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The success of medical therapy depends on the correct amount and the appropriate delivery of the required drugs for treatment. By using biodegradable polymers a drug delivery over a time span of weeks or even months is made possible. This opens up a variety of strategies for better medication. The drug is embedded in a biodegradable polymer (the “carrier”) and injected in a particular position of the human body. As a consequence of the interplay between the diffusion process and the degrading polymer the drug is released in a controlled manner. In this work we study the controlled release of medication experimentally by measuring the delivered amount of drug within a cylindrical shell over a long time interval into the body fluid. Moreover, a simple continuum model of the Fickean type is initially proposed and solved in closed-form. It is used for simulating some of the observed release processes for this type of carrier and takes the geometry of the drug container explicitly into account. By comparing the measurement data and the model predictions diffusion coefficients are obtained. It turns out that within this simple model the coefficients change over time. This contradicts the idea that diffusion coefficients are constants independent of the considered geometry. The model is therefore extended by taking an additional absorption term into account leading to a concentration dependent diffusion coefficient. This could now be used for further predictions of drug release in carriers of different shape. For a better understanding of the complex diffusion and degradation phenomena the underlying physics is discussed in detail and even more sophisticated models involving different degradation and mass transport phenomena are proposed for future work and study.
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1. INTRODUCTION

Over the years different drug carriers have been developed and tested for drug delivery and targeting applications. In terms of materials, polymers are the ones mostly used, perhaps due to their simple forming properties in combination with easily tunable properties. In drug release the release phenomenon varies in complexity depending on the design and types of materials involved. For polymeric materials the mechanisms of drug release are normally directly linked to drug diffusion, dissolution, and degradation of the carrier matrix. However, other factors, such as interactions of the material and the drug, can also influence the release kinetics. In addition to physicochemical and morphological properties, the drug location within the matrix, and the drug solubility are key parameters governing the release kinetics and, therefore, the efficiency and efficacy of the treatment. It has been suggested that degradable materials could provide a steady and tunable release kinetics for different therapeutic applications. Furthermore, it was postulated that the use of combinatory materials for the design of drug release systems has the potential for improving drug bioavailability together with predictable release kinetics. Many efforts have been directed toward the development of biodegradable composite materials for drug delivery and targeted controlled release in terms of reproducible and predictable release kinetics in order to meet the therapeutic demands (Ginebra et al., 2006; Habibe et al., 2009; Zhang et al., 2017; Li J. et al., 2018a,b; Li S. et al., 2018; Zhang W. et al., 2018a,b; Zhang Y. et al., 2018). Previous studies showed that bulk eroding polymeric materials show a drug release pattern ranging from one stage (Schmidt et al., 1995; Krasko et al., 2007; Billon-Chabaud et al., 2010; Morawska-Chochółet al., 2014), three stages (Schnieders et al., 2006; Xu and Czernuszka, 2008; Gosau and Müller, 2010) to four stages (Shen et al., 2002; Takenaga et al., 2002). Further studies indicate that the degradation mechanism greatly influences the controlled release of the drug.

This study focuses on the release of gentamicin and clodronate disodium bisphosphonate embedded or not in hydroxyapatite within in a polylactic acid matrix. Similar systems have already been used and are until now in the focus of medical interest (e.g., for the case of gentamicin in Schmidt et al., 1995; Kanellakopoulou and Giamarellos-Bourboulis, 2000; Friess and Schlapp, 2002; Wang et al., 2004; Naraharisetti et al., 2005; Schnieders et al., 2006; Krasko et al., 2007; Xu and Czernuszka, 2008; TorresGiner et al., 2012; Morawska-Chochółet al., 2014; Shim et al., 2015; Dorati et al., 2016; and for bisphosphonate in Billon-Chabaud et al., 2010; Su et al., 2011; Miladi et al., 2013; Papathanasiou and Demadis, 2015; Aderibigbe et al., 2016; Macha et al., 2017a,b; Sovány et al., 2017). It is fair to say that these are experimentally oriented papers written in the spirit of chemistry, biology, and medicine. They are not theoretically oriented. In fact, experimentally obtained release curves are often just presented and sometimes quantified in terms of a very simple diffusion ansatz based on the solution of the Fickean diffusion equation for a point source (e.g., Brazel and Peppas, 2000; TorresGiner et al., 2012), which does not truly take the effect of the carrier geometry into account.

However, a considerable effort has also been made for modeling the degradation-drug release behavior in these and other drug carrying systems. One of the objectives is to enable and to accompany a fast and rational design of soluble drug release devices (see e.g., Lee, 1980; Brazel and Peppas, 2000; Siepmann et al., 2002; Raman et al., 2005; Arifin et al., 2006; Lao et al., 2008, 2011; Rothstein et al., 2008, 2009, 2012; Siepmann and Siepmann, 2008; Dash et al., 2010; Fredenberg et al., 2011; Kaunisto et al., 2011, 2013; Siepmann and Peppas, 2012; Hines and Kaplan, 2013). In order to improve the descriptions of drug release some of the researchers included equations governing pore formation and growth. Moreover, different geometries have been investigated for drug release modeling. For example, thin film, spherical, cubical, and cylindrical symmetries are frequently investigated (Lao et al., 2008, 2011; Siepmann and Siepmann, 2008).

If the symmetry of the considered carrier proves to be high then it becomes possible to reduce the simulation problem to the solution of a transient partial differential equation with one spatial dimension (e.g., Siepmann and Siepmann, 2008). The corresponding numerical evaluation is relatively easy and nowadays feasible with conventional computational power. In the case of more complex situations, such as pore formation and growth in the matrix, transport of the drug through an embedding containment as a supply to the matrix (see below), or for truly multi-dimensional geometries the controlled release is more difficult to capture. Concretely this fact is a still a weakness in modeling the drug release and we will discuss as well as suggest further approaches for addressing such phenomena. It is also a fair statement that the community of continuum theoreticians and constitutive theory modelers are not fully aware of the need for capturing the drug release behavior in degrading matrices mathematically.

This paper is a first preliminary attempt to create this awareness. Initially experimental findings will be presented and then correlated with an essentially analytical diffusion model, which explicitly accounts for the underlying drug carrier geometry and, hence, becomes more than just a curve fit. In fact the predicted diffusion coefficients can be considered as geometry independent and useful when assessing the release times from other drug carriers of different geometry.

2. PHENOMENOLOGICAL DESCRIPTION OF DRUG RELEASE

In this section the investigated drugs, their containment in hydrolyzable, polymer-based matrices (the carriers), the involved dissolution into a body-like fluid, and the corresponding measurement of the drug concentration in that fluid as a function of time will be described. It will be shown that various stages must be distinguished and a (verbal) explanation for their occurrence will be given.

2.1. Drugs, Drug Containing Materials, and the Body Fluid Surrogate

In the experiments the dissolution behavior of two different drugs was investigated, namely of GentaMicin (GM) and of clodronate disodium BisPhosphonate (BP). Some information about their chemical properties can be found in Table 1. In context with the follow-up comparison of diffusion coefficients it is already now important to note that the BP has a smaller molecular mass than the GM molecule. This will have an impact on its migration capabilities through the matrix or, in phenomenological terms, be reflected in the value of the diffusion constant. This important fact has been emphasized before (e.g., in Makadia and Siegel, 2011).


Table 1. Chemical composition of drugs and drug carrier matrix.

