J Mater Sci: Mater Med (2009) 20:203-214
DOI 10.1007/s10856-008-3539-6

The use of dual beam ESEM FIB to reveal the internal
ultrastructure of hydroxyapatite nanoparticle-sugar-glass

composites

David M. Wright - John J. Rickard - Nigel H. Kyle -

Tevor G. Gard - Harald Dobberstein -+ Michael Motskin -

Athene M. Donald * Jeremy N. Skepper

Received: 25 March 2008 / Accepted: 10 July 2008 / Published online: 20 August 2008

© Springer Science+Business Media, LLC 2008

Abstract Microparticles (MP) spray dried from hydroxy-
apatite (HA) nanoparticle (NP) sugar suspensions are
currently under development as a prolonged release vaccine
vehicle. Those with a significant sugar component cannot be
sectioned by ultramicrotomy as resins are excluded by the
sugar. Focused ion beam (FIB) milling is the only method to
prepare thin sections that enables the inspection of the MPs
ultrastructure by transmission electron microscopy (TEM).
Several methods have been explored and we have found it is
simplest to encapsulate MPs in silver dag, sandwiched
between gold foils for FIB-milling to enable multiple MPs to
be sectioned simultaneously. Spray dried MPs containing
80% sugar have an inter-nanoparticle separation that is
comparable with NP size (~ 50 nm). MPs spray dried with
50% sugar or no sugar are more tightly packed. Nano-
porosity in the order of 10 nm exists between NPs. MPs
spray dried in the absence of sugar and sectioned by ult-
ramicrotomy or by FIB-milling have comparable nanoscale
morphologies. Selected area electron diffraction (SAED)
demonstrates that the HA remains (substantially) crystalline
following FIB-milling.
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1 Introduction

Sugar-glass hydroxyapatite, nanoparticle composite micro-
particles are currently under evaluation as a sustained
delivery system for vaccines. The sugar glass phase stabi-
lises protein antigens for storage, without refrigeration, in a
non-aqueous delivery fluid. The NP component was orig-
inally added to make the MPs neutrally buoyant in the
carrier liquid but it has become evident they also prolong
antigen release. The arrangement of the NPs within the
vitreous sugar-glass matrix of the MP will provide infor-
mation underlying the mechanism of prolonged vaccine
release observed in vivo. MPs consist of thousands of
lozenge shaped, single crystal HA NPs, approximately
14 nm wide and 60 nm long, vitrified in a sugar-glass or
amino-glass matrix. These spray dried (SD) micro-particles
range from 100 nm to 5 pm in diameter. Their internal
organisation cannot be studied as bulk particles using
transmission electron microscopy (TEM) because they are
too thick.

Ultramicrotomy is an established method of obtaining
suitably thin (<100 nm), sections of hydroxyapatite com-
posite materials such as fully mineralised bone [1, 2].
Though, routinely used for sectioning soft tissues, harder
materials including sintered HA [3], semiconductor films
[4], ZnO [5], BN and even diamond itself [6] can be sec-
tioned using a diamond knife with an appropriate edge
profile. The use of knives with wedge angles of 35° or less
is preferred for very hard materials. The mechanical
stresses imposed when cutting hard materials, with knives
with a wedge angle of 45° that are commonly used for
softer materials readily introduces flaws and artefacts into
sections of dense materials [5].

Focused Ion beam (FIB) milling avoids the generation
of mechanical artefacts when thinning sections for viewing
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in the TEM as it uses energetic ions to ablate material at a
very localised (<5 nm) level, instead of cutting mechani-
cally. It is usually undertaken in an instrument that
combines a conventional scanning electron microscope
(SEM) column for viewing the milling process and a
scanning ion beam that not only mills but also generates an
image from the secondary electrons produced when the
ions interact with the sample material [7]. Preparing thin
sections or foils by the FIB techniques is often regarded as
much more site specific than ultramicrotomy because the
region that is being thinned can be directly observed, at
high resolution, during sectioning [8]. This site specific
capability gives FIB milling a major advantage over broad
ion beam (BIB) milling or electropolishing that are often
used on harder inorganic materials [9].

