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Biodegradable metallic materials have important applications in medicine for orthopaedic, dental and cardiovascular
therapies. These metals interact with the biological medium and are easily corroded due to the presence of chlorides.
During degradation micro-debris are released. Macrophages, cells involved in immune response, interact with debris in
different complex ways.

Multidimensional microscopy refers to the generation of multiple images of a sample over time. This technique is very
appropriate to follow in vivo the degradation process of a biodegradable biomaterial and the interactions of the
macrophages with the released debris. In this chapter we will describe the use of this technique to study the interaction of
Mg microparticles (Mg-MPs with J774 macrophages, a mouse cell line. Formation of H, bubbles, changes in the
morphology of macrophages due to interactions through their membranes and pseudopodia, duplication and death of cells
were detected. Images of multidimensional microscopy show the great capability of this technique to follow biological
and physicochemical processes at real time.
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1. Time-lapse multidimensional microscopy

Many cellular and physicochemical processes involve fast transformations which could be followed by 3D time-lapse
microscopy (also called 4D microscopy). A great number of reports dedicated to introduce faster, more robust and more
sensitive equipment and algorithms for image and time-lapse processing were published in recent years [1-3]. In time-
lapse microscopy images are recorded in fixed intervals over extended periods of time. 4D imaging should collect focal
planes in time-lapse mode as rapidly as possible, without perturbing the sample by strong illumination or the use of
staining. The original stack of 2D images is reconstructed into a 3-D image that changes with time. This type of
microscopy offers great functionality for biological, cytomorphological and physicochemical examinations.
Temperature stability, minimum exposure of specimens to light (protection from photobleaching) and highly sensitive
recording techniques are frequently required to follow these processes. Thus, a climate chamber, cell chamber, CO,
controller and incubators must be included in the station when biological samples are analyzed. The resulting images of
movies can provide direct insights into the behavior of cells including duplication, cell death and migration among other
processes [3, 4]. In case of cell motility quantification, automated tracking is always superior to point-and-click systems
in imaging the average migration rate of a cell population. Images of multidimensional microscopy (MM) show the
great potential of this technique to follow biological and physicochemical processes at real time.

Different abiotic and biological processes have been monitored by MM. Among them this technique has been used to
study degradation processes, crystallization and morphological changes of cells during growth and cell death.

2. Use of time-lapse microscopy to follow changes of the inorganic/organic samples
with time

In situ time-lapse imaging techniques coupled with image analysis have been used to follow changes in particles and
metals over time [5]. Polymorphic transformation of L-glutamic is one of the systems that were characterized in situ by
MM [6]. Additionally, growth rates in a nucleation process were also obtained [7-10] using this technique. A very
accurate description of the particle shape and characteristic lengths could be assigned to the crystals [5] through a non-
invasive measurement.

Corrosion processes can also be followed by time-lapse imaging [11]. The preferential attack of certain phases within
a Zn-based alloy could be detected at real time. Localized attack evolution on stainless steel could also be followed
[12].
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3. Biodegradation of biomaterials

There is a growing interest in using biodegradable metals for orthopedic, dental and cardiovascular applications [13-15].
Mg-based materials have advantages over other existing biodegradable materials such as polymers, ceramics or
bioactive glasses due to their low density and mechanical properties close to that of human bone [15].

Mg is easily corroded particularly in chloride-containing media like body fluids [16, 17]. On this respect, it has been
found a marked influence of corroding Mg on the peri-implant tissue [18]. It has been reported that during service
condition in vivo they degrade and release debris particles and metal ions [19]. However, a great deal of work is still
necessary to evaluate the effect of local concentrations of metal ions, debris material and hydrogen evolution, among
other factors, on the biological system to arrive to definite conclusions.

The toxicological effects of metals are frequently assayed in vitro by adding extracts that were obtained from the
metal dissolution in the culture medium without cells. However, under these conditions the effect of local changes of
Mg ions concentration and pH, the formation of hydrogen bubbles and the corrosion of Mg debris on the cells cannot be
evaluated. In situ study of the interaction of cells with debris particles released during degradation should be analysed.
MM is a suitable technique to follow these processes.

4. Interactions close to the biomaterial/biological medium interface

According to the information previously reported, as a result of degradation of metallic biomaterials the surrounding
tissues are rich in debris particles. Close to orthopedic implants highly vascularized fibrous membrane, macrophages,
multinucleated giant cells and fibroblasts can be found [20]. Macrophages are the cells that are mainly involved in
phagocytosis and inflammation [21-26]. The debris particles enter into the periprosthetic tissue and macrophages
interact with them and, depending on their size, may be phagocytized inducing a cascade of events. Dead cells have
been found in the interface membrane. Stea ef al. [24] found that the apoptotic cells in the interface membrane collected
from revision surgery for aseptic loosening of hip joint prostheses were mainly macrophages, and cell death was related
with metal debris [23-25].