[image: image]



Two different release media mimicking the body fluid were used for dissolution and diffusion, i.e., phosphate buffered saline solution for the GM and a tris-HCl buffer solution for the BP. The reason for this choice was the procedure applied when measuring the concentration of the released drug, which was sensitive to phosphorus (see the description in section 2.2). Both solutions had a pH of 7.4 and were kept at a “body temperature” of 37 ± 0.1°C. The drugs were stored in a nanoporous matrix made of PolyLactic Acid (PLA), either directly or first embedded in HydroxylApatite (HAp). More specifically coralline HAp was used, and the interested reader can find more information on this topic in corresponding publications by the authors (Ben-Nissan, 2003; Choi et al., 2014). The PLA matrix slowly disintegrates and degrades in the solutions, thereby opening more and more pore space for the drugs to release and also leave their containment eventually.

Choosing a matrix without or with drug embedding and two solutions led to four different experimental scenarios with corresponding concentration measurements, namely GentaMicin contained in PolyLactic Acid (PLA GM), GentaMicin loaded in HydroxylApatite and then contained in PolyLactic Acid (PLA HAp GM), BisPhosphonate contained in PolyLactic Acid (PLA BP), and, finally, BisPhosphonate (BP) loaded in HydroxylApatite (HAp) and then contained in PolyLactic Acid (PLA HAp BP). We proceed to explain the details of the measurements.

2.2. Experimental Procedure for Measuring the Concentration of Released Drug

Drug loading to hydrothermally converted coralline HAp was conducted in a vacuum controlled rotavapor with the appropriate amount of either GM or BP mixed with HAp particles to give 10%w/w drug loading. The solution casting method was used during the development of the polymer film composites (either just enriched with the drug or with HAp loaded with drugs) where the PLA was first dissolved in chloroform under room temperature. Then it was mixed with drugs or HAp particles under a magnetic stirrer. After that it was sonicated for 10 min and casted on a petri dish. The solvent in the casted samples was allowed to evaporate under vacuum for 48 h. Finally a thin polylactic acid composite film resulted, which was cut into 2 cm pieces, the thickness of which was around 0.2 mm, cf., Figure 1, left.


[image: image]

FIGURE 1. Left: Film matrix specimens before and after curling; Right: specimens in a tube.



Our assumption is that the drug is homogeneously distributed within the containment. This is confirmed by the Scanning Electron Micrograph (SEM) shown in Figure 2. The gray color shows the PLA matrix, and the blisters consist of GM embedded within the matrix. The distribution of the drug is fairly random throughout the matrix, such that the probability of finding drug at any point in the polymer matrix could be constant at all positions within the matrix on the homogenized continuum level of our future models.


[image: image]

FIGURE 2. SEM of the drug containment.



The drug release was conducted in a buffer solution at a volume large enough to provide complete dissolution of the drug loaded in the samples. The concentration of drug in buffer solutions was measured by using a UV-vis spectrophotometer (Agilent Technologies, Australia) for GM. The quantification of released BP was determined by using 31P-NMR (Agilent Technologies, Australia).

The raw data of the current (average) concentrations of the drug, [image: image], were originally obtained in units of mg/ml, because by definition the average concentration is given by

[image: image]

where m(t) is the mass of drug at time t within the release medium of volume, Vs. Note that the initial amount of drug in the matrices was md = 7.5mg and the volume of the solution was Vs = 15 ml. Hence the maximum to-be-expected drug release concentration could only be cmax = 0.5mg/ml. This information could then be used to compute the fraction of drug released at time t from the ratio

[image: image]

in dimensionless units.

More specifically, the release medium in liquid form of 15 ml was filled into Falcon™ conical tubes of 17 mm diameter and 120 mm length (see Figure 1, right). Note that the thin film matrix specimens curled up to form cylindrical tubes with a diameter in-between 0.5 and 0.65 cm. Hence they could easily be accommodated in the Falcon™ tube after an initial slight bending. This was possible without breakage because the films were quite flexible. At each time, t, 3 × 3 data points for [image: image] were taken: The contents of three tubes was examined at every sampling time, such that they all were under the same conditions. As indicated above the concentration values were determined by measuring the absorbance in a UV-vis spectrophotometer. A standard curve was used in this context. It was constructed by using known concentration and measuring the corresponding absorbance. Then the absorbance was plotted against drug concentration resulting in a straight line curve. Spectrophotometer cuvettes were used to store three samples from each tube for the absorbance measurement. As required by the spectrophotometer the cuvettes contained exactly 2 ml. It is fair to say that all nine readings per sampling time were very similar, which explains the small error bars. The contents of each tube was discarded after measurements. Each sampling time had its own three tubes subjected to similar experimental conditions according to the SINK conditions for drug release (SINK, 2009), which require to maintain the release medium and do not allow refills since this would affect the release kinetics.

2.3. Graphical Representation of Raw Data

The experimentally determined fraction of cumulative release, F(t), for both drugs, GM and BP, are presented in Figures 3, 4, respectively. In each case the influence of a containment for the drug has also been recorded: pure PLA filled with drug vs. PLA containing HAp with drug stored within. The continuous lines are (linear) interpolations between the measurement data (squares). Error bars are indicated as well. In order to rule out any measurement related discrepancies, two trial measurements without drug were performed. From these it was concluded that there was no GM present in the (initial) solution, as expected.
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FIGURE 3. Fractional cumulative release of GM from PLA thin film composite in PBS solution (pH 7.4, 37°C and 100 rpm) for fifteen weeks. Error bars refer to mean standard deviation of triplicate experimental data.




[image: image]

FIGURE 4. Fractional cumulative release of BP from PLA thin film composite in TrisHCl buffer solution, pH 7.4, at 37°C and 100 rpm for 11 weeks. Error bars refer to mean standard deviation of replicate experimental data.



The different slopes in the plots indicate that it becomes necessary to distinguish different stages of drug release due to different physical phenomena. We will now attempt to give reasons for the observed behavior based on the schematics shown in Figure 5.


[image: image]

FIGURE 5. Illustration of release stages for GM without and with HAp.



Evidently, the experiments with GM easily allow to distinguish several different stages of drug release. In fact one can note four different ones, identifiable by changes in slope or jumps in slope in the release curve. In order to provide some physical justification for this phenomenological observation, we argue as follows:

• Stage I (week 1): In the case of the PLA GM measurements, we observe initially a burst. This accelerated release is due to drug particles situated on the outer surface of the matrix migrating into the release medium. The illustration in the first top inset of Figure 5 visualizes this phenomenon. For PLA HAp GM the “burst” is less significant than for PLA GM. We explain this fact as “configuration related,” this is to say related to the confinement of the drug with the HAp. The drug—even if close to the surface of the matrix—still has to tunnel through the HAp and be supplied to the PLA-matrix, see the first bottom inset in Figure 5.

• Stage II (weeks 1–3): PLA GM continues to show a significant release of drug, but the speed of release, i.e., the slope to the F(t) curve does not show a jump. The polymer matrix will start to degrade close to the surface and the corresponding drug as well as some drug from further inside will be released, see the second top inset in Figure 5. This behavior is analogous for PLA HAp GM but not as pronounced, because of the HAp, which must be overcome first to supply the drug, which can then diffuse through the matrix, second bottom inset in Figure 5. Also between week 2 and 3 a sudden burst is observed. Some additional “production” of GM must be the reason, maybe due to deterioration of the HAp embedding, at least close to the surface.

• Stage III (weeks 3–5): Both PLA GM and PLA HAp GM show a stagnation of drug release. One might think that the process reaches an equilibrium. However, Stage 4 (see below) causes us to develop another hypothesis. This lag phase can be explained by the fact that the PLA matrix keeps degrading; but all of the drug close to the surface has already been released, see the third top and bottom insets in Figure 5.

• Stage IV (weeks 5–15): In both cases the polymer matrix finally starts to show strong degrees of deterioration, pores are forming through which the GM or the supply from the HAp GM can more easily diffuse, see fourth top and bottom insets in Figure 5. The experiments were stopped after week 15. Note that the release process in the case of PLA HAp GM is much more pronounced as in the case of PLA GM. This is due to the breaking of the HAp skeleton in addition to a strongly deteriorating PLA matrix. This fact will affect our future modeling.