FIB milling was initially developed to study the
ultrastructure of semiconductor materials [10] although, it
is increasingly being applied to a diverse range of mate-
rials including biological [11, 12] and biomaterial
specimens. It is especially useful when characterising the
interface between materials of differing mechanical
moduli. In this case ultramicrotomy is difficult due to the
extreme heterogeneity between the differing densities of
the phases being sectioned. FIB-milling has already been
used to prepare thin foils of the interface between bone
and ceramic [13] and cells and ceramic [14], mineral [15]
or metal [16]. The study of fractures at the submicrometre
level has been transformed by the development of focused
ion beam techniques [17] that facilitates the imaging of
submicrometre sized inclusions within diamond [18].
TEM specimens of apatite—protein composites such as
human tooth enamel [19] human dentine [20] and syn-
thetically produced fluorapatite—gelatine  composite
particles [21] have been prepared by FIB milling. Cryo-
FIB techniques, that avoid the generation of mechanical
artefacts and the need for chemical fixation [22] can be
used to make thin foils, similar to those produced by
cryo-ultramicrotomy. They have recently been used to
prepare thin sections of hydrated Escherichia coli [23] and
mammalian cells [24].

The affinity of proteins as well as other organic mol-
ecules for calcium phosphates is well established. This
affinity for HA has enabled the separation of a large range
of proteins [25, 26] by column chromatography. Resorb-
able, calcium phosphate ceramics have been developed as
delivery vehicles because of their affinity for growth
factors [27, 28], antibiotics [29, 30], anticancer drugs [31—
33] and enzymes [34]. These carriers can be incorporated
into commercial bone cements [35] and bone replace-
ments. MPs spray dried solely from HA precipitates [36]
have already been incorporated into hard tissue replace-
ment materials as slow release drug carriers. The rate of
antigen release from these systems will be influenced by
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the physico—chemical interaction between HA and the
protein as well as the dissolution rate of the HA NPs in
the in vivo milieu. Importantly, both of these factors can
be manipulated by altering the chemistry of the NPs to
vary release rates. Entrapment of the antigen inside the
mesoporous MP may also be an important mechanism
controlling the rate of antigen release from the MP.
Antigen release rate will vary in a complex manner
dependant on both MP porosity and HA chemistry as is
the case for release of growth factors from bone graft
material [37]. MP porosity is dependent on the amount of
space between the NPs and is a function of NP packing
density and arrangement inside the spray dried particles.
Spray drying with various concentrations of trehalose is
expected to influence this internal morphology. This can
potentially vary the rate of antigen release by modifying
the nano-porosity of the MP as well as the amount of NP
bound antigen present in the MP.

Techniques for imaging the nanoporosity of MPs with
varying sugar content are essential. Those with a significant
sugar component cannot be infiltrated with resin. Methods
of sectioning particles without mechanical stabilisation
with resin are essential. The purpose of this study was to
investigate the use of FIB-milling techniques for sectioning
MPs in the presence and absence of sugar and to make
comparison with sections prepared by ultramicrotomy.

2 Materials and methods
2.1 Materials

HA NP were prepared, after the method of Kumta et al.
[38], by adding 21 of 150 mM calcium chloride
(CaCl, - 2H,0, Sigma-Aldrich) to 2 1 100 mM trisodium
orthophosphate dodecahydrate (NazPO, - 12H,O, Sigma-
Aldrich) and stirring thoroughly in an ultrasonic bath
(FS200, Decon, UK) for 1 h at ambient temperature. NP
suspensions were then washed thoroughly in deionised
water and sterilised by autoclaving at 121°C for 15 min in
an autoclave (Vario 19, Dixons, UK). After washing and
sterilization the concentration was adjusted to 30 mg/ml.

To produce MP without sugar, this suspension was used
directly as the feedstock to the spray dryer. Trehalose was
added to the NP suspension at a ratio of 50:50 w/w and the
concentration adjusted to 30 mg/ml (total solids added) as
the feedstock for producing MP with 50% sugar. Trehalose
was added to the NP suspension at a ratio of 20:80 w/w
NP:trehalose and the concentration adjusted to 30 mg/ml
as the feedstock for producing MP with 80% sugar.

The feedstock was maintained in moderate agitation by
a magnetic stirrer (Ikamag, USA) and fed into the spray
dryer using the built-in peristaltic pump with a feed flow
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rate of 2.5 ml/min and was spray dried using a Buchi B290
Advanced Spray Dryer (Flawil, Switzerland). The dryer
was equipped with a 0.7 mm diameter nozzle and was
operated with an air outlet temperature of 100°C and the
atomizing air gauge set to 50 from a 6 bar source. The
aspirator was set to 100%.

