate value for more efficient vaccine production.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction characterized by chemical and physicochemical techniques, and by

scanning electron microscopy (SEM) (Lee et al., 2009; Li et al., 2009,

Alhydrogel, an aqueous aluminium hydroxide (alum) sus-
pension, has been reproducibly produced and widely used as
a protein-binding vaccine adjuvant for many years (Bomford,
1980). Knowledge of the microcrystalline nature of this aluminium
hydroxide product, its spontaneous aggregation and stability is
well established, as is its marked immunostimulatory potential
(Rostenberg et al., 2008). Alhydrogel is currently included in
numerous patented vaccine formulations.

Industrial and pharmaceutical chemists have described a broad
range of aluminium hydroxide and aluminium phosphate prod-
ucts (Demichelis et al., 2008; Edwards et al., 2009; Sato, 2007),
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2010; McLaughlin et al., 1993; Mortimer and Mayes, 2007) and
transmission electron microscopy (TEM) (Burrell et al., 2001a,b;
Chen et al., 2003; Counter et al., 1999; Hochepied et al., 2003;
Wang et al., 2008). However, much uncertainty still remains as
to the control of the Bayer crystallization process for the produc-
tion of colloidal aluminium hydroxide crystalline suspensions. The
protein-binding and adjuvant properties of aluminium salts have
likewise been intensively studied (Clausi et al., 2008, 2009; Jones
et al., 2005; Lindblad, 2004, 2006; Rinella et al., 1996), but with
relatively little contribution from electron microscopy. Hem et al.
have made numerous contributions to the aluminium based adju-
vant field (surveyed by Hem et al., 2010; Hem and HogenEsch, 2007).
Measurement of the protein content of Alhydrogel-based vaccines
has recently been advanced by Zhu et al. (2009a,b) and the main-
tenance of secondary structure of proteins adsorbed by Alhydrogel
was shown by Dong et al. (2006).

Ultrasonication of mineral particles has been widely used within
chemical and materials science for the dispersion of the aqueous
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suspensions of inorganic samples. In some cases these samples have
been assessed by TEM or SEM (Chung et al., 2009; Janney et al.,
2000; Lietal., 2007; Wu et al., 2011). Although aluminium hydrox-
ide samples have not previously been treated by ultrasonication,
aqueous suspensions of clustered alumina nanoparticles have been
studied (Nguyenetal.,2011), indicating strongly the potential value
of this approach. Whereas in the biomedical sciences water-bath
and probe ultrasonicators are widely used, flow-through ultra-
sonication equipment is available which could readily extend the
laboratory approach.

Although the safety and use of Alhydrogel vaccines is gener-
ally accepted, for example against malaria and anthrax (Campbell
et al,, 2007; Ellis et al., 2010; Mullen et al., 2006; Rostenberg et al.,
2008; Sagara et al., 2009), the pathological deposition of aluminium
hydroxide following injection has been shown by light and electron
microscopy (Gherardi et al., 2001; Harris, 1973; Hernandez et al.,
2008; Valtulini et al., 2005).

Soliakov et al. (2010) studied by TEM the Caf1 polymer from the
plague bacterium Yersinia pestis, anthrax protective antigen and
hemocyanin that were each adsorbed to Alhydrogel. Although this
work was the first to directly show proteins attached to Alhydrogel,
a major limitation to the TEM work was the large size of the com-
mercial Alhydrogel particles, which necessitated the selection of
the rather few thin, partially electron-transparent, edges of the alu-
minium hydroxide microcrystalline clusters for data recording. We
have now extended and facilitated our TEM study of several pro-
teins adsorbed to Alhydrogel by producing controlled dispersion
of the aluminium hydroxide by ultrasonication, using both water-
bath and probe ultrasonication immediately prior to addition and
adsorption of protein. We have also determined quantitatively the
protein adsorption of this more finely dispersed ultrasonicated
Alhydrogel, compared to the untreated aqueous Alhydrogel dis-
persed by manual mixing.