In case of the BP experiments presented in Figure 4, no trial measurements without drug were performed. The tests seem to indicate a more or less continuous release of drug. In contrast to GM at most three stages can be observed. The lag phase is missing or not as pronounced, which may be due to the fact of the different diffusion properties of the smaller BP molecules. More specifically we note:

• Stage I (weeks 1 and 2): A strong burst of drug release is visible in the case of PLA BP. The burst is much more pronounced than for the case of PLA HAp BP, since in the latter configuration it is necessary to overcome the additional HAp barrier first and to supply drug to the polymer matrix. It also shows that the drug release for PLA GM and PLA HAp GM is less than for PLA BP and PLA HAp BP. Obviously the diffusion in the two latter cases is easier, maybe due to the smaller size of the BP drug molecules.

• Stage II (week 2–3): The drug release slows down in both cases, this process can be related to an equilibrium condition. At the same time, the formation of voids due to the degradation of the matrix is on its way.

• Stage III (week 3–11): In both cases the formation of voids and degradation of the matrix is sluggishly continuing in the case of PLA BP and slightly faster for PLA HAp BP. No strong jumps in the release speed were observed in this and all other stages. This causes us to believe that the corresponding solution fluid might be less aggressive.

In summary we may say that the cases of PLA GM and PLA BP should be describable by standard diffusion equations, whereas in the case of PLA HAp GM and PLA HAp BP a more complex simulation seems to be required. Here the standard diffusion equation should be equipped by a supply term mimicking the provision of drug from the HAp containment to the PLA matrix.

3. MODELING OF THE DIFFUSION PROCESS

In this paper the emphasis will be on modeling the release processes in context with drug exclusively stored in the PLA matrix through which it diffuses, either slowly as long the polymer stays intact, or more quickly when the polymer gradually deteriorates and gives “more way” to the diffusing drug molecules. More precisely, the results shown in the orange curves of Figures 3, 4 will be quantified in terms of (time-dependent) diffusion constants. The principles of the modeling will be explained in the next subsection and then gradually be made more concrete.

A quantification of the blue curves in both pictures is more difficult, because the underlying physics should be observed in the modeling. Here the drug has to diffuse first through the HAp to enter the PLA matrix. In other words, the drug is supplied to the matrix and after that it diffuses through the PLA into the solution. The supply will be greater when the HAp starts to deteriorate, but it is still a supply, which will be part of a modified diffusion equation, but not in terms of an adjusted diffusion coefficient of drug diffusing through the polymer matrix. Hence this type of modeling will result in diffusion constants and in parameters characteristic of the supply, i.e., the release of drug into the polymer matrix. For the supply term in the diffusion equation an adequate constitutive equation must be stated. The idea is to base this relation on a micro-model for the drug diffusion through an HAp shell. However, for conciseness of this paper the corresponding quantification is left to future research.

3.1. Initial Remarks on the Principles of the Modeling Procedure

Some remarks from the viewpoint of continuum physics are now in order. Typically the concentration, c, is a field variable: c(x, t). In other words, unlike the measured data, [image: image], it depends on both time, t, and spacepoint, x. The experimentally determined concentration was no true field. It was uniform within the solution, because the test was conducted in a water bath temperature controlled shaker at 100 rpm.

In our simulations we will study the diffusion within a thin film matrix. The film is curled up in form of a cylindrical tube and fully immersed in the solution. For this geometry we will solve a transient diffusion equation of the form

[image: image]

where J(x, t) is the diffusion flux for which we use Fick's first law,

[image: image]

with the unknown diffusion coefficient of the drug in the matrix, Dm, which is a true constant for an isothermal process. The mass of the drug is conserved. Hence usually there is no drain term [image: image]. However, we shall see that at later stages of the release process a constant diffusion coefficient would lead to predictions for the concentrations of drug in the solution higher than observed. For this reason we assume that drug particles are absorbed in the matrix, follow (Nestle and Kimmich, 1996) and write:

[image: image]

where cb is the concentration of the bound molecules, a.k.a. the sorption isotherm. Based on fits to experimental data many expressions have been proposed for sorption isotherms linking them to the concentration c. We follow the proposition by Temkin (see the list and reference in Table 1 of Nestle and Kimmich, 1996),

[image: image]

A and B being (constant) material parameters. It follows that:

[image: image]

This is one of the simplest form of an effective diffusion coefficient, Deff, which depends on the concentration itself. It contains only one additional parameter, A, besides the diffusion coefficient.

It should be mentioned that including a drain term in the diffusion equation is not the only way to account for the fact that the outflux of drugs stagnates at higher concentration levels in the solution. Indeed, it is possible to put [image: image] and to base the model on boundary conditions of the Robin type:

[image: image]

where n is the outward normal to the boundary surface. Moreover, c* is the observed saturation level of the solution concentration [to be read off from the experimental F(t) plot], [image: image], and α is the only remaining unknown material parameter characteristic of the permeability of the matrix wall, which is at the drug concentration level c. In engineering is also known as the mass transfer coefficient.

The diffusion flux can be used to obtain the mass outflux of drug, ṁ(t), across the surfaces of the cylindrical tube, ∂Vcyl,

[image: image]

where dA is the surface element.

Hence the total mass of drug released into the solution follows by integration in time from which the drug release can be calculated:

[image: image]

The unknown diffusion constant can now be determined such that the predicted drug release agrees with the actually observed average release fraction F(t), which is known from the experiments. The necessary input data will be discussed shortly.

In the next subsections we present solutions to these various initial boundary value problems. We will start with a closed form solution for the concentration field c(x, t) at a point x within the matrix tube. This expression contains the unknown diffusion constant of the drug in the matrix, Dm, and takes the cylindrical geometry explicitly into account. The advantage of this solution is that everything can be evaluated analytically without taking resource to advanced numerical methods.

3.2. Closed for Solution of a Simplified One-Dimensional Diffusion Problem

It was mentioned above that the drug is released from a hollow cylindrical tube, which formed by curling of a square thin film (the “matrix”) of height h = 20 mm and thickness d = 0.2 mm into a surrounding fluid (the “solution”) of volume Vs = 15 ml. Strictly speaking, this is a axisymmetric yet three-dimensional problem, because of the finite height of the cylindrical tube, which can only be treated numerically. However, even with the appropriate tool, e.g., a finite element (FE) code, finite volume (FV) or finite difference methods, it will result in a model with a very high amount of degrees of freedom, in particular because of the extremely thin cylinder wall, which needs to be discretized very finely. Surely, such an approach is prohibitive if the objective is a timely check of how a change of matrix geometry (for example) would influence the release time. Hence, it is beneficial to have a simplified simulation tool at one's disposal, which can be exploited without too much computational effort—in other words, a model that allows for a more or less analytical solution.

In this spirit we argue that the diffusion process from the cylindrical tube into the solution takes place only in radial direction and the transport in axial direction of the tube walls to the solution can be ignored. This seems reasonable, because the cylinder walls are so thin when compared to height of the cylinder axis.