2.2 Ultramicrotomy

Micro-particle powders without trehalose were embedded
in epoxy resin modified after Kushida [39]. The resin
mixture used was 9 g Quetol 651 (Ethylene glycol di-
glycidyl ether), 11.6 g NSA (Nonenyl Succinic Anhydride
hardener), 5 g MNA (Methyl Nadic Anhydride) and 0.5 g
BDMA (Benzydimethyamine) (Agar Scientific Ltd, UK).

To achieve uniform micro-particle dispersion the pow-
der was suspended in 4% agar at 40°C. Droplets of agar
solution were then gelled rapidly by pipetting the solution
onto a glass microscope slide previously chilled to 4°C.
Small pieces of microparticle containing agar were then
transferred to vials containing cold 70% ethanol and sub-
sequently dehydrated by multiple exchanges of the ethanol
solution for progressively higher ethanol concentrations up
to 100% ethanol. This was followed by 2 changes in dry
100% acetonitrile. They were then incubated in a 50%
acetonitrile/50% resin mixture without catalyst and then
just resin without catalyst. To ensure full infiltration with
resin, five daily changes of the catalyst-free resin were
made followed by five daily changes of resin with catalyst.
Pieces of fully infiltrated agar were then placed in coffin
moulds together with degassed resin. Air was excluded
from these moulds by covering them with a thin Aclar
sheet (Agar) and the resin was cured at 60°C for 24 h. They
were sectioned with a 45° wedge angle diamond knife
(Diatome, Switzerland) using a microtome (Reichert Jung,
Ultracut E. Leica, Vienna) and floated out onto copper
grids with minimum dwell time in the water bath. The use
of a 35° or lower wedge angle diamond knife was not
necessary as un-sintered HA is relatively soft.

2.3 TEM

Thin sections were imaged using an FEI CM100 operated
at 100 KeV or an FEI Tecnai 20 operated at 200 keV. The
Tecnai 20 was used to obtain selected area electron dif-
fraction (SAED) patterns at a camera length of 890 mm.
An oriented single crystal gold film (Agar) was used as a
calibration standard for the estimation of lattice spacings
from SAED patterns. Exposure of the region of interest to
the electron beam was minimised by obtaining best focus,
astigmatism and brightness on a region adjacent to region
of interest before exposing the region of interest to the
electron beam for <5 s to obtain an image.

2.4 FIB milling

Specimens were milled in a dual-beam ESEM FIB instru-
ment Quanta 3D (FEI Co., Hillsboro, OR, USA). Electrons
from a tungsten source were accelerated to 5 or 10 KeV for
secondary electron imaging. A liquid gallium ion source
operating at 30 KeV was used for milling and ion imaging.
Samples were mounted within the ESEM FIB on an SEM
stub that was customized into a miniature vice that gripped
a TEM grid so that the plane of the grid surface was near
perpendicular to the surface of the stub.

2.5 Milling individual microparticles

MPs (Fig. 1a, b) were deposited on holey carbon films on
copper finder grids (Type H7, Agar) grids to make it easier
to relocate sectioned MPs in the TEM once they had been
ion beam milled. MPs were either lightly sprinkled over the
surface of the film grid as a dry powder or alternatively
collected onto the grid by gently passing the grid through a
dilute MP suspension in the non aqueous carrier fluid,
perflourodecalin, which was then allowed to evaporate.
The latter alternative gave nearer to optimal grid coverage
with only a few particles per grid square.