2. Materials and methods
2.1. Alhydrogel

AlhydrogelTM, a 2% (w/v) aqueous suspension of aluminium
hydroxide gel adjuvant, was purchased from BRENNTAG Biosector,
Frederikssund, Denmark (Batch No. 4072).

2.2. Proteins

Recombinant anthrax protective antigen (PA83), the plague bac-
terium Yersina pestis capsular antigen fraction 1 (Caf1) (Miller et al.,
1998; Zavialov et al., 2003) and the LcrV injectisome tip anti-
gen (Mueller et al., 2005; Broz et al.,, 2007) were provided by
Avecia Biologics Ltd. (UK). The PA83 was converted proteolyti-
cally to PA63, which oligomerizes as the stable heptamer (Petosa
et al., 1997). Recombinant respiratory syncytial virus nucleocap-
sid protein-RNA (RSV N-RNA) decamer was purified by established
procedures (MacLellan et al., 2007; Tawar et al., 2009). The E. coli
outer membrane porin OmpF trimer (Yamashita et al., 2008) was
purified by the method of Gravito and Rosenbusch (1986). Horse
spleen ferritin, apoferritin and keyhole limpet hemocyanin (KLH)
were purchased from Sigma Aldrich, and collagen (acid-soluble,
rat tail type I) from SERVA Electrophoresis. Recombinant enolase
from Bacillus subtilis was prepared as described by Newman et al.
(in preparation). Sedimentation velocity and size exclusion chro-
matography indicated that the enolase was octameric, as with some
other bacterial enolases (Schurig et al., 1995). Proteins were added
to water-diluted Alhydrogel suspensions (0.1 mg/ml), at concen-
trations ranging from 0.01 to 0.1 mg/ml. In general, over saturation
of the available Alhydrogel surface with protein was avoided, as

the presence of excess unbound protein does not assist the subse-
quent interpretation of the TEM images. However, undersaturation
leads to aggregation of the Alhydrogel particles due to protein
cross-linkage.

2.3. Ultrasonication of Alhydrogel

The 2% stock solution of Alhydrogel was thoroughly hand-
mixed and routinely diluted to 5 pl/ml in distilled water (giving
~0.1 mg/ml) prior to ultrasonication. Ultrasonication was per-
formed at room temperature using 50 ml samples in a water-bath
ultrasonicator (Grant XB2, Cambridge, UK) and as ice-cooled 2 ml
volumes using a probe ultrasonicator (Misoix Sonicator 3000, USA)
with a microtip probe at intensity setting 1.5, with 15/10 s on/off
time ultrasonication and cooling cycles.

2.4. Determination of protein binding

The protein-adjuvant mixtures were centrifuged at 3000 x g for
3 min at room temperature. The supernatants were removed and
assessed for protein concentration by measuring the absorbance at
280 nm. The amount of protein adsorbed to aluminium hydroxide
adjuvant at room temperature was calculated by subtracting the
amount of protein remaining in solution from the amount of protein
added initially (Jones et al., 2005).

2.5. Specimen preparation for electron microscopy

Specimens were prepared on carbon-coated and holey carbon-
coated 400 mesh copper EM grids. Grids were briefly treated (60s)
by glow discharge to improve their hydrophilicity. EM specimens
were prepared on the continuous carbon films, unstained and neg-
atively stained with 2% (w/v) aqueous uranyl acetate, using the
single droplet procedure (Harris, 1997). Specimens were prepared
on holey carbon films, unstained in 1% (w/v) aqueous trehalose
and negatively stained with 5% aqueous (w/v) ammonium moly-
dbate, 0.1% (w/v) trehalose (pH 6.9), as described by Harris and
Scheffler (2002). Frozen hydrated specimens were on holey films
by the plunge-freezing procedure of Adrian et al. (1984), with a
user-modified Gatan Cp3. 300 Mesh C-Flat grids with 2 wm holes
at 2 pm spacing were used, without glow discharge.

