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Abstract. According to literature reports based on in vitro tests, transient in-
crease in Mg?* concentration to 2 to 10 mM can promote osteogenesis around
implants. However, it is not well established how the Mg?" concentration may
change in space and time around a Mg?*-releasing implant in vivo, and whether
therapeutic levels of Mg?* can be maintained in the surrounding tissues. Thus,
the temporal and spatial evolution of Mg?" concentration was investigated from
a MgS04-7H20 containing polycaprolactone implant by numerical analysis us-
ing a rudimentary diffusion model. Diffusion coefficient of Mg?" in polycapro-
lactone was determined experimentally, while it was estimated in body fluids
and tissue from literature data. The results revealed that Mg?" levels generally
increase modestly and reach the therapeutic level for less than one day in this
system due to fast clearing of Mg?" from the tissues. Toxic levels of Mg?* con-
centration may develop, but only for a few minutes, and can be mitigated by a
thin layer of pure polymer applied on the implant.
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1 Introduction

Magnesium is an essential element in living organisms, and it is known to be involved
in a large number of biochemical pathways [1]. One important role of Mg?" is found
in osteogenesis. It has been reported that elevated Mg?* levels can accelerate osteo-
genesis and angiogenesis via varied mechanism if the magnesium concentration is
well above the physiological level (0.65 mM — 1.05 mM), somewhere in the optimal
range of 2 mM to 10 mM as determined by in vitro experiments [2]. To take ad-
vantage of these positive effects of magnesium in regenerative medicine with regards
to bone injuries, a suitable approach is to implant a temporary scaffold that can re-
lease Mg?" at the site of implantation. This is to increase the magnesium concentration
locally for a suitable duration and guide accelerated bone development. However, the
duration of elevated magnesium level should not be excessively long as high concen-
tration of magnesium can inhibit the mineralization process in the later stages of bone
development.




The in vitro experiments reported in the literature are static with regards to the
magnesium concentration, and it is an open question how these results may be used in
vivo where the interplay between the release rate of Mg?* from the scaffold, and its
clearing from the vicinity of the implant creates a dynamic concentration profile [2].
Although this concentration profile could potentially be evaluated via experimental
methods, the method would be complicated and difficult to plan and implement. Thus,
the authors conducted numerical simulation studies as a first step to evaluate the like-
ly fate of magnesium that is released from an implant material. A rudimentary model
was used in the calculations with several simplifications that may preclude highly
reliable quantitative results, but it is suitable to evaluate the main factors responsible
for the release profile that one may expect. Thus, the outcome from the calculations
could be used to guide the design of more sophisticated calculations and experiments
while providing basic insights into magnesium release profile from an implant. The
study focused on the release of magnesium sulphate from polycaprolactone (PCL)
carrier since PCL is used as a biodegradable temporary implant for bone regeneration.

2 Model Setup

2.1 Geometry

A very simple release geometry was used as shown in Fig. 1 consisting of a sheet of
PCL loaded with MgSO4-7H>0, an optional layer of Mg?*-free PCL, body fluid layer,
tissue layer and a magnesium sink (microcapillaries). The thickness of the PCL and
body fluid layers were selected arbitrarily while the tissue layer was selected based on
capillary density in living tissue (see Table 1). For viability, cells can be only from a
limited distance from capillaries. This can be as low as about 15 pm in mouse brain
tissue [3] or as much as 67.2 + 25.3 um capillary-free zone in human retina [4]. Thus,
the tissue layer thickness was varied in the comparable 20 pm to 80 um range. The
model was simplified by assuming the tissue to be a uniform and homogeneous layer
(no cellular structure) for the purpose of magnesium transport.

All the layers were divided into 1 pm thick sub layers for the purpose of calculat-
ing changes in magnesium concentration.

2.2 Initial Mg?" Concentrations

The concentration of MgSO4-7H,0 in the PCL implant material was selected at two
levels, 480 mM and 990 mM, approximately corresponding 10 w% and 20 w% salt in
the polymer composite. Further, it was assumed that the salt is distributed homogene-
ously in the implant. When a pure PCL coating layer was considered on the implant, it
had 0 mM initial salt content. The body fluid and tissue had 1 mM initial magnesium
concentration, while the capillaries always had a fixed 1 mM magnesium concentra-
tion.
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Fig. 1. Geometric arrangement of the model: Implant is a large sheet of PCL containing
MgS0O4-7H20 that is optionally coated with a layer of pure PCL. The implant is in contact with
body fluid followed by a layer of tissue. Finally, microcapillaries are present that transport the
excess magnesium away from the implant area. The transport is one dimensional; the setup is
symmetric, and calculation is done only for half of the system.