Grids were then sputter coated with gold to minimise
charging and clamped in the customised holder. Bending
the grid by 3-5° towards the ion beam source proved
advantageous when sectioning individual particles as they
were less likely to be obscured by grid bars, when the
sample was tilted. Once inside the ESEM FIB a suitable
grid square containing several candidate particles was
identified. This grid square was then placed at the eucentric
point of the instrument, where the tilt axis of the stage and
the optical axes of the electron beam and ion beam are
coincident. The microscope stage was then tilted by 52°
away from the optical axis of the electron beam and toward
the ion source. A low ion beam current (3—10 pA) was then
used to image the MPs. As the gallium ion beam contin-
ually erodes the sample during imaging precautions were
taken to limit unnecessary exposure of MPs to the ion beam
prior to milling. Continuous scanning of the MP was
avoided. Instead, individual frames of the entire field of
view were grabbed to pin point the particle’s position.
Astigmatism was corrected and optimal focus obtained
before deciding what area would be milled. The milling
process was interrupted at regular intervals to verify that
the position of the particle being milled had not shifted
during milling. Such shifts were common events even
though particles were sputtered with gold prior to milling
and meant a new candidate particle had to be selected.
Excessive beam currents (>100 pA) would destroy or eject
particles from the surface of the support film. Complete
sections for the TEM, could not be fabricated either by
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Fig. 1 (a) Secondary electron
image of an individual MP (b)
FIB image of MPs deposited
onto a holey carbon film (c)
schematic of MP illustrating
portions to be FIB-Milled (d)
schematic of milled MP with a
ledge milled for viewing by
TEM
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milling away the top and bottom portions or opposing sides
of a micro-particle. An overhang thin enough to reveal the
hydroxyapatite nanoparticles by TEM, could be produced
by milling away the upper hemisphere and about half the
lower portion of the micro-particle, as illustrated sche-
matically in Fig. 1c, d.

2.6 Encapsulation of microparticles for ion milling

MPs were encapsulated in a 1:1 ratio of particles to resin.
Thick (~25 pum) slices of microparticle containing resin
were then cut with a glass knife and mounted onto a par-
allel bar grid, sliced in half to allow access to the edge of
the resin slice by the FIB (Fig. 2a).

Alternatively, MPs were mixed with silver dag bonded
resin (RS Components Ltd, UK), which is a mixture of 2-
Methoxy-1-methylethyl acetate n-butyl acetate and colloi-
dal silver flakes.

Samples for milling were prepared by placing a drop of
silver dag mixed with MPs on the leading edge of a half
grid resting on a Teflon surface (Fig. 2b) or by compress-
ing a drop of dag-MP mixture between two single hole
gold, grids to form a sandwich that was subsequently cut
along a cord to form an edge for milling (Fig. 2c¢).

MP sandwiches were clamped in the grid vice and the
region for milling was placed at the eucentric point of the
ESEM FIB. Prior to milling a 2 pm thick 2 um wide
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platinum strap was deposited along the top of the region to
be thinned, by decomposition of the metal-organic Pt-
precursor (Trimethyl[(1,2,3,4,5-ETA.)-1 Methyl 2, 4-Cy-
clopentadien-1-YL] Platinum) by the Ga ion beam. This
strap helps prevent unwanted ion beam erosion, or re-
deposition of ablated material and minimizes ‘curtaining’
artefacts that appear as uneven vertical striations on cross-
sectioned faces [22]. Specimens were then progressively
thinned into the appropriately named “H-section”. Fig-
ure 3a shows the end on view of an ion beam image of the
thinned sample. Figure 3b shows the secondary electron
image of the plan view of this section. A relatively high ion
beam current (20 nA) was used to coarsely mill away
material either side of the region of interest leaving behind
a ~3 pm thick lamella. A thinner lamella, ~1 um thick
was then milled with a reduced beam current of 300 pA or
less. The axis of the sample was tilted away from the axis
of the ion beam by 1-2° during the initial fine milling steps
to compensate for the divergence of the FIB in order to
produce a lamella of constant thickness. After fine milling
the profile of individual micro-particles could be distin-
guished from the encapsulating matrix (Fig. 3d).

Coarse and fine milling steps were performed in the
milling mode of the Quanta 3D where the ion beams rasters
across an entire selected area. The lamella forming the final
section was polished with a low beam current of 100 pA or
less using the Quanta 3D’s polishing mode. In this mode
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Fig. 2 (a) Slice of epoxy resin encapsulating MPs mounted on a
parallel grid and bisected to allow access of the FIB to its edge. (b)
Dag mixed with MP applied to the leading edge of a half grid. (¢) Dag
MP mixture sandwiched between two gold grids cut to form an edge
for FIB milling

the ion beam was scanned repeatedly along single lines
before scanning the next line. Images were obtained at
regular intervals to monitor the progress of this final pol-
ishing step. Polishing was halted when obvious holes
appeared in the thinned section. At this stage the profiles of
the individual beads became less apparent from the sur-
rounding matrix. The same precautions were taken to
prevent unnecessary exposure of the thinned sections to the
ion beam throughout their preparation. If during the fine or
coarse milling stages the platinum strap was totally eroded
it was replaced.