2.6. Transmission electron microscopy

TEM study was performed at ambient temperature using a
Philips CM100, at 100 kV. Digital images were recorded using an
Optronics 1824 x 1824 pixel CCD camera with an AMT40 version
5.42 image capture engine, supplied by Deben UK. Cryoelectron
microscopy was performed using a Tecnai 12 BioTwin, with a Tvips
TemCam F416 (4 k x 4k) CCD camera. Digital image compilation for
publication was performed in Photoshop.

3. Results
3.1. Alhydrogel before ultrasonication

Alhydrogel readily binds to carbon support films, which
enables rapid water washing to be performed to remove any
soluble salt, which might otherwise dry alongside the alu-
minium (oxy)hydroxide crystals. The inherent mass thickness
(density x thickness) of the thinly spread mineral then renders
electron imaging possible, albeit following dehydration within the
high vacuum of the TEM. Untreated alhydrogel has been found
to consist of large clusters of micro-fibre primary crystallites
(~2-12 pm), which self-associate following manual mixing and
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Fig. 1. TEM images of untreated Alhydrogel imaged without staining, (a) at low magnification and (b) higher magnification. Note the excessive electron density of these large
Alhydrogel micro-crystalline clusters (~2-12 wm), which precludes detailed structural assessment of protein-binding. The scale bars indicate 2 wm (a) and 100 nm (b).

sediment under unit gravity. These properties account for the gel-
like nature of the 2% suspension of Alhydrogel. Fig. 1a shows a
representative TEM image of an unstained untreated Alhydrogel.
Because of the thickness of the crystal clusters it is not possible to
define individual micro-fibrils, except at the relatively few regions
where the cluster edge is thin (Fig. 1b), as also encountered by
Soliakov et al. (2010).

3.2. Alhydrogel after ultrasonication

Following treatment of Alhydrogel with relatively gentle water-
bath ultrasonication (5, 10 and 30 min) in a Grant XB2 it is clear that
the size of the micro-crystal clusters decreases (~50-300 nm), as
shown in Fig. 2 when imaged without staining and when nega-
tively stained with uranyl acetate. Despite the treatment, most of
the individual aluminium hydroxide micro-crystals still tend to be
associated together as small clusters. Similarly, when more power-
ful ultrasonication was applied using Misoix Sonicator 3000 with a
titanium microtip probe (5 and 10 min), with an intensity setting
of 1.5, the aluminium hydroxide micro-crystal clusters dispersed
markedly (~10-100 nm). In these instances it became possible to
define some very small, almost individual microcrystals (Fig. 3a).
Extension of the treatment to 30 min produced larger numbers
of small micro-crystal clusters, but still relatively few individual
micro-fibres, indicating the strong association of the aluminium
hydroxide microfibres during their chemical formulation and initial
crystallization. Optimal spreading of the Alhydrogel micro-crystals
is necessary to avoid superimposition of crystals, which might oth-
erwise suggest the presence of larger clusters. When spread across
the holes of holey carbon support films in the presence of 1% tre-
halose, the ultrasonicated Alhydrogel was again revealed by its
inherent electron scattering power (Fig. 3b), larger particles having
a tendency to be located towards the edge of the holes, where the
dried trehalose film is slightly thicker. A similar situation occurs
during the preparation of unstained frozen-hydrated specimens
(Fig. 3cand d). If the Alhydrogel is present at a greater than optimal
concentration, superimposition of small particles readily occurs
when the material is adsorbed to carbon support films and also
when spread in solution across holes. This can readily be avoided by
varying the specimen preparation/dilution conditions. Remarkably,
following the probe ultrasonication treatment, little reaggregation
of the small aluminium hydroxide micro-crystal clusters was found
to occur over a period of weeks. Even though sedimentation under
unit gravity does occur, resuspension of the Alhydrogel particles by
manual mixing is relatively efficient.

3.3. Analysis of protein binding to Alhydrogel

Determination of the quantity of protein bound to untreated and
ultrasonicated Alhydrogel by established procedures did not reveal
a difference. The binding isotherms and Langmuir regressions
showed similar binding capacity for the untreated and ultrason-
icated Alhydrogel (see Supplementary Material).