2.3  Diffusion Coefficients

The numerical model relied solely on simple diffusional transport of magnesium from
the implant to the capillaries. The numerical value of diffusion coefficient of MgSO4
in the presence of water was determined in PCL experimentally and described in a
conference presentation [5]. Briefly, PCL (M=80,000 g/mol) was loaded with approx-
imately 20w% MgSO4:7H,0 by cryo-milling the polymer pellets with sieved salt
crystals to exclude sizes above 45 pm. The resulting powder was then extruded to
form filaments with varied radii. Additionally, flat samples of varied thickness were
made from filaments by pressing the material between two flat surfaces lined with
PTFE sheets above the melting point of PCL. The release of Mg?* into water was then
measured at 37°C using electrical conductivity. The resulting release profile was fit-
ted to theoretical diffusion driven release profiles [6] using least squares optimization.
However, it was found that the release of MgSO4 did not follow a simple diffusion
process, and it was necessary to assume two parallel processes with two distinct diffu-
sion coefficients. Thus, equation 1 was used to fit the magnesium release from fila-
ment samples and equation 2 for sheet samples by combining two parallel diffusion
processes.
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where F. is the release profile over time (f) for filament (cylinder) and F for sheet,
expressed as cumulative Mg?" fraction released. R is the radius of the filament, a,, is
defined through J,(Ra,) = 0, where J, is the zeroth order Bessel function of the first
kind. Dy and D; are the two diffusion coefficients, and f; and f; are the corresponding
fraction of magnesium released through processes associated with D, and D, respec-
tively. L is the half-thickness of the sheet. The fitting was carried out by truncating the
infinite sums to a number of terms such that use of additional terms gave negligible
contribution to the sums.

It was found that the recovered fitting parameters D; and D, as well as f; and f
were reasonably consistent across different sample shapes and sample radius / thick-
ness. For filament samples (4 samples): Dy = (4.8 £ 2.2) x10° cm?/s, Dy = (7.8 +
2.1) x10°1° cm?/s, fic = 0.77 £ 0.12, and f> = 0.23 + 0.12. For sheet samples (4 sam-
ples): Dis= (4.8 = 0.4) x10° cm?/s, D25 = (5.5 + 3.3) x107'% cm?/s, fi s = 0.85 % 0.05,
and o5 = 0.15 £ 0.05. Averaging over eight samples including both geometries and
varied thickness/radius gave: Dy ave= (4.8 £ 1.4) x10™ cm?/s, D3 ave = (6.7 £ 2.8) x1071°
cm?/s, fiave = 0.81 £ 0.10, and f5 4ve = 0.19 £ 0.10.

To simplify the present simulation of Mg?" release, only a single diffusion process
was considered with diffusion coefficient rounded to D = 5 x10° cm?/s, see Table 1.
This is justifiable since approximately 80% of the magnesium sulphate is released
through the faster diffusion process which is primarily responsible for the initial mag-
nesium release that corresponds to the concentration elevation to the therapeutic
range.

The diffusion coefficient of magnesium sulphate in body fluid was approximated
by the value measured in water (~8 x10°° cm?/s at 25°C) [7]. This value is expected to
be lowered somewhat by the elevated ionic strength in body fluid, while the higher
temperature (37°C) would increase the value [8]. Since both effects result in moderate
and opposing changes, they were ignored.

Reports on the diffusion coefficient of magnesium ions in tissue are rather rare.
However, it was reported that magnesium has (1.88 £ 0.09) x10° cm?/s intracellular
diffusion coefficient in rat muscle fibers [9], and (2 to 3) x10°® cm?/s in barnacle mus-
cle [10]. A similar value, 2x10° cm?/s, was found in a very different tissue type of
squid axon [11]. Based on the above reports, a diffusion coefficient of 2 x10% cm?/s
was used for magnesium transport through the tissue layer.

Table 1. Parameters used in the numerical simulation.