3 Results
3.1 Resin embedded microparticles

In the absence of a sugar matrix, resin can infiltrate
between the NPs and into the MP’s interior and once cured
it mechanically stabilizes the MP for physical sectioning.
Figure 4 shows TEM images of MPs spray dried from a
sugarless suspension of HA NP’s embedded in epoxy resin.
These samples sectioned easily using a 45° wedge angle
diamond knife. The MP profiles seen at low magnification
varied from kidney-shaped to circular. Their 2D profiles
were consistent with the 3D corpuscular morphology
observed by SEM. At higher magnification (Fig. 4d) indi-
vidual NPs were clearly discerned and were
indistinguishable from NPs imaged by drying a dilute
nanoparticle suspension onto a carbon film (Fig. 4e).
Spaces in the order of 10 nm were also evident between
NPs imaged at higher magnification. Relatively, few frac-
tures or knife marks were observed in appropriately
embedded material although, nanoparticle material was
found to occasionally fall out from sections leaving char-
acteristic voids Fig. 5.

3.2 MPs individually milled using FIB-SEM

FIB-milling revealed that individual MPs with or without
added sugar were composed of uniformly distributed NPs
and that they are solid rather than hollow. Figure 6 shows
ledges milled into an individual microparticle, containing
50% trehalose and 50% NPs. Individual nanoparticles
could be resolved, although FIB milling can produce ter-
races with different thicknesses. Ledges took between 3
and 5 min to mill, so a large number of microparticles
could be sectioned with this method in a short period of
time. However, at least 50% of the attempts to mill ledges
were unsuccessful. Often the film underlying the micro-
particle was eroded by the ion-beam or the micro-particle
moved during milling. Also when they were transferred to
the TEM some ledges were too thick to be imaged.
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Fig. 3 Encapsulated material
imaged during FIB-milling
process: (a) FIB image of the
cross section after coarse
milling, (b) Secondary electron
image of the side view after
coarse milling, (c¢) end view,
FIB image after fine milling, (d)
side view, SE image after fine
milling and polishing steps

thinned section

Fig. 4 TEM images of MPs
spray dried without sugar
sectioned using ultramicrotomy
at progressively higher
magnifications, (a) scale bar

2 pm, (b) scale bar 250 nm, (c)
scale bar 100 nm, (d) scale bar
50 nm and, (e) individual NPs
particles deposited onto holey
carbon film (CM 100 operating
at 100 keV)
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Fig. 5 TEM image of MPs spray dried without sugar sectioned by
ultramicrotomy illustrating mechanical damage (scale bar 1 pm, CM
100 operating at 100 keV). Voids caused by nanoparticles falling out
of the section are illustrated by arrows

3.3 Multiple MPs FIB-milled after encapsulation

After encapsulation in resin, or silver dag, large numbers of
MPs could be milled together. This method was preferred,
because it was quicker, the material was less prone to
charging, and it worked well for MPs with both high and
low sugar contents. Figure 7 shows TEM images of sec-
tions of microparticles containing decreasing amounts of
Trehalose. NPs inside MPs containing 80% sugar (Fig. 7a)
appeared more dispersed than in MPs with 50% sugar
(Fig. 7b). With 80% sugar the space between NPs was in
the same order of magnitude as the nanoparticle size
~50 nm. MPs with no sugar (Fig. 7c) did not appear any
more tightly packed than those with 50% sugar.

Fig. 6 TEM images of ledges
FIB-milled MPs spray dried
from 50% weight HA-NPs 50%
trehalose, (a) scale bar 200 nm,
(b) scale bar 100 nm (Technai
20 operating at 200 keV)

3.4 Selected area electron diffraction patterns

Figure 8b, ¢, d shows SAED patterns obtained from
aggregated NP’s in a section of a sugar free microparticle
that was FIB milled after encapsulation in resin (Fig. 8a).
A series of rings consisting of discernible spots was
obtained, consistent with the diffraction pattern from a
polycrystalline sample. The brightest annulus of spots was
of finite width corresponding to a lattice spacing between
24 and 2.8 A although, most spots corresponded to a lat-
tice spacing of 2.7 A. Diffuse spots were also scattered
around an annulus corresponding to a lattice spacing
around 1.7 A. When a smaller aperture was used and the
beam was focussed on single NP’s an array of spots was
produced that was typical of the diffraction pattern
obtained for a single crystal or a small number of
crystallites.