3.4. Ultrasonicated alhydrogel with adsorbed proteins

The binding of several proteins to Alhydrogel has been studied
by TEM. Some of the selected proteins (Table 1) have direct rel-
evance for experimental vaccine production: (anthrax protective
antigen PA83 and PA63, Yersinia pestis capsular Cafl antigen and
LcrV antigen, E. coli outer membrane protein OmpF and human
respiratory syncytial virus nucleocapsid protein-RNA (RSV n-RNA).
Other proteins are purely of technical interest, to demonstrate the
inherent ability of Alhydrogel to bind to any protein. In this regard,
ferritin and apoferrtin provide useful examples, owing to the pres-
ence and absence of the iron hydroxide core, respectively, within
an essentially spherical hollow oligomeric ~11 nm diameter 24mer
protein shell. Whilst keyhole limpet hemocyann (KLH) has been
widely used as an adjuvant and antigen carrier in its own right
(Harris and Markl, 1999), it is a relevant high molecular mass pro-
tein for the present study.

A general observation has been that with all the proteins stud-
ied, it has been necessary to add sufficient protein to produce
saturation of the binding capacity of the Alhydrogel in order to
prevent subsequent aggregation produced by cross-linkage of the
Alhydrogel particles (essentially equivalent to immune complex
formation). Dependent upon the protein mass and oligomerization
state, together with the concentration of Alhydrogel suspension
present and the state of dispersal, the necessary protein concentra-
tion will vary. All the above-mentioned proteins have been studied

Table 1
Proteins used in this study.

Ferritin (24mer ~241 kDa +iron hydr/oxide core)

Apoferritin (24mer ~241kDa)

Keyhole limpet hemocyanin KLH (didecamer ~9 MDa

Anthrax protective antigen PA63 (heptamer ~440 kDa)

Respiratory syncytial virus nucleocapsid protein RSV n-RNA (decamer ~430kDa)
E. coli outer membrane porin OmpF (trimer ~120 kDa)

Rat tail collagen type 1 (heterotrimer ~300 kDa)

Yersinia pestis capsular antigen Caf1 (monomer ~15.5 kDa and linear polymers)
Yersinia pestis LcrV antigen (monomer ~37 kDa and pentamer)

Bacillus subtilis enolase (octamer ~345 kDa)
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Fig. 2. TEM images of Alhydrogel following ultrasonication in a water-bath sonicator for 10 min. (a, b) Images of unstained Alhydrogel (inset b, at higher magnification), and
(c, d) Alhydrogel negatively stained with uranyl acetate. Note that the Alhydrogel clusters (~50-300 nm) are significantly smaller than those shown in Fig. 1. The scale bars

indicate 100 nm.

by TEM in the presence of the negative stain uranyl acetate, which
readily reveals the surface coating of protein on the Alhydrogel.
Ferritin molecules bound to Alhydrogel have also been imaged in
the absence of negative stain.

3.4.1. Ferritin and apoferritin

Horse spleen ferritin has been imaged by TEM in the absence
of negative stain, revealed electron optically by the presence of
the iron (hydr)oxide core, and when surrounded by negative stain,
when both metallic core and protein shell are revealed. Fig. 4 shows
TEM images of ferritin adsorbed to ultrasonicated Aldydrogel in the
absence of stain (Fig. 4a—c) and in the presence of uranyl acetate
negative stain (Fig. 4d). Essentially equivalent negatively stained
images of negatively stained apoferritin (devoid of metallic core)
when bound to Alhydrogel are shown in Fig. 4e.

3.4.2. Keyhole limpet hemocyanin KLH, anthrax protective
antigen PA63 heptamer, respiratory syncytial virus nucleocapsid
protein RSV n-RNA decamer and E. coli outer membrane porin
OmpF trimer

Keyhole limpet hemocyanin occurs as two isoforms (KLH1 and
KLH2), which form higher oligomers of a stable decameric unit. The
didecamer tends to predominate for both isoforms, but KLH2 also
forms elongated multidecamers (Harris and Markl, 1999). We have
used the unfractionated hemocyanin, thus containing a mixture of
KLH1 and KLH2 decameric and higher multidecameric forms. When
adsorbed to Alhydrogel, the KLH multimers are readily defined
when attached to the ultrasonicated samples (Fig. 5a). Similarly,
individual anthrax PA63 heptamers and RSV n-RNA decamers can

be defined on the Alhydrogel surface (Fig. 5b and c), but the smaller
mass OmpF trimer can only be detected as a relatively smooth
coating on the Alhydrogel (Fig. 5d).