Initial Mg?* concen-  Layer thickness

Layer D(Mg?), cm?/s tration, mM values used, um
Implant 5x107° 480, 990 300, 600

PCL coating 5x107° 0 0,10

Body fluid 8x10°¢ 1 0, 10, 20, 50
Tissue 2x1076 1 20, 50, 80
Circulation Not Applicable 1 Not Applicable




24 Numerical Simulation Method

A very simple method was used for the simulation as described by Crank in his
book [6] in Chapter 8, Section 8.3. This consisted of calculating the change in concen-
trations for a small time step, 1, then updating the concentrations with the changes. To
avoid divergence, the time step was selected such that t < 0.54%/D where 4 is the layer
thickness used as the distance step (2 = 1 pum), and D is the diffusion coefficient in
that layer. The calculation was carried out using Python code, and total time span was
87000 seconds.

3 Results
3.1 Influence of Layer Thickness Variations

It was found that the thicknesses of implant material, PCL coating on the implant, and
tissue layer have significant influence on the evolution of magnesium concentrations
within the tissue. On the other hand, the thickness of the body fluid layer, having the
fastest magnesium diffusion, had small influence on the results. Thus, most of the
results are presented for the case when the body fluid layer is the thickest (50 um).

3.2 Evolution of Magnesium Concentration in the Implant

The change in magnesium concentration within the implant is shown in Fig. 2 for 480
mM initial Mg loading. The curves have the expected shapes based on diffusion theo-
ry [6]. Addition of 10 um thick pure PCL layer has negligible effect on the overall
evolution of concentrations except for limiting the maximum magnesium concentra-
tion on the surface in contact with the body fluid. This is also expected, as the pres-
ence of a pure PCL layer leads to a short lag time [12] that is sufficient to moderate
the surface concentration since it provides time for the surroundings to take up mag-
nesium as it is appearing on the surface from the implant.

Similarly, changing the layer thickness of body fluid and tissue in contact has neg-
ligible influence on the shape of the curves within the implant (not shown in the fig-
ure). Calculations using 990 mM initial concentration provided the same shape of
curves as shown in Fig. 2, except the concentration values were higher, proportional
to the initial magnesium concentration.

The effect of using a thicker PCL implant is significant. The amount of magnesium
remaining in the implant after a given duration is much higher than in the case of
thinner implant. However, the magnesium concentrations on the implant surface are
comparable for thin and thick implants. Again, the results are in full agreement with
theoretical equations [6].

3.3  Concentration Profiles in Body Fluid and Tissue

The calculated concentration profiles of Mg?" over time at selected locations are plot-
ted in Fig. 3 to 6 for different conditions. To limit the number of plots, only the cases



with 80 um tissue thickness were include. The presence of thinner tissue layers accel-
erates the decrease of magnesium concentration over time. The locations plotted are
body fluid in contact with the implant, tissue surface facing the implant, tissue middle
layer, and tissue facing capillaries. Of these, the tissue surface in contact with the
capillaries has insignificant magnesium concentration increase in all cases.
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Fig. 2. Evolution of magnesium concentration within implant at different locations
(center at 0 um, surface at 149 pm or 299 um) for 480 mM initial Mg?* loading, 50
pm body fluid layer and 80 pum tissue layer. (A): No PCL coating is present, 300 pm
thick implant. (B): No PCL coating is present, 600 pm thick implant. (C): 10 um PCL
coating without magnesium is present on 300 um thick implant; concentration on
coating layer surface rises fast to ~ 30 mM, then decays (lowest curve in plot). (D): 10
pm PCL coating without magnesium is present on 600 um thick implant; concentra-
tion on coating layer surface rises fast to ~ 30 mM, then decays (lowest curve in plot).



20
18
16
14
= S 12
£ €
= =10
oo oo
= 2 8
[s} s}
6
4
2
0 + + $ } i
0.0 0.2 0.4 0.6 0.8 1.0
Time, hours Time, hours
(€) (D)
= =
3 €
® ':;
= =
o s}
0.0 0.5 1.0
Time, hours Time, hours

Fig. 3. Evolution of magnesium concentration in body fluid at the implant surface
(dashed blue lines) and in tissue (solid lines indicating different locations). Implant
thickness is 300 um, salt content is 480 mM initial Mg?" loading in implant. The op-
timum therapeutic concentration range is indicated by the black horizontal dashed
lines. (A) and (B) with different time scales: No pure PCL coating on implant show-
ing highly elevated magnesium level in the initial few minutes. (C) and (D) with dif-
ferent time scales: 10 pm pure PCL coating is present on the implant which signifi-
cantly moderates the initial magnesium concentration rise, thus avoiding buildup of
potentially toxic levels.