The ordinary Fickean diffusion equation for the concentration field c follows from Equation (7) by putting k = 0. Then for a purely radial dependence of the concentration the cylindrical Laplace operator reads when applied to c(r, t):

[image: image]

We will solve this equation only within the wall of a now infinitely long cylindrical tube, i.e., within the region a = ri ≤ r ≤ b = ri + d, where the inner radius is given by:

[image: image]

The initial concentration within the cylinder walls is a constant and given by:

[image: image]

The situation is illustrated in Figure 6. This in combination with

[image: image]

where Dm is the (unknown) diffusion coefficient in the matrix, forms the skeleton of our initial-boundary-value-problem. The question remains, which boundary conditions to employ. To this end it is argued as follows. First, assume that the diffusion within the liquid is much faster than within the solid matrix, which seems reasonable. Then conclude that the flux of mass leaving the solid at the boundaries is immediately distributed evenly within the solution, inside and outside of the cylinder, because in the real experiment these regions are connected anyway. Following Equation (4) one may say that, in general, the flux in a purely radial cylindrically symmetric problem is given by

[image: image]

Hence the total output of mass per unit time across the boundaries at a and b reads

[image: image]

This will lead to a rise of drug concentration in the solution of dc = ṁdt/Vs and we may conclude that the concentration at the boundaries is a function of time and given by

[image: image]

In fact, if we divide this expression by cmax we obtain the drug release function F(t) defined in Equation (2) and numerical values for this function are known from the experiments shown in Figures 3, 4. This concludes detailing the relations shown in Equations (9)–(10) for the case of a cylindrical tube, the axis of which is much longer than the thickness of its walls. Hence all that remains is to find a solution of the diffusion Equation (14) with time-dependent boundary conditions:

[image: image]

To find this solution is unfortunately also a numerical task. However, if the boundary conditions are time-independent and given by the value cw (see Figure 6), an analytical solution of the cylinder symmetric diffusion problem was presented in Carslaw and Jaeger (1959, p. 205), section 7.10, based on Bernoulli's method of the separation of variables, here r and t. Rewritten for our purposes it reads

[image: image]

where

[image: image]

and c0 is the initially constant concentration within the wall of the cylindrical tube. J0 and Y0 are Bessel functions of the first and second kind of zeroth order. The coefficients αn are roots to the following transcendental equation

[image: image]

They must be found numerically. It turns out that for our case of a very thin wall, k ≈ 1.063, they are very large. A numerical investigation using Mathematica shows that αn ≈ 50 n. This means in practice that, because of the exponential, we can already cut off the infinite series after the first term. It also facilitates getting an estimate for the diffusion data, as we shall see shortly. To begin with we use the solution shown in Equation (19) in context with Equation (16) to find the mass rate

[image: image]

During the derivation of this formula use was made of the relations

[image: image]

Since during the derivation of Equation (22) cw and Dm were assumed to be constant, the expression can easily be integrated over a time interval tm ≤ t ≤ tm+1:

[image: image]

Equation (24) forms the basis for our numerical assessment in the next section.


[image: image]

FIGURE 6. Illustration of the geometry.



3.3. Evaluation of the Simplified One-Dimensional Model and Comparison With the Literature

Table 2 presents the numerical drug release data for GM in PLA shown in the orange curve of Figure 3. They will now be used to obtain an approximative value for the constant of diffusion, depending upon the considered time interval between time step m to time step m + 1. Assume that cw = cw(tm). Then we evaluate (24) in a discretized fashion as follows and find for the increase in drug release in the time interval tm ≤ t ≤ tm+1:

[image: image]

where [image: image] is an update to the diffusion coefficient at the time [image: image]. Recall that the drug release data F(tm+1) and F(tm) are known from the experiments: Table 2.


Table 2. GM in PLA.

[image: image]



We are now in a position to compute an update for the diffusion coefficient:

[image: image]

For this purpose we have terminated the sum after the first term. This is possible because of the large values of αn. The starting value for the diffusion coefficients is zero, [image: image], because there is no diffusion before week 0. The diffusion coefficients resulting for weeks 1 through 5 are indicated by the red dots in Figure 7. A time-dependence accompanied by a steady decrease can be observed, which one may want to interpret intuitively as an inhibition of diffusion, because the difference c0 − cw(tm) becomes smaller and smaller as time progresses. However, as the discussion below will show, this interpretation should be taken with a grain of salt.


[image: image]

FIGURE 7. The time dependence of diffusion coefficients for GM in PLA.



Now that the diffusion coefficients are known the progression of drug release can be calculated from the following formula:

[image: image]

where tm ≤ t ≤ tm+1. Note that in practice it is not necessary to carry out the summation beyond n = 1. In order to introduce a continuous time dependency, the updated drug release is modified, Fm+1(tm+1) → Fm+1(t), and the product [image: image] in Equation (25) is replaced by a linear interpolation between the time steps tm and tm+1. The perfect agreement for weeks 1 through 5 is shown in Figure 8.


[image: image]

FIGURE 8. Drug release predicted (blue curve) for GM in PLA in comparison with measurement data (red dots).



After week 5 the last diffusion coefficient was used to predict the drug release if there were no change in the release mechanism. This is indicated by the dashed blue line. Clearly the prediction does not match the actually observed data. Indeed, it has already been noted that after that time the matrix deteriorates strongly. Consequently, a different evaluation strategy for the diffusion is required. In fact, it is still based on Equation (26) with three subtle differences. First, c0 was replaced with a concentration value based on the amount of drug remaining in the matrix after the release through weeks 1 through 5. Strictly speaking, the concentration profile is no longer constant within ri ≤ r ≤ ri + d. However, d is so small that this variation can be neglected and the solution for a constant initial concentration be reused. Second, the diffusion started anew, i.e., a diffusion coefficient Dm = 0 was used at time tm = week 5 and, third, F(tm = week 5) = 0.639 was used as starting value for the drug release.

The resulting diffusion coefficients are indicated by the green dots in Figure 7. They also decrease steadily over time and a jump when compared to the last red dot is clearly visible, which is indicative of the change in diffusion mechanism. An accordingly adjusted version of Equation (27) was then used to predict the drug release during weeks 5 through 11, which is shown in Figure 8.

A word of caution is finally in order. Note that there are no physical reasons that the diffusion coefficient decreases during the release process in weeks 1 through 5 and then, after the jump, once more in weeks 5 through 15. The diffusion coefficient should simply remain constant during these two time intervals. Its time-dependent behavior must be attributed to the fact that constant concentrations cw were used for boundary conditions during the discretization steps, whereas in reality the concentration at the boundary, cw(t), is time-dependent and steadily growing, so that the difference c0 − cw(t) becomes smaller over time. Hence the driving force for diffusion, J, actually decreases in magnitude because of a lack in concentration gradient and not because of a time-dependent diffusion constant (see Equation (4)). This is an artifact of our way of simulation and due to the chosen closed-form solution, which does not allow for time-dependent concentrations at the cylinder walls. The only physically meaningful conclusion one may draw from Figure 7 is that there is a boost in drug release at week 5, due to the heavily deteriorated matrix. If one so wishes the diffusion coefficients during weeks 1 through 5 and 5 through 15 can be averaged to obtain ballpark number for describing the diffusion before and after matrix deterioration, [image: image] and [image: image]. However, by doing this one loses the aspect of the boost in drug release after week 5.

Performing a comparison between our diffusion coefficients for GM in PLA is not as straightforward as one wishes it to be, mainly for two reasons. First, the diffusion data in the literature are often obtained by fitting release curves with the point source solution of the Fickean diffusion equation (see e.g., Crank, 1979, p. 11), i.e., a [image: image]-fit, which is geometry dependent and, second, the matrix chosen for GM is not PLA.

In Dunn et al. (1981, p. 137) values for the product DCs are shown, where D is the diffusion coefficient and Cs is the saturation solubility. For poly (DL-lactide) a value [image: image] is presented. If the saturation solubility is assumed to be equal to c0 a diffusion constant of roughly [image: image] is obtained, which is of the same order as our values.

In Table 1 from Zhang et al. (1995) the release of GM from poly(DL-lactide) full cylinders of various heights, L, was investigated and resulted in what the authors called “effective” diffusion coefficients, Deff, for this particular geometry1. By comparing the exponentials showing the temporal evolution for the full cylinder geometry and for the solution used in this paper, one comes to the conclusion that:

[image: image]

This conversion formula was applied to the data leading to the values shown in Table 3. Hence most of the values agree with the findings of this paper.