3.4.3. Yersinia pestis Caf1, Yersinia pestis LcrV, rat tail collagen
type 1 heterotrimer and B. subtillis enolase octamer

The plague bacterium Yersinia pestis Cafl- and LcrV-antigens
are both of considerable interest with respect to vaccine produc-
tion. When bound to ultrasonicated Alhydrogel the Cafl polymers
thickly coat the Alhydrogel surface, but the beaded polymer chains
can also be seen to extend from the surface (Fig. 6a). On the other
hand, the smaller mass LcrV-antigen can only be assessed as a
smooth coating on the Alhydrogel (Fig. 6b), without clear definition
of the monomer or pentamer. The thin elongated ~300 kDa colla-
gentype 1 heterotrimer, which cannot be easily defined by negative
staining, is revealed as a beaded coating on the Alhydrogel (Fig. 6¢),
with molecules extending from the surface. Bacillus subtilis enolase
readily coats the Alhydrogel particles (Fig. 6d), again with some
unbound molecules and possibly dissociated molecules. Perhaps
not surprisingly, the mesophilic B. subtilis enolase octamer appears
to be less stable than that from the hyperthermophilic bacterium
Thermotoga maritima (Shurig et al., 1995).

4. Discussion

Aluminium-based adjuvants have been in use since the early
1920s, when Glenny et al. (1926) produced an alum precipita-
tion of diphtheria toxoid which was an effective vaccine. Through
the following decades, extensive analysis of aluminium hydroxide
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Fig. 3. TEM images of Alhydrogel following ultrasonication with a probe sonicator for 10 min (intensity setting 1.5). Note the marked increase in the number of very small
Alhydrogel microfibre clusters (~10-100 nm). The samples were (a) unstained and adsorbed to a carbon support film, (b) spread in the presence of 1% trehalose across the
holes of a holey carbon support film and (c, d) frozen-hydrated (with some aggregation or superimposition of the finely dispersed Alhydrogel). The scale bars indicate 100 nm

(a-c) and 50 nm (d).

adjuvants was performed. Although the detailed structural nature
of the various products was not studied greatly, they were used
widely for the preparation of vaccines, the properties of which were
intensively studied in vivo with respect to the immunogenicity of
the final vaccine product. Certainly, the biological and biochemi-
cal properties of protein antigens were studied, but the available
aluminium hydroxide carrier was used in a standard form without
additional particle size or aggregation analysis, or further treat-
ment. However, in recent years it has become a pharmaceutical
requirement that all the components of a vaccine formulation
should be studied individually, as well as the final product. Study
of the properties of proteins desorbed from aluminium hydrox-
ide has been one approach, but additional methods are necessary
to establish fully the properties of vaccines and their components.
The highly defined protein substance which is combined with the
adjuvant can be characterised using electrophoretic, spectroscopic
and other procedures. It is clear that the three dimensional protein
polymer may undergo structural changes when bound tightly to
a solid surface such as Alhydrogel. However the changes are dif-
ficult to measure since most methods used in protein structure
determination require pure proteins in solution. We have recently
developed a range of techniques to address this problem but even
so, resolving the three dimensional structures of bound proteins
is difficult. In this respect electron microscopy has made a signif-
icant contribution by providing clear images of Alhydrogel-bound
molecules.

The Alhydrogel adjuvant used in this study has been shown to
possess a fine fibre-like micro-crystalline substructure (Figs. 1-3).
These images are in general accord with those shown Shirodkar

et al. (1990) using untreated Alhydrogel and by Dabbagh et al.
(2011) for clusters of alumina nanorods, but are at variance for

many of the thin platelet, spherical or disordered micro-crystalline
preparations of aluminium hydroxide produced by others (Chen
et al., 2003; Counter et al., 1999; Hochepied et al., 2003; Li et
al., 2009; Mortimer and Mayes, 2007; Wang et al., 2008). This
structural variability underlines the different chemical procedures
and processes used for producing aluminium hydroxide prod-
ucts in industry, many of which are not utilized for vaccine
production.