Several studies have reported micro-nanoparticles/macrophage interactions. The effects of polymethylmethacrylate
(PMMA), cobalt chrome molybdenum alloy (CoCr), and titanium-alloy particles on macrophages co-cultured with
lymphocytes have been analyzed in vitro a showed a dose-dependent response. High doses of PMMA and titanium-
alloy particles stimulated increased levels of cytokine release in the macrophage and macrophage/lymphocyte cell
cultures while CoCr particles seem to produce toxic effect [25]. In the presence of synthetic diamond nanoparticles
significant numbers of late apoptosis labeled cells (propidium iodide + Annexin-V-FITC labeled cells) were observed
which could be attributed to nanoparticle-mediated necrosis [27]. On the other hand, large polystyrene beads (3.5 um)
were shown to cause primarily macrophage necrosis, while smaller polystyrene beads (0.5 pm) caused primarily
macrophage apoptosis. Overall, it was demonstrated that the response of macrophages to debris depends on the nature,
size, stability and concentration of the particles. However, the mechanisms by which macrophages recognize and
respond to particles remain unknown [28, 29].

The study of the degradation of biodegradable metals like Mg in a macrophage culture is particularly interesting
because debris interact with the biological medium and is rapidly altered and cells interact with these particles that
change with time. Thus, MM is a very suitable tool to follow these processes.

Mg interacts with the biological medium and is easily and rapidly corroded. It must be taken into account that during
degradation Mg'? ions are released to the biological medium and H, bubbles are evolved, the medium turns more
alkaline and Mg(OH), precipitates. These processes occur according to the following overall reactions [14]:

Mg’ + 2H,0 > Mg™+20H +H, [i]
Mg 4+ 20H <> Mg (OH), [ii]

During degradation of the Mg-based implant micro-debris are released. Macrophages interact with debris in different
complex ways. In this chapter the interactions of Mg-MPs/biological medium and Mg-MPs/macrophages followed by
MM are analyzed.

5. Degradation of Mg microparticles

As mentioned above, in time-lapse microscopy images are recorded in fixed intervals over extended periods of time.
Thus, the successive images allow us to follow the degradation process of Mg-MPs. In Fig. 1 the consecutive stages of
the degradation of three Mg-MPs can be observed.
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Fig. 1  Sequential stages of the degradation of Mg-MPs (circles). Top left panel corresponds to an initial image and bottom right
panel corresponds to a final image. Other panels correspond to intermediate images between initial and final images.

a)

Fig.3 Sequential stages of a Mg-MP degradation. The formation of Mg(OH), layer (light grey) on the surface can be seen.

Images of a J774 macrophages culture in the presence of Mg-MPs are shown in Fig. 2. The degradation process of a
Mg-MP (circle) can be seen at higher magnification than in Fig. 1. Modifications at the borders of Mg-MPs can be
detected in Figs. 2b and 2c (particle in blue circle). Changes in the location of particles can also be detected. A more
detailed sequence of the degradation of a Mg-MP can be seen in Fig. 3. The light grey deposits could be associated to
Mg(OH), formation according to equations [i] and [ii].
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In Fig. 4 the assays with different concentrations of Mg- MP are shown with the aim of comparison. The images on
the top correspond to the initial stage of the culture and those of the bottom after 24 h. Formation of Mg(OH), can be
detected on the border of some Mg-MPs. Cell division can also be observed (circles). The rectangle (Fig 4c) indicates
that the location of cells and particles changed probably due to the turbulence exerted by hydrogen bubbles, as a result
of Mg-MP corrosion process.

a) b) 9]

1000 ug/ml Mg-MP 1500 ug/ml Mg-MP 2000 ug/ml Mg-MP
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Fig. 4 Time-lapse microscopic images corresponding to a J774 macrophage culture with different concentrations of Mg-MPs
(black).

Fig. 5 Formation of hydrogen bubbles in J774 macrophage culture in presence of 1000 pwg/ml of Mg-MPs. Figure (a) (rectangle)
shows a bubble that is absent in the following image (b) because it was detached from the surface, and Fig. (a) circle shows a region
in which a bubble was subsequently formed (b).