Table 3. Diffusion coefficients Dm in units of [image: image] as a function of drug loading converted from data in Zhang et al. (1995).

[image: image]



Table 4 contains the numerical data for the release of BP within PLA as shown in the orange curve of Figure 4. In Figure 9, the results for the corresponding diffusion constants and release predictions are presented, analogously as in the case of GM, Figures 7, 8. The same words of caution apply as in context with Figure 7: The time-dependence of the diffusion constants does not have a physical meaning. Rather it is an artifact of the closed-form solution used, which does not allow for time-dependent boundary conditions. However, we may say that tendentially the diffusion constants (left inset of the figure) are now higher because the drug molecule is smaller. And what is more, there is no abrupt jump of the diffusion coefficients after some weeks. Moreover, the fact that the first and ninth diffusion coefficient in the left inset of Figure 9 show some unsteady behavior should be attributed to the discretized fitting procedure and also not be regarded as a physical effect. In fact note that at high times the slope of the drug release curve becomes quite shallow, which is a problem for the applied discrete evaluation technique. But finally, as in the case of GM, an excellent agreement for the predicted release rates with the experimental measurements (inset on the right) can be observed.


Table 4. BP in PLA.

[image: image]




[image: image]

FIGURE 9. Diffusion coefficients (Left) and drug release predicted (Right, blue curve) for BP in PLA in comparison with measurement data (red dots).



A comparison of our diffusion constants for BP in PLA with values from the literature is very difficult, since despite an intensive search such data seems currently not to be available. Billon-Chabaud et al. (2010) present experimental release curves of BP from various carriers but do not evaluate them mathematically. Based on studies of the C14 migration of zoledronate through trabecular bone (Stadelmann et al., 2009) report an estimate for a diffusion coefficient of [image: image], which despite the different medium is of the same order of magnitude as our data.

3.4. Numerical Solutions of the Diffusion Problems

The apparent time-dependence of the diffusion coefficients shown in Figures 7, 9 has already been critically examined and interpreted as an artifact due to somewhat artificial realization of the boundary condition at the interface between the matrix and solution. The latter was based on a discontinuous fit of the observed values for F(t). It was mentioned that continuous boundary conditions cannot be captured within the framework of an analytical solution, such as the one shown in Equation (19) and numerical methods have to be employed. An FE study2 of the one-dimensional problem has therefore been performed with the objective to describe the temporal development of F(t) by means of a single value for the diffusion parameter Dm. To this end, the discrete data F(ti) were interpolated linearly. The diffusion Equation (14) was solved repeatedly by changing the diffusion coefficient in combination with a Gauss mean square target function for the predicted and measured release data. The result is shown in Figure 10.


[image: image]

FIGURE 10. Predicted fractional release based on constant diffusion coefficients for GM (Left) and BP (Right).



We found for GM that [image: image] and [image: image] for the first 5 weeks and after that, respectively, and [image: image] for BP. The least mean square error is around 2.5%, 1.3%, and 3.6% and therefore quite high. This is also indirectly visible in the plots when the predictions (solid lines) are compared to the measurements (red dots). Similarly as in the case of the averaged time dependent diffusion coefficients shown in Figure 7 the value of Dm decreases after the first 5 weeks when the diffusion is more impeded. However, the absolute numbers are now smaller.

We now turn to the solution of the diffusion equation when using the effective concentration dependent diffusion coefficient according to Temkin, Equation (7). After using the same FE and optimization techniques as before we obtained the results shown in Figure 11. We found for GM [image: image] and [image: image], respectively, and for BP [image: image]. Note that during the two stages of the GM release the A value changes. This is reasonable to assume because the absorption properties will change when the matrix structure alters. In fact absorption is increasing, as one could surmized by looking at the concentration data, which saturate earlier than anticipated. A decreasing value of A is in agreement with this. It is also interesting to note that the diffusion coefficient stays almost at the same level. Also, the agreement between predictions and measured data is now much better. Indeed, the least mean square errors of the predicted and the observed release values are 0.4, 0.2, 1.4 percent, respectively. The Dm of BP is also greater than those for GM, which corresponds to the smaller size of the drug molecule. Its absolute value is in agreement with the Dm(t)-values at later stages shown Figure 9.


[image: image]

FIGURE 11. Predicted fractional release based on effective diffusion coefficients (Temkin model) for GM (Left) and BP (Right).



Finally Equations (3), (4) were solved (with [image: image]) within the cylindrical region in combination with the boundary condition (8) based on an FV technique. The results are shown in Figure 12.


[image: image]

FIGURE 12. Predicted fractional release based on the Robin boundary condition (8) for GM (Left) and BP (Right).



A first analysis predicted diffusion coefficients for GM of [image: image] for the whole time span. However, the coefficient α varied between [image: image], for the first five and [image: image] for the remaining weeks, respectively, while [image: image]. This seems reasonable because the transfer is impeded after 5 weeks. α plays a similar role as A in the case of Temkin's concentration dependent diffusion coefficient. They are inverse to each other, so to speak. A full scale optimization analysis is currently underway, which might give a result similar to the one found for GM during the FE-calculations. In other words the Dm might prove to be almost equal during the two time zones, while the values of α are not. For BP we found [image: image], α = 0.1, [image: image]. This is of the same magnitude as in the case of the FE-investigations.

4. CONCLUSIONS AND OUTLOOK

Marine structures can play a vital role in the treatment of a wide range of human diseases including non-curable one by providing hydrothermally converted coralline HAp for drug loading and release within a polymer-based matrix. In drug delivery, they have demonstrated a potential for a controlled release of clinically active agents. Their combination with degradable polymers in terms of a drug containment facility supplying the drug in a controlled manner to the polymer and then finally to the body fluid has widened their application in orthopedics as implant coatings for the prevention of biofilm.

In this paper experimental results have been presented showing the release behavior without and with such HAp containments. Moreover, the establishment of a quantitative drug release kinetics model can help to speed up the controlled drug release systems manufacturing. Knowing and quantitatively describing the complexity of mechanisms will lead to mastering the release from these devices.

For this reason, a collaborative effort between materials scientists and continuum physicists has been made for the development of a physically sound and closed-form release model, presently only for the case without HAp containment. The experimental results presented in this paper have been careful considered and related to the theoretical aspects in this model incorporating diffusion and degradation of the polymer matrix. Quantitative results for time-dependent diffusion coefficients in a degrading polymer matrix were presented based on this closed-form 1D diffusion model for a thin film curled up to form a thin-walled cylinder. The non-physical nature of the time-dependence was discussed and average values for the diffusion coefficients were compared to former literature data. In addition first numerical investigations, based on FE and FV methods were presented, which confirmed the average values of the time-dependent diffusion coefficients from the analytical model. The presented diffusion coefficients can be considered as geometry independent and they are ready for predicting the release kinetics in other geometries but thin film, for instance, fine structures made from 3D polymer printing. These are in preparation by the authors.

In the future the following remains to be done: First, the presented cylindrical solution model should be evaluated for a continuous input of drug concentrations at the cylinder wall over time from a deteriorating PA matrix as well as HAp containment. More precisely: This will require even more detailed numerical analyses, based on finite element, finite volume, or finite difference methods. The development of such tools is currently underway and will result in time-independent diffusion coefficients covering the time span until massive degradation of the polymer matrix and for times after. It can be expected that the (time-dependent) diffusion constants obtained in this work will serve as good starting values for the iteration procedure involved in the numerical approach. Ideally, a micro-model leading to a constitutive equation for a supply term of drug to the polymer matrix should be developed and then be included in an extended diffusion equation. This relation will have be solved numerically with suitable initial-boundary value data. This would allow to study the effect of a HAp containment supplying drug to the polymer matrix. In a third step this constitutive relation must be extended to account also for the deterioration of the HAp container requiring further numerical analysis. The general idea is to separate the various physical mechanisms and to obtain physically meaningful, geometry independent parameters by linking such models to experimental observations.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

AUTHOR CONTRIBUTIONS

IM and BB-N: experiments; WM and EV: model and theory development; AM: finite volume analysis; BA and WR: finite element analysis.