The progressive dispersion of Alhydrogel clusters by ultrasoni-
cation has been shown to be reproducible, and to be intensity- and
time-dependent, although the production of a homogeneous aque-
ous suspension of single very small uniformly sized fibrillar primary
crystallites of aluminium hydroxide has not yet been achieved. A
similar outcome was shown by Nguyen et al. (2011) by ultrasonicat-
ing nanoscale alumina particles; they commented on the fact that
excessive ultrasonication carried a risk of producing reagglomera-
tion. Nevertheless, the production of smaller crystalline microfiber
clusters of Alhydrogel has enabled a more detailed TEM study of
protein attachment to be performed, by avoiding the excessive
image density and subsequent lack of detail imparted by the larger
untreated Alhydrogel clusters (Soliakov et al., 2010). Comparison
of the cryoTEM data of unstained ultrasonicated Alhydrogel with
that obtained by conventional TEM of unstained stained samples
spread on carbon support films and spread as a thin film across
holes in the presence of trehalose, indicates that all are essentially
the same, and therefore mutually supportive. This is despite the fact
that dehydration of the aluminium hydroxide crystals will occur
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Fig. 4. TEM images of ultrasonicated Alhydrogel with adsorbed ferritin and apoferritin molecules. The ferritin-adjuvant complex is shown (a) unstained bound to a carbon
support film, (b) freely spread across a hole in the presence of trehalose and (c) frozen-hydrated. Representative examples of (d) ferritin and (e) apoferritin adsorbed onto
the surface of Alhydrogel, negatively stained with uranyl acetate. The scale bars indicate 100 nm (a, b, d, e) and 50 nm (c).

during intra-TEM evacuation of the specimen grid and subsequent
electron imaging. Overall, we show the value of TEM for the quali-
tative assessment of protein binding by Alhydrogel. This approach
could also be useful for the study of freeze-thawed and freeze-dried
aluminium hydroxide-containing vaccines (Solanki et al., 2011;
Wolff et al., 2008).

Johnston et al. (2002) measured the available surface area of
aluminium hydroxide adjuvant for protein binding as 514 m?/g. It
might reasonably be predicted that dispersion of the Alhydrogel
would increase the available surface area for protein binding, in
turn leading to an increased quantity of protein bound to Alhydro-
gel. Our available data (see Supplementary data Figs. S1-S4) does
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Fig.5. TEM images of negatively stained ultrasonicated Alhydrogel with adsorbed proteins. (a) Keyhole limpet hemocyanin, (b) anthrax protective antigen PA63, (c) respiratory
syncytial virus nucleocapsid protein RSV n-RNA and (d) E. coli outer membrane protein OmpF. The scale bars indicate 100 nm.

not show any increase, possibly because of the diffuse nature of the
untreated Alhydrogel micro-fibre clusters, which enables protein
access to the internal surfaces within the clusters, although this
would be likely to vary depending upon the protein mass. A factor
that could have skewed the analytical data from the ultrasonicated
Alhydrogel is the observation that at sub-maximal binding there
is cross-linkage of the Alhydrogel particles due to the available
unsaturated aluminium hydroxide surface. This protein bridging
is likely to be more marked with the finely dispersed Alhydrogel,
resulting in an inaccurate figure for the amount of bound protein
per mg of Alhydrogel. Nevertheless, cross-linked material may pro-
vide a prolonged exposure to bound antigens resulting in a stronger
stimulation of the in vivo immune response, but this remains to be
experimentally proven. The protein-induced aggregation of small
particles of Alhydrogel produced by ultrasonication can be avoided
if the Alhydrogel is initially adsorbed to a carbon support film, fol-
lowed by the addition of protein. Our preliminary data indicates
that this is the case (Supplementary Fig. S5), the problem here being
the inevitable presence of some unbound protein on the carbon
support film. Blockage of the adsorption properties of the carbon
film, without blocking the adsorptive capacity of Alhydrogel, using
a soluble neutral compound such as low mass PEG or a disaccharide
is possible, but has not so far proved to be successful.