The time dependent concentration profiles indicate a very sharp rise in magnesium
level within less than a minute if no pure PCL coating is present on the implant. If 10
pum PCL coating is added, the peak magnesium concentration is reached within about
three minutes and this peak level is much lower than in the case where no PCL coat-



ing is in place. After the peak concentration is reached, the concentration drops quick-
ly with time evolution resembling a decaying exponential function.

The effect of initial magnesium loading in the implant is the shifting of concentra-
tion values in proportion to the initial concentration without otherwise affecting the
profiles (compare Fig. 3 and Fig. 4), as seen similarly in the case of concentrations
within the implant.

(A) (B)

40 T

0.0 0.5 1.0
Time, hours

(€ _ (D)

0.0 0.2 0.4 0.6 0.8 1.0
Time, hours Time, hours

Fig. 4. Same conditions as in Fig. 3, except for the initial Mg?* loading in the implant
is 990 mM. The shapes of the curves are nearly identical to those in Fig. 3 except for
the concentration values are higher in proportion to the initial loading level in the
implant.
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Fig. 5. Evolution of magnesium concentration in body fluid at the implant surface
(dashed blue lines) and in tissue (solid lines indicating different locations). Implant
thickness is 600 um, salt content is 480 mM initial Mg?* loading in implant. The op-
timum therapeutic concentration range is indicated by the black horizontal dashed
lines. (A) and (B) with different time scales: No pure PCL coating on implant show-
ing highly elevated magnesium level in the initial few minutes. (C) and (D) with dif-
ferent time scales: 10 pm pure PCL coating is present on the implant which signifi-
cantly moderates the initial magnesium concentration rise, thus avoiding buildup of
potentially toxic levels.

The thickness of the implant has no effect on the initial part of the concentration
profiles since the initial magnesium release is determined by the magnesium concen-
tration near the surface of the implant. However, as the magnesium content is deplet-
ed in the implant over time, the thinner material starts to supply a lesser amount of
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magnesium while the thicker implant can supply more magnesium as it diffuses from
the interior. Thus, thicker implant increases the magnesium concentration in the tissue
layer at later times of the release.
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Fig. 6. Same conditions as in Fig. 5, except for the initial Mg?* loading in the implant
is 990 mM. The shapes of the curves are nearly identical to those in Fig. 5 except for
the concentration values are higher in proportion to the initial loading level in the
implant.

4 Discussion

The key parameters that can be obtained from the simulation are the duration of ele-
vated magnesium concentration within the optimum therapeutic range (2 mM to 10
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mM), and the duration of magnesium concentration exceeding the optimum therapeu-
tic concentration which may potentially lead to toxic levels of Mg?". Since the thick-
ness of the body fluid layer (0, 10, 20, and 50 um) has little effect on the duration of
elevated concentrations in the tissue, the duration values were averaged for the cases
with varied body fluid layer thickness. The data is plotted in Fig. 7 and 8 to indicate
the main factors responsible for shortening/extending the magnesium concentration in
the potentially toxic range and in the therapeutic range.

As seen in Fig. 7, the duration of therapeutic magnesium concentration is rather
short, and it is strongly influenced by the thickness of tissue between the implant and
capillaries. The initial magnesium concentration in the implant is also a major factor
in controlling the duration. The higher the initial magnesium concentration in the
implant, the longer the duration of elevated concentration. The implant thickness has
moderate effect, and it depends on the tissue thickness and the initial magnesium
loading, while the presence of a thin pure PCL coating layer has negligible effect on
the duration of therapeutic concentration.

The duration of elevated magnesium concentration is also strongly dependent on
the location within the tissue. Several fold shorter durations are seen in the center of
the tissue layer as compared the surface facing the implant.

The magnesium concentration exceeding the optimum level is restricted to a few
minutes only as seen in Fig. 8. The excessively high concentration is extended if
thicker tissue layer is present or when higher initial magnesium loading is applied in
the implant. A very significant effect is seen due to the application of a pure PCL
layer on the implant which can reduce or eliminate the duration when magnesium
concentration is too high. Implant thickness has no effect on the duration of excess
magnesium level in the investigated range.