4 Discussion

In the absence of a sugar matrix, embedding in epoxy resin
followed by ultramicrotomy is the easiest method to pro-
duce thin sections of MP spray dried from HA NPs. MPs
with a significant sugar-glass component cannot be infil-
trated with epoxy resin. We have found FIB-milling is the
only consistent method to produce thin sections of MPs
containing sugar.

FIB-milling MPs scattered onto a TEM grid was initially
chosen as the simplest way of revealing the internal
arrangement of NPs with the MPs. It was time consuming
and produced a very small number of sections suitable for
TEM. The most common technique used for bulk materials
is the “lift out” technique [40] where lamellae are milled
into a specimen and placed on a grid by micromanipula-
tion. Lift out procedures have been used on larger MPs,
Volkert et al. [21] lifted lamellae 10 um by 20 um by
80 nm from large dumbbell shaped fluorapatite particles to
avoid the fracture artefacts produced by ultramicrotomy.

unmilled portion

Ledges of differing thickness
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Fig. 7 TEM images of sections
of MPs spray dried with various
weight percentages of NPs
sectioned by FIB-milling
particles encapsulated in silver
dag. (a) 20 wt% NPs scale bar
200 nm, (b) 20 wt% NPs scale
bar 50 nm, (¢) 50 wt% NPs
scale bar 200 nm, (d) 50 wt%
NPs scale bar 50 nm, (e)

100 wt% NPs scale bar 200 nm
and, (f) 100 wt% NPs scale bar
50 nm (Technai 20 operating at
200 keV)

Lift out takes time and skill and is very technically
demanding. Lifting micrometer sized sections from mi-
croparticles smaller than 10 micrometres is technically
unfeasible. Methods that do not require manipulation of the
thinned area are to be preferred where possible.

Volkert et al. [21] milled ledges into smaller particles
below <20 pm in diameter on half grids and transferred
them in situ on the grids to the TEM as an alternative to
lifting and mounting thin lamellae. This method proved
possible for the smaller particles we studied but was lim-
ited by practical considerations. It was only possible to mill
ledges into MPs rather than to prepare complete sections
through MPs so only partial information about a particle’s
internal arrangement was provided by this method. The
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ledges produced varied in thickness and until grids were
viewed by TEM it was hard to establish if milled ledges
were thin enough to distinguish their internal structure.
Ledges were milled into several microparticles at a time
and it took over an hour to successfully produce a particle
with a suitably thin ledge.

During milling the optical axis of the FIB is parallel to
the surface of interest to minimise ion penetration into the
thin specimen. Milling this way limits any preferential
etching but causes an artefact known as “curtaining” [9].
This artefact manifests itself on the surface being milled as
terraces of varying thickness that run parallel to the inci-
dent ion beam [41] and are a memory of the interaction of
the rastering ion beam with the material being ablated. This
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Fig. 8 (a) Brightfield TEM
image of sections of sugarless
MP FIB-milled following
encapsulation in silver dag
obtained and the selected area
electron diffraction patterns
obtained with progressively
narrow apertures (b—d) from
this section

is unavoidable in most FIB-milling procedures and is
especially prevalent when milling heterogeneous samples
containing materials with differing sputter yields [42]. The
degree of curtaining depends on the heterogeneity of a
material, its resistance to ion beam ablation and the initial
rugosity of its surface [43]. Depositing a strap of con-
ducting metal smoothens the surface and reduces
curtaining [43]. The terraces observed after milling indi-
vidual MPs (Fig. 6) are a manifestation of curtaining and
may be expected since the hydroxyapatite is likely to have
more resistance to ion ablation than the sugar matrix.

Encapsulating MPs in resin or silver dag for FIB milling
had several advantages over milling individual MP’s. They
were completely cross-sectioned, instead of being partially
sectioned and many particles could be sectioned at once.
This preparation also allowed a platinum strap to be
deposited along the edge to be milled to limit curtaining.
Fine polishing steps at progressively lower current should
be performed to remove any curtaining, evident after
coarse milling (Fig. 3c) and any sputtered material that was
re-deposited during coarse milling. Grids with “H” shaped
sections cut into encapsulated material could be manipu-
lated carefully with forceps without destroying the thinned
region and samples could be returned to the ESEM/FIB for
further polishing if the thinned region was found to be too
thick.