ACKNOWLEDGMENTS

IM wants to thank for support through the Deutsche Forschungsgemeinschaft for a TWAS grant (MU 1752/49-1) for his collaborative visit at Berlin University of Technology whilst EV and WM express their thanks to the support by DFG/RFFI grants No. MU 1752/47-1 and 17-51-12055.

FOOTNOTES

1Not to be confused with Deff from Equation (7).

2The technical details of that study as well as the FV analysis mentioned further below will be published elsewhere.

REFERENCES

 (2009). Sink Condition. Available online at: https://en.wikipedia.org/wiki/Sink_condition (Accessed February 5, 2019).

 Aderibigbe, B., Aderibigbe, I., and Popoola, P. (2016). Design and biological evaluation of delivery systems containing bisphosphonates. Pharmaceutics 9, 1–24. doi: 10.3390/pharmaceutics9010002

 Arifin, D. Y., Lee, L. Y., and Wang, C. H. (2006). Mathematical modeling and simulation of drug release from microspheres: implications to drug delivery systems. Adv. Drug Deliv. Rev. 58, 1274–1325. doi: 10.1016/j.addr.2006.09.007

 Ben-Nissan, B. (2003). Natural bioceramics: from coral to bone and beyond. Curr. Opin. Solid State Mater. Sci. 7, 283–288. doi: 10.1016/j.cossms.2003.10.001

 Billon-Chabaud, A., Gouyette, A., Merle, C., and Bouler, J. M. (2010). Development of bisphosphonates controlled delivery systems for bone implantation: influence of the formulation and process used on in vitro release. J. Mater. Sci. Mater. Med. 21, 1599–1604. doi: 10.1007/s10856-010-4012-x

 Brazel, C. S., and Peppas, N. A. (2000). Modeling of drug release from swellable polymers. Eur. J. Pharmaceut. Biopharmaceut. 49, 47–58. doi: 10.1016/S0939-6411(99)00058-2

 Carslaw, H., and Jaeger, J. (1959). Conduction of Heat in Solids, 2nd Edn. Oxford: Clarendon Press.

 Choi, A. H., Cazalbou, S., and Ben-Nissan, B. (2014). “Biomimetics and marine materials in drug delivery and tissue engineering,” in Handbook of Bioceramics and Biocomposites, ed I. V. Antoniac (Cham: Springer Nature), 1–24.

 Crank, J. (1979). The Mathematics of Diffusion. Oxford: Oxford University Press.

 Dash, S., Murthy, P., Nath, L., and Chowdhury, P. (2010). Kinetic modeling on drug release from controlled drug delivery systems. Acta Pol. Pharm. 67, 217–723.

 Dorati, R., DeTrizio, A., Genta, I., Grisoli, P., Merelli, A., Tomasi, C., et al. (2016). An experimental design approach to the preparation of pegylated polylactide-co-glicolide gentamicin loaded microparticles for local antibiotic delivery. Mater. Sci. Eng. C 58, 909–917. doi: 10.1016/j.msec.2015.09.053

 Dunn, R., Lewis, D., and Beck, L. (1981). “Fibrous polymers for the delivery of contraceptive steroids to the female reproductive tract,” in Controlled Release of Pesticides and Pharmaceuticals, ed D. H. Lewis (Boston, MA: Springer), 125–146.

 Fredenberg, S., Wahlgren, M., Reslow, M., and Axelsson, A. (2011). The mechanisms of drug release in poly (lactic-co-glycolic acid)-based drug delivery systems–a review. Int. J. Pharmaceut. 415, 34–52. doi: 10.1016/j.ijpharm.2011.05.049

 Friess, W., and Schlapp, M. (2002). Release mechanisms from gentamicin loaded poly (lactic-co-glycolic acid)(plga) microparticles. J. Pharmaceut. Sci. 91, 845–855. doi: 10.1002/jps.10012

 Ginebra, M. P., Traykova, T., and Planell, J. A. (2006). Calcium phosphate cements as bone drug delivery systems: a review. J. Controlled Release 113, 102–110. doi: 10.1016/j.jconrel.2006.04.007

 Gosau, M., and Müller, B. (2010). Release of gentamicin sulphate from biodegradable plga-implants produced by hot melt extrusion. Pharmazie 65, 487–492.

 Habibe, A., Maeda, L., Souza, R., Barboza, M., Daguano, J., Rogero, S., et al. (2009). Effect of bioglass additions on the sintering of y-tzp bioceramics. Mater. Sci. Eng. C 29, 1959–1964. doi: 10.1016/j.msec.2009.03.006

 Hines, D. J., and Kaplan, D. L. (2013). Poly (lactic-co-glycolic acid) controlled release systems: experimental and modeling insightsn. Crit. Rev. Ther. Drug Carrier Syst. 30, 257–276. doi: 10.1615/CritRevTherDrugCarrierSyst.2013006475

 Kanellakopoulou, K., and Giamarellos-Bourboulis, E. J. (2000). Carrier systems for the local delivery of antibiotics in bone infections. Drugs 59, 1223–1232. doi: 10.2165/00003495-200059060-00003

 Kaunisto, E., Marucci, M., Borgquist, P., and Axelsson, A. (2011). Mechanistic modelling of drug release from polymer-coated and swelling and dissolving polymer matrix systems. Int. J. Pharmaceut. 418, 54–77. doi: 10.1016/j.ijpharm.2011.01.021

 Kaunisto, E., Tajarobi, F., Abrahmsen-Alami, S., Larsson, A., Nilsson, B., and Axelsson, A. (2013). Mechanistic modelling of drug release from a polymer matrix using magnetic resonance microimaging. Eur. J. Pharmaceut. Sci. 48, 698–708. doi: 10.1016/j.ejps.2012.12.030

 Krasko, M. Y., Golenser, J., Nyska, A., Nyska, M., Brin, Y. S., and Domb, A. J. (2007). Gentamicin extended release from an injectable polymeric implant. J. Controlled Release 117, 90–96. doi: 10.1016/j.jconrel.2006.10.010

 Lao, L. L., Peppas, N. A., Boey, F. Y. C., and Venkatraman, S. S. (2011). Modeling of drug release from bulk-degrading polymers. Int. J. Pharmaceut. 418, 28–41. doi: 10.1016/j.ijpharm.2010.12.020

 Lao, L. L., Venkatraman, S. S., and Peppas, N. A. (2008). Modeling of drug release from biodegradable polymer blends. Eur. J. Pharmaceut. Biopharmaceut. 70, 796–803. doi: 10.1016/j.ejpb.2008.05.024

 Lee, P. (1980). Diffusional release of a solute from a polymeric matrix – Approximate analytical solutions. J. Memb. Sci. 7, 255–275. doi: 10.1016/S0376-7388(00)80472-X

 Li, J., Xu, W., Chen, J., Li, D., Zhang, Y. S., Liu, T., et al. (2018a). Highly bioadhesive polymer membrane continuously releases cytostatic and anti-inflammatory drugs for peritoneal adhesion prevention. ACS Biomater. Sci. Eng. 4, 2026–2036. doi: 10.1021/acsbiomaterials.7b00605

 Li, J., Xu, W., Li, D., Liu, T., Zhang, Y. S., Ding, J., et al. (2018b). A locally deployable nanofiber patch for sequential drug delivery in treatment of primary and advanced orthotopic hepatomas. ACS Nano 12, 6685–6699. doi: 10.1021/acsnano.8b01729

 Li, S., Dong, S., Xu, W., Tu, S., Yan, L., Zhao, C., et al. (2018). Antibacterial hydrogels. Adv. Sci. 5:1700527. doi: 10.1002/advs.201700527

 Macha, I. J., Ben-Nissan, B., and Müller, W. (2017a). “Kinetics and the theoretical aspects of drug release from PLA/HAp thin films,” in Key Engineering Materials, Vol. 758, eds C. Rey, C. Combes, and C. Drouet (Toulouse: Trans Tech Publications), 113–119.