Although, the simulation provided clear insights into the temporal and spatial evo-
lution of magnesium concentration in the vicinity of a magnesium releasing implant,
it must be highlighted that there are several shortcomings of the simple model used.
Some of these limitations include the assumption of homogeneous tissue layer instead
of a cellular structure, the uncertainty of the diffusion coefficients used, and assump-
tion of a purely diffusional magnesium transport between implant and capillaries
when there is also possibility of active transport of magnesium into and out of cells,
as well as storage of some of the magnesium in the cells. It can also be considered
that tissue layers are not solid slabs, but regions separated by small channels where
body fluid is present. In such a case, the body fluid may be a fast conduit for magne-
sium diffusion, thus reducing the overall concentration increase.

In light of the limitations, the results should be taken as semiquantitative that can
guide experimental designs on the measurement efficacy of implants or provide a
basis for more sophisticated numerical analysis.
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Fig. 7. Duration of Mg?" concentration within the therapeutic range (averaged over
varied body fluid layer thickness). Legend: xxx/yy/C=zzz where xxx is the half thick-
ness of the implant, yy is the thickness of pure PCL coating layer, and zzz is the initial
Mg?" concentration in the implant in mM; curly brackets indicate data that nearly or
fully coincide. (A): Therapeutic Mg?" concentration at the surface of the tissue facing
the implant. (B): Therapeutic Mg?* concentration at the center of the tissue layer.
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Fig. 8. Duration of Mg?" concentration exceeding the optimum therapeutic range
(averaged over varied body fluid layer thickness). Legend: See Fig 7. (A): Excessive
Mg?" concentration at the surface of the tissue facing the implant. (B): Excessive
Mg?" concentration at the center of the tissue layer.

5 Conclusions

A simple model was set up to numerically evaluate the diffusion controlled release of
magnesium sulphate from polycaprolactone implant. The results indicated that the
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magnesium is released from the implant at a moderate rate, then it is transported by
diffusion across a body fluid layer between implant and tissue at a high rate since the
magnesium diffusion coefficient is highest in the body fluid. The subsequent tissue
layer with a moderate diffusion coefficient then poses a slight barrier and slows down
the diffusion of magnesium.

Two key parameters were identified to describe the efficacy of magnesium release
from the implant: The duration of magnesium concentration in the tissue when the
magnesium is in the optimum therapeutic range, and the duration where magnesium
concentration is above the optimum therapeutic range.

It was found that the duration of optimum magnesium concentration was rather
short, well below one day in the scenarios investigated. It can be extended by increas-
ing the initial magnesium loading in the implant, and by using a thicker implant that
exhausts its magnesium supply over a longer period. Additionally, the presence of
thicker tissue layers between implant and capillaries increased the duration of elevat-
ed magnesium concentration in the tissue. On the other hand, the presence of pure
polycaprolactone coating had negligible effect on the duration of optimum concentra-
tion.

Duration of very high and potentially toxic magnesium levels was found to be
short, less than six minutes in all investigated scenarios. This duration is shorter with
thinner tissue layers, and for lower initial magnesium loading in the implant. The
implant thickness had no effect on this duration but the presence of a pure polycapro-
lactone coating on the implant had a major effect. Such a coating limits the maximum
surface concentration of magnesium in the implant and introduces the magnesium into
the body fluid / tissue slower in the initial few minutes.

Thus, the simulation indicated that designing an implant with extended elevated
magnesium concentration would rely on high initial magnesium concentration in the
implant (>1 M), preferably with thick implants (>600 um). Additionally, a thin layer
of pure polycaprolactone layer (10 to 20 um) can be applied on the implant to miti-
gate or prevent the initial magnesium concentration surge when the implant first
comes into contact with the tissue.

Overall, it was found that a highly soluble salt such as magnesium sulphate can be
incorporated into polycaprolactone implant to achieve elevated magnesium concentra-
tion for a limited time period that can promote bone regeneration. Due to the fast
clearing of magnesium from the tissue, it was seen that toxic levels of magnesium
may be present only for a short time of a few minutes which can be substantially re-
duced or eliminated by applying a pure PCL layer on the implant.
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