Epoxy resin is an obvious choice of encapsulating
medium since it is very stable in the TEM beam. Mixing
resin with microparticles in an approximately 1:1 ratio was
sufficient to achieve a high MP concentration and adequate
section stability during milling. Cairney and Munroe [44]
found it necessary to concentrate microsized particles by
centrifuging them in the resin before curing when FIB-
milling FeAl and WC powders encapsulated in Spurr’s
resin. In this case sections must be made parallel to the
sedimentation axis if the whole population of particles is to
be sampled.

Epoxy resin was susceptible to charging in both the ion
and electron beams. Coating with an adequate layer of gold
(50 nm) before milling reduced charge accumulation dur-
ing the initial stages of milling. Charge accumulation often
caused the region being milled to physically move. It also
caused image drift and degraded the contrast of images
captured to monitor milling during the final polishing steps.
If the region being thinned is regularly scrutinised and
repositioned when necessary, it is perfectly possible to thin
resin sections for TEM inside the FIB. Such charging
effects can be suppressed inside the ESEM FIB using
charge compensation where charging by the ion-beam is
balanced by a defocused, low energy, electron beam [45].

To reduce charging the use of a conductive encapsulant
is to be recommended. Encapsulating microparticles, in
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silver dag to prevent the specimen shifting also improved
the quality of the images taken to monitor the milling
progress. This method of encapsulation was also much
quicker than resin embedding. Resin blocks are cured by
heating to 60°C for 18 h whilst silver dag hardens in
minutes. The silver dag was fashioned into a suitable shape
for FIB-milling before it dried, as it was too soft to be
shaped mechanically. Sandwiching a silver dag-powder
layer between two disk shaped foils was preferred, because
it resulted in a thinner assembly (<30 um) that required
less coarse milling. The cut edges of the gold foils also
acted as a guide for milling and providing a good con-
ducting pathway that reducing charging. This preparation
was also found to be robust when it was transferred from
the ESEM FIB to the TEM after milling.

Despite depositing a protective platinum strip, milling
obliquely to the surface of the section and using fine pol-
ishing steps, the interaction with the ion beam extends into
both sides of the section. This can damage the thinned
sample by implanting ions, creating point defects and,
dislocations and, in extreme cases causing, phase changes
[46]. Electron beam induced damage in HA is a radiolytic
damage process involving the loss of phosphorous and
oxygen, amorphization and ultimately crystallization to
form CaO. If a 200 keV electron beam is used these effects
will occurr at fluences greater than 10® electrons nm™>
[47]. To avoid these effects exposure of the sample to the
electron beam was kept to a minimum when obtaining
images by TEM. The available literature on ion beam
interactions with apatite mostly deals with high energy,
ions generated from fission. Such high energy ions can
completely convert crystalline apatite into amorphous
material [48]. Amorphous damage layers raise the back-
ground noise intensity in TEM images and reduce image
contrast [49]. Little information is available about how
glancing angle gallium ion beams in the 10-30 keV range
interact with apatite during milling and most studies of ion
beam interactions during FIB milled have concentrated on
semiconductor materials, in particular silicon. Monte Carlo
modelling of the interaction of the 30 keV gallium ion
beam with Si, suggests that the amorphous zone extends
~20 nm into the Si, in agreement with experimental
observations [50]. Alexandre et al. [51] suggest that using a
low current (55 pA) and low voltage (10 kV) reduces the
depth of the amorphous zone to 7 nm in Si. For GaAs the
layer of complete amorphization caused by a (30 KeV,
100 pA) beam extends 20 nm into a sample, although the
“inactive” thickness extends more than 200 nm [52]. This
indicates that the ion beam changes to the sample may
penetrate deeper than 20 nm. Unfortunately no useful
simulations of ion beam sample interaction exist for HA.
According to Monte Carlo model trajectories of ions
striking a sidewall at a glancing angle extend 20 nm into