 Macha, I. J., Cazalbou, S., Shimmon, R., BenNissan, B., and Milthorpe, B. (2017b). Development and dissolution studies of bisphosphonate (clodronate) containing hydroxyapatite polylactic acid biocomposites for slow drug delivery. J. Tissue Eng. Regener. Med. 11, 1723–1731. doi: 10.1002/term.2066

 Makadia, H. K., and Siegel, S. J. (2011). Poly Lactic-co-glycolic acid (PLGA) as biodegradable controlled drug delivery carrier. Polymers 181, 1377–1397. doi: 10.3390/polym3031377

 Miladi, K., Sfar, S., Fessi, H., and Elaissari, A. (2013). Drug carriers in osteoporosis: preparation, drug encapsulation and applications. Int. J. Pharmaceut. 445, 181–195. doi: 10.1016/j.ijpharm.2013.01.031

 Morawska-Chochół, A., Domalik-Pyzik, P., Chłopek, J., Szaraniec, B., Sterna, J., Rzewuska, M., et al. (2014). Gentamicin release from biodegradable poly-l-lactide based composites for novel intramedullary nails. Mater. Sci. Eng. C 45, 15–20. doi: 10.1016/j.msec.2014.08.059

 Naraharisetti, P. K., Lew, M. D. N., Fu, Y. C., Lee, D. J., and Wang, C. H. (2005). Gentamicin-loaded discs and microspheres and their modifications: characterization and in vitro release. J. Controlled Release 102, 345–359. doi: 10.1016/j.jconrel.2004.10.016

 Nestle, N., and Kimmich, R. (1996). Concentration-dependent diffusion coefficients and sorption isotherms. Application to ion exchange processes as an example. J. Phys. Chem. 100, 12569–12573. doi: 10.1021/jp960342k

 Papathanasiou, K. E., and Demadis, K. D. (2015). “Polymeric matrices for the controlled release of phosphonate active agents for medicinal applications,” in Handbook of Polymers for Pharmaceutical Technologies, Volume 4, Bioactive and Compatible Synthetic/Hybrid Polymers, eds V. Thakur and M. Thakur (Hoboken, NJ: John Wiley & Sons, Inc; Salem, MA: Scrivener Publishing LLC), 89–124.

 Raman, C., Berkland, C., Kim, K., and Pack, D. (2005). Modeling small-molecule release from PLG microspheres: Effects of polymer degradation and nonuniform drug distribution. J. Controlled Release 103, 149–158. doi: 10.1016/j.jconrel.2004.11.012

 Rothstein, S., Federspiel, W., and Little, S. (2008). A simple model framework for the prediction of controlled release from bulk eroding polymer matrices. J. Mater. Chem. 18, 1873–1880. doi: 10.1039/b718277e

 Rothstein, S. N., Federspiel, W. J., and Little, S. R. (2009). A unified mathematical model for the prediction of controlled release from surface and bulk eroding polymer matrices. Biomaterials 59, 1657–1664. doi: 10.1016/j.biomaterials.2008.12.002

 Rothstein, S. N., Kay, J. E., Schopfer, F. J., Freeman, B. A., and Little, S. R. (2012). A retrospective mathematical analysis of controlled release design and experimentation. Mol. Pharmaceut. 9, 3003–3011. doi: 10.1021/mp300388w

 Schmidt, C., Wenz, R., Nies, B., and Moll, F. (1995). Antibiotic in vivo/in vitro release, histocompatibility and biodegradation of gentamicin implants based on lactic acid polymers and copolymers. J. Controlled Release 37, 83–94. doi: 10.1016/0168-3659(95)00067-I

 Schnieders, J., Gbureck, U., Thull, R., and Kissel, T. (2006). Controlled release of gentamicin from calcium phosphatepoly (lactic acid-co-glycolic acid) composite bone cement. Biomaterials 27, 4239–4249. doi: 10.1016/j.biomaterials.2006.03.032

 Shen, E., Kipper, M., Dziadul, B., Lim, M. K., and Narasimhan, B. (2002). Mechanistic relationships between polymer microstructure and drug release kinetics in bioerodible polyanhydrides. J. Controlled Release 82, 115–125. doi: 10.1016/S0168-3659(02)00125-6

 Shim, J. H., Kim, M. J., Park, J. Y., Pati, R. G., Yun, Y. P., Kim, S. E., et al. (2015). Three-dimensional printing of antibiotics-loaded poly—caprolactone/poly (lactic-co-glycolic acid) scaffolds for treatment of chronic osteomyelitis. Tissue Eng. Regener. Med. 12, 283–293. doi: 10.1007/s13770-015-0014-6

 Siepmann, J., Faisant, N., and Benoit, J. P. (2002). A new mathematical model quantifying drug release from bioerodible microparticles using Monte Carlo simulations. Pharmaceut. Res. 19, 1885–1893. doi: 10.1023/A:1021457911533

 Siepmann, J., and Peppas, N. A. (2012). Modeling of drug release from delivery systems based on hydroxypropyl methylcellulose (HPMC). Adv. Drug Deliv. Rev. 64, 163–174. doi: 10.1016/j.addr.2012.09.028

 Siepmann, J., and Siepmann, F. (2008). Mathematical modeling of drug delivery. Int. J. Pharmaceut. 364, 328–343. doi: 10.1016/j.ijpharm.2008.09.004

 Sovány, T., Csüllög, A., Benkö, E., Regdon, G. Jr., and Pintye-Hódi, K. (2017). Comparison of the properties of implantable matrices prepared from degradable and non-degradable polymers for bisphosphonate delivery. Int. J. Pharmaceut. 533, 364–372. doi: 10.1016/j.ijpharm.2017.07.023

 Stadelmann, V. A., Terrier, A., Gauthier, O., Bouler, J. M., and Pioletti, D. P. (2009). Prediction of bone density around orthopedic implants delivering bisphosphonate. J. Biomech. 42, 1206–1211. doi: 10.1016/j.jbiomech.2009.03.024

 Su, K., Shi, X., Varshney, R. R., and Wang, D. A. (2011). Transplantable delivery systems for in situ controlled release of bisphosphonate in orthopedic therapy. Expert Opin. Drug Deliv. 8, 113–126. doi: 10.1517/17425247.2011.541438

 Takenaga, M., Yamaguchi, Y., Kitagawa, A., Ogawa, Y., Mizushima, Y., and Igarashi, R. (2002). A novel sustained-release formulation of insulin with dramatic reduction in initial rapid release. J. Controlled Release 79, 81–91. doi: 10.1016/S0168-3659(01)00518-1

 Torres Giner, S., Martinez Abad, A., Gimeno Alcaiz, J. V., Ocio, M. J., and Lagaron, J. M. (2012). Controlled delivery of gentamicin antibiotic from bioactive electrospun polylactide based ultrathin fibers. Adv. Eng. Mater. 14, B112–B122. doi: 10.1002/adem.201180006

 Wang, G., Liu, S. J., Ueng, S. W. N., and Chan, E. C. (2004). The release of cefazolin and gentamicin from biodegradable PLA/PGA beads. Int. J. Pharmaceut. 273, 203–212. doi: 10.1016/j.ijpharm.2004.01.010