According to equation [i] corrosion of Mg-MPs leads to H, bubble development. H, bubbles formation was detected
in the culture with Mg-MPs from the beginning to at least six hours after. Accordingly, Di Virgilio et al. [16] noted by

light microscopy, Hy-bubbles after addition of Mg-MPs of similar size on osteoblastic cells. In Fig. 5 the generation of
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a bubble in vivo is shown. The bubble is detected in Fig. 5b but is absent in Fig. 5a (circle). Additionally, Fig. 5a shows
a bubble on the left that is absent in the next image (Fig. Sb, rectangle). It can also be detected that the development of
these bubbles produces high turbulence in the vicinity. The location of some particles and cells changed due to the
turbulence generated during bubble detachment (Fig. 4c, rectangle). Noteworthy, 1000 pug/ml was the optimal higher
concentration for these assays, due to the large amount of bubbles released at higher concentrations of Mg-MPs that
hindered the observation.

6. Macrophage duplication in the absence and in the presence of Mg-MPs

Fig. 6 Duplication of macrophages J774 in the absence of Mg-MPs.

In situ imaging of duplication of macrophages can be seen in Fig. 6. The number of cells significantly increased
during the culture period (24h). In the absence of Mg-MPs no cell death could be detected in the images and the cells
seem to be healthy.

TR ey Vo TR ey i

Fig. 7 Duplication of macrophages J774 in presence of 1500 pg/ml of Mg-MPs.

In the presence of Mg-MPs (Fig. 7) cells are affected by the alterations of the environment and duplication rate is
slower than in the absence of Mg-MPs (Fig. 6). A high number of dead cells together with others that do not seem to be
vigorous can be detected and simultaneously Mg-MPs are degrading in the vicinity (Fig. 7). Similarly, cells of Fig. 4c
are strongly affected by the presence of high Mg-MPs concentration. This deleterious effect is less significant when the
concentration of particles in macrophage cultures is lower.

7. Interactions macrophage/Mg-MPs

It is well known that filopodia are abundant in macrophages because they function as sensors of the local environment,
particularly associated to their role during phagocytosis [30]. Yue ef al. [29] found that particle size affects the cellular
response in macrophages. Thus, the internalization of particles of diameters higher than 1.9 um was very poor. In the
case of cells/Mg-MPs system particles were large (average diameter 58.9 + 20.7 pm (SD)) and no internalization was
observed. In fact, only interactions between filopodia and Mg-MPs (1000 pg/ml) could be distinguished. In Fig. 8 panel
two macrophages cells in the Mg-MP vicinity were observed. Later, one of these cells showed the formation and
elongation of filopodia which extended towards the particle surface (Fig. 8 b). Interesting, as a consequence of this
interaction Mg-MP was rotated (Fig. 8 c).
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2) b)
o )

Fig. 8 J774 macrophages showing filopodia/Mg-MP interactions.
a) b)

Fig. 9 J774 macrophages showing membrane/Mg- MP interactions.

In Fig. 9 panel a, two macrophages cells and a Mg-MP were close but not in contact. Subsequently one of the cells
extended its filopodium (Fig. 9 panel b). Later, the cell contacted the particle through their plasmatic membrane (Fig. 9
panel c). It seems that the corrosion products on the surface (grey layer) did not affect these interactions.

8. Macrophage duplication and cell death
Cell death Cell division Cells death

Fig. 10  Cell division and death of macrophages cultured in the presence of a Mg-MP.

MM technique is particularly useful to follow cell duplication at real time. Sequences of duplication processes can also
be observed in Fig. 2 (rectangles) and in Fig. 4 (circles). Interestingly, Fig 10 panel shows that immediately after the
division, macrophages located close to the Mg-MP displayed morphological changes that developed in cell death.

9. Conclusions

It was demonstrated that MM shows great capacity to follow biological and physicochemical processes at real time by
collecting images that are recorded in fixed intervals over extended periods of time. During these periods the control of
different cell culture parameters such as temperature, CO, pressure and 95 % humidity during the assay is required to
achieve physiological relevant data. The resulting images of movies can provide direct insights into the behavior of
cells including division, cell death and migration, among other processes. The images corresponding to interactions of
J774 macrophages with Mg-MPs were particularly analyzed as an example of the potential use of the MM. Changes in
the growth rate and morphology of macrophages due to interactions through their membranes and pseudopodia with
Mg-MPs were detected in vivo at real time and, simultaneously, the formation of corrosion products and evolution of H,
bubbles as a consequence of the degradation of Mg-MPs could be followed. The great functionality of MM during
biological, cytomorphological and physicochemical assays was shown.
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