@ Springer

CaCOj; and over 50 nm into organic matter with a generic
formula CH,O [15]. Wuchel et al. recently found that a
5 KeV Ga ion beam incident at an angle of 45° onto a
trehalose film results in a maximal ion concentration at a
depth of 30 nm [53]. By inference ion beam damage of
hydroxyapatite crystallites and sugar could, therefore
extend through, the entire thickness of a TEM section.
SAED patterns for milled MP indicate they are crystalline
after milling and not amorphous. However, it is difficult to
distinguish between the reflections corresponding to CaO
and HA due to their proximity. The 3rd brightest [111]
reflections for CaO corresponds to a lattice spacing of
2.78 A according to reference pattern (ICDD 00-037-1497)
which essentially over laps with the [211], [112] and [300]
reflections corresponding to lattice spacings of 2.81, 2.77,
2.72 A that are the brightest for HA according to reference
pattern (ICDD 01-074-0565). There were few spots
observed that corresponded to the brightest [200] reflec-
tions for CaO corresponding to a lattice spacing of 2.41 A.
Indicating relatively little conversion from HA though
amorphous material to crystalline CaO had occurred. Such
changes would also be accompanied by gross changes in
NP morphology, similar to those caused by long term
exposure to the electron beam. A quantitative study, similar
to that undertaken by Eddisford et al. [47] on HA exposure
to the electron beam during TEM determining the Ca/P
ratio by EDX or EELS of HA as function of beam current,
energy and total beam exposure, that studies ion beam
damage to HA is now warranted . However, in this study of
the nanoporosity of MP from NPs such changes are irrel-
evant. lon beam interactions with amorphous materials can
cause recrystallisation. In a proof of concept study using
the Cryo-FIB to section frozen hydrated cells Marko et al.
[54] found that a 30 KeV, 10 pA beam was insufficient to
devitrify ice. A similar study should perhaps be performed
for sugars to confirm that the ion beam interaction during
milling does not cause localised heating and devitrification
of the sugar glass. These all indicate that if probe currents
are controlled during polishing, artefacts can be minimised.

TEM images showed more space between NPs in MP
containing 80% sugar than in those containing 50% or no
sugar. This has implications for slow-release and the tox-
icological behaviour of the vaccine system. Contact
between nanoparticles during spray drying causes them to
fuse giving the MPs structural integrity. MPs spray dried in
the absence of sugar and soaked in Simulated Body Fluid at
pH 7.4 show little if any structural disintegration after
3 months. MPs containing 80% sugar disintegrate entirely
upon contact with water into free NPs whilst those with
50% sugar only partially disintegrate. After injection in
vivo, MPs that contain mostly sugar will immediately
release a large number of antigen bearing, potentially toxic
NPs at the injection site that can enter cells, by various
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mechanisms. Those without sugar will remain intact until
scavenged and engulfed by macrophages where they may
slowly dissolve causing NPs to be shed over a much longer
time course.

Determining the precise thickness of ultrathin TEM
sections is non trivial [55, 56] and as NPs have one
dimension thinner that typical thin sections (50-70 nm)
small variations in thickness between sections will cause
artefacts. Estimating the volume fraction of the MP occu-
pied by the NPs and that occupied by the sugar or free
space between NP will require precise control of section
thickness and has not been included in this study. An
alternative method to examine inter-particle space is elec-
tron tomography. FEG-SEM can resolve individual HA
nanoparticles and as the latest generation of FIB-SEMs, are
capable of a volumetric resolution of 17 nm> [57], FIB
serial sectioning and image capture could be used to gen-
erate 3D reconstructions of MP ultrastructure. Electron
backscattered imaging at low accelerating voltages can be
used to distinguish the NPs from the sugar glass and
enhance the precision of the subsequent reconstruction.
Milling slices with the intense central portion of the FIB
beam limits the minimum slice width to about 20 nm
comparable to the width of individual HA NPs. Using the
tail of the FIB beam [58] it is possible to ablate 2 nm slices.

5 Conclusion

Sections generated by FIB-milling showed a clear differ-
ence in nanoporosity between microparticles containing no
trehalose, 50% trehalose or 80% trehalose. Sections could
be readily prepared from resin embedded HA microparti-
cles using a 45° wedge angle diamond knife with minimal
sectioning artefacts. It was impossible to infiltrate micro-
particles containing trehalose with epoxy resin. FIB-
Milling is the only method currently available to generate
sections of HA-sugar glass composites. FIB-milling elim-
inates the need for much of the extended, multi-stage
chemical fixation and embedding required to section MPs
by ultramicrotomy. It also reduces mechanical artefacts.
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