 Xu, Q., and Czernuszka, J. T. (2008). Controlled release of amoxicillin from hydroxyapatite-coated poly (lactic-co-glycolic acid) microspheres. J. Controlled Release 127, 146–153. doi: 10.1016/j.jconrel.2008.01.017

 Zhang, J., Zheng, T., Alarçin, E., Byambaa, B., Guan, X., Yu, D., et al. (2017). Porous electrospun fibers with selfsealing functionality: An enabling strategy for trapping biomacromolecules. Small 13:1701949. doi: 10.1002/smll.201701949

 Zhang, W., Ning, C., Xu, W., Hu, H., Li, M., Zhao, G., et al. (2018a). Precision-guided long-acting analgesia by hydrogel-immobilized bupivacaine-loaded microsphere. Theranostics 8, 3331–3347. doi: 10.7150/thno.25276

 Zhang, W., Xu, W., Ning, C., Li, M., Zhao, G., Jiang, W., et al. (2018b). Long-acting hydrogel/microsphere composite sequentially releases dexmedetomidine and bupivacaine for prolonged synergistic analgesia. Biomaterials 181, 378–391. doi: 10.1016/j.biomaterials.2018.07.051

 Zhang, X., McAuley, K., and Goosen, M. (1995). Towards prediction of release profiles of antibiotics from coated poly(DL-lactide) cylinders. J. Controlled Release 34, 175–179. doi: 10.1016/0168-3659(94)00124-D

 Zhang, Y., Zhang, J., Xu, W., Xiao, G., Ding, J., and Chen, X. (2018). Tumor microenvironment-labile polymer “doxorubicin conjugate” thermogel combined with docetaxel for in situ synergistic chemotherapy of hepatoma. Acta Biomater. 77, 63–73. doi: 10.1016/j.actbio.2018.07.021

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Macha, Ben-Nissan, Vilchevskaya, Morozova, Abali, Müller and Rickert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_6.gif
¢y, = Aln(Bc),





OPS/images/math_5.gif
©)





OPS/images/math_8.gif
adt)
FTH

—a(¢ —HD)Ve- ®






OPS/images/math_7.gif
[





OPS/images/inline_26.gif
00aL
mg





OPS/images/inline_25.gif
233072
3






OPS/images/inline_28.gif





OPS/images/inline_27.gif
0022
mg





OPS/images/inline_22.gif
2
=3.69x10° 2 4=397x107 28
3 ol






OPS/images/inline_21.gif
2
sB0 A=266x107 28
3 ol

=3.91x10°






OPS/images/math_9.gif
(t) fév.,."""'" A,

©





OPS/images/inline_24.gif





OPS/images/inline_23.gif
2
=4.15%10 B2 g-1.03x10° 28
3 ol






OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Drug Delivery From Polymer-Based
Nanopharmaceuticals—An
Experimental Study Complemented
by Simulations of Selected Diffusion
Processes







OPS/images/inline_2.gif






OPS/images/inline_19.gif
2
=0.66x107 22
3







OPS/images/inline_20.gif
2
=222x107 22
3






OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





OPS/images/math_21.gif





OPS/images/math_23.gif
AU | — _2)o (kaa) ('dln)l —-2
('?)r’ e Vs )T






OPS/images/math_22.gif
5 Jo (@n) — Jo (keen)
O A Sh D 1 )






OPS/images/inline_16.gif





OPS/images/math_3.gif
V. -d ®





OPS/images/inline_15.gif
7.0x10% B






OPS/images/math_28.gif
i
5D (28)
a2 Der





OPS/images/inline_18.gif
2
=147x10° 22
3






OPS/images/inline_17.gif
9 3102 2






OPS/images/math_4.gif





OPS/images/inline_12.gif
D2-%° 7~ 1.28 x 107 "mm®/s





OPS/images/math_25.gif
Hltmer) = Fltm) +
oltm) §* ) Jokas)
280, e ()] 9






OPS/images/math_24.gif
mitm+1) — m(tm) = 47ha’ (@ — co
—Jo (k)
) + o (k)]






OPS/images/inline_14.gif
DC, =64x107% £
[





OPS/images/math_27.gif
’E Jo (@)~ Jo (ke
n.T,mlh

R e






OPS/images/inline_13.gif





OPS/images/math_26.gif
i

s [mn.m..(m.ﬂ]
[ Jo @) — o (ka)

126)





OPS/images/inline_1.gif
&)





OPS/images/fbioe-07-00037-t004.jpg
weekm 0 1 2 3 4 5 7 8 9 10 11

F(tm) 0.0 0.394 0.728 0.774 0.789 0.795 0.799 0.803 0.806 0.809 0.811





OPS/images/inline_11.gif
2 a2 312 x 107 mm?/;






OPS/images/inline_10.gif
Dy

s





OPS/images/math_13.gif
a3





OPS/images/math_12.gif
r= -~ 32mm.
By

)





OPS/images/fbioe-07-00037-t001.jpg
Name

Gentamicin (drug 1)

Clodronate disodium
bisphophonate (drug 2)

Polylactic acid (matrix)

Chemical formula

Ca21HagNsO7

CH,CloNapO6Py

(C3H4O2)n

Molecular structure

HO- Q HaN'
W HO
HC OH 4,

Molecular weight in g/mol

4776

287.85

74250

Other properties

Solubity in HpO: 50mg/ml

Soluble in H20

Crystalinity ~ 35%





OPS/images/math_19.gif
Jo (@w) Uy (Gan)
(r) = G+ W0 — ».,)Z,Dm‘”n(hﬂ






OPS/images/fbioe-07-00037-g012.gif





OPS/images/math_18.gif





OPS/images/fbioe-07-00037-t003.jpg
L [mm]

a2 N o sN

3

30 wt%

4.8
17
13
15
1.0

40 wt%

1.1

4.1
16

50 wt%

739
411
31.4





OPS/images/math_20.gif
Uo (o) - = Jo () Yo (k) — o (k) Yo (). i= 2.
(20)





OPS/images/fbioe-07-00037-t002.jpg
Week m o 1 2 3 4 5 7 8 9 1" 15

Fitm) 0.0 0.399 0.517 0.607 0.623 0.639 0.792 0.805 0814 0.823 0.844






OPS/images/math_2.gif
&)





OPS/images/math_15.gif
(15)





OPS/images/math_14.gif
(9





OPS/images/fbioe-07-00037-g011.gif





OPS/images/math_17.gif
an





OPS/images/fbioe-07-00037-g010.gif





OPS/images/math_16.gif
(16)





OPS/images/math_11.gif
an





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fbioe-07-00037-g005.gif
EE T I B
EEE-1 B






OPS/images/fbioe-07-00037-g006.gif





OPS/images/fbioe-07-00037-g003.gif





OPS/images/inline_30.gif





OPS/images/fbioe-07-00037-g004.gif





OPS/images/fbioe-07-00037-g009.gif
e v wom w014 6
‘‘‘‘‘‘‘‘‘‘‘‘‘‘





OPS/images/fbioe-07-00037-g007.gif





OPS/images/fbioe-07-00037-g008.gif





OPS/images/inline_9.gif





OPS/images/inline_8.gif





OPS/images/math_10.gif
mo= [awa = Fo=

.

m(t)

Vicmar

(10





OPS/images/math_1.gif





OPS/images/fbioe-07-00037-g001.gif





OPS/images/inline_5.gif





OPS/images/fbioe-07-00037-g002.gif





OPS/images/inline_4.gif





OPS/images/inline_7.gif
o





OPS/images/inline_6.gif
&)





OPS/images/inline_3.gif
&)





OPS/images/inline_29.gif
2
=4.27x107 22
3