Our TEM data shows that all the proteins tested adsorb strongly
to Alhydrogel, due to the nascent aluminium cationic charge that
rapidly binds proteins possessing a net negative charge. Positively
charged proteins bind more readily to phosphate-saturated Alhy-
drogel (AIPO4) (Burrell etal.,2001a, b; Jones etal.,2005). Depending
upon the mass and oligomerization state of any protein under
investigation by TEM, it may or may not be possible to clearly define
structurally an individual protein at the edge of a small Alhydrogel

micro-crystal cluster. Undersaturation with protein as assessed by
TEM will usually be obvious, particularly the occupancy by larger
proteins, and exceeding the Alhydrogel binding capacity will be
shown by the presence of free protein molecules. Image super-
imposition of protein bound to the upper and lower Alhydrogel
surface will occur in all cases, only the protein molecules bound
around the edges being clearly defined. In addition, the overall ori-
entation of the bound proteins is shown to be extremely variable.
The mass difference selected for the proteins range from ~15.5 kDa
for the Yersinia pestis Cafl monomer to upwards of ~9MDa for
KLH (depending upon the multimeric state of the KLH decamer,
the didecamer being the predominant species). It is clear that with
the large oligomeric proteins, a greater amount of protein surface
and therefore number of specific epitopes could be exposed on
the surface of the mineral adjuvant than might be the case with
a monomeric coating of a protein of smaller mass. Elongated pro-
teins bound to Alhydrogel, such as the Caf1 oligomer and the soluble
collagen heterotrimer, are likely to expose significant lengths of
unattached protein (Soliakov et al., 2010). Whether or not these
considerations could be reflected in terms of immunogenicity is not
known and has not been assessed in the present study. However,
it is clear from our structural data that proteins bound to Alhydro-
gel do not suffer any significant deformation, except possibly at the
sites of direct interaction between the protein amino acid carboxyl
side chains to the Alhydrogel.

Many of the test proteins selected this study are currently under
structural investigation in our laboratory (Caf1, LcrV, RSV n-RNA,
OmpF, PA63, enolase), or have been previously handled by us (fer-
ritin, apoferritin, KLH, collagen type 1). KLH and other molluscan
hemocyanins (Gesheva et al., 2011; Guo et al., 2011) are estab-
lished hapten carriers and immunostimulants (Harris and Markl,
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Fig.6. TEM images of negatively stained ultrasonicated alhydrogel with adsorbed proteins. (a) Yersinia pestis Caf1, (b) Yersinia pestis V-antigen, (c) acid-soluble rat tail collagen
type 1 heterotrimer and (d) Bacillus subtilis enolase octamer. The scale bars indicate 100 nm.

1999; Presicce et al., 2008; Zhang et al., 2010) and may be of further
interest within the context of adjuvant cocktails, since their use in
conjunction with Alhydrogel could enhance the immune response.

We believe that many proteins and peptides of clinical interest
for vaccine production would, due to the powerful protein-binding
properties of aluminium hydroxide, be definable by TEM on the
surface of Alhydrogel, thus providing an addition to quality assess-
ment. Consequently, it may be of use to the biopharmaceutical
industry involved in human and animal vaccine production as
a tool for screening their final products and where appropri-
ate the vaccine components, alongside other established quality
assessment/assurance procedures. In addition, we believe that size
control of the Alhydrogel adjuvant can be assessed by TEM and that
ultrasonication could readily be used on an industrial-scale (e.g.
Leonelli and Mason, 2010) to produce controlled dispersion of this
adjuvant prior to the addition of any protein antigen. Although this
might involve changes in the formulation process for vaccines it
may, in the long term, provide advantages in protein binding den-
sity, vaccine potency and product homogeneity, but this remains
to be demonstrated